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General introduction &
outline of the thesis
Parts of this chapter are adapted from:

mTOR dysregulation and tuberous sclerosis related epilepsy
P. Curatolo1, R. Moavero1,2, J. van Scheppingen3, E. Aronica3,4
1
Child Neurology and Psychiatry Unit, Systems Medicine Department, Tor Vergata University Hospital,
Rome, Italy; 2Child Neurology Unit, Neuroscience and Neurorehabilitation Department, “Bambino Gesù”
Children’s Hospital, IRCCS, Rome, Italy; 3Department of (Neuro)Pathology, Academic Medical Center,
University of Amsterdam, Amsterdam, The Netherlands; 4Stichting Epilepsie Instellingen
Nederland (SEIN), The Netherlands

Expert Rev Neurother. 2018 Mar; 18(3): 185-201
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GENERAL INTRODUCTION & OUTLINE OF THE THESIS

Epilepsy

Epilepsy is one of the most common chronic neurological disorders, affecting more than
50 million people worldwide 1. According to the definition proposed by the International
League Against Epilepsy (ILAE) in 2005, epilepsy is a disorder of the brain characterized
by an enduring predisposition to generate epileptic seizures and by the neurobiological,
cognitive, psychological, and social consequences of this condition 2. This definition is
usually practically applied as having two unprovoked seizures more than 24 hours apart.
In 2014, the ILAE accepted recommendations of a taskforce altering the practical definition for special circumstances that do not meet the two unprovoked seizures criteria
3
. The taskforce proposed that epilepsy is defined by any of the following conditions: (1)
at least two unprovoked (or reflex) seizures occurring more than 24 hours apart; (2) one
unprovoked (or reflex) seizure and a probability of further seizures similar to the general
recurrence risk (at least 60%) after two unprovoked seizures, occurring over the next 10
years; (3) diagnosis of an epilepsy syndrome 3. Furthermore, it was recommended not to
use the term “disorder”, since it implies a functional disturbance, not necessarily lasting;
whereas the term disease may (but not always) convey a more lasting derangement
of normal function. In addition, the term “disorder” is poorly understood by the public
and minimizes the serious nature of epilepsy. The ILAE and the International Bureau
for Epilepsy (IBE) have recently agreed that epilepsy is best considered to be a disease
3
. An epileptic seizure is defined as a transient occurrence of signs and/or symptoms
due to abnormal excessive or synchronous neuronal activity in the brain 3, 4. The most
common medical management of epilepsy consists of pharmacotherapy with a wide
range of antiepileptic drugs (AEDs) in order to suppress seizures. Until now, AEDs that
can prevent or cure epilepsy do not exist. Besides the fact that the use of AEDs is associated with adverse effects, including cognitive impairment, which becomes particularly
inimical when chronically used by patients 5-7, one of the main problems is that about
30% of all epilepsy patients do not adequately respond to AEDs and continue to experience debilitating refractory seizures. These patients are classified as having drug-resistant epilepsy 8-10, a diagnosis with poor prognostic implications that include physical
injury, psychosocial dysfunction, reduced quality of life, and stigmatization of affected
individuals 11. Furthermore, drug-resistant epilepsy costs in Europe exceed €15-20 billion
per year 12, 13. Drug-resistant epilepsy is defined as an epilepsy that fails to achieve seizure
freedom following adequate trials of two tolerated and appropriately chosen and used
AED schedules 8-10. Patients with drug-resistant epilepsy have a very low, only 3%, probability to respond to additional AEDs. An alternative therapy for a subset of patients
with drug-resistant epilepsy is high-frequency stimulation of the vagus nerve, deep brain
regions (via depth electrodes) or cortical areas (via subdural electrodes or through transcranial magnetic stimulation) 14, 15. Although this leads to symptom relief in part of the
patients, there are still patients that suffer from uncontrolled seizures 14, 16. For only a few,
carefully selected drug-refractory patients surgical removal of the seizure onset zone
is an alternative to get symptom relief. However, resection does not necessarily lead
to seizure freedom, depending on the etiology and natural history of the epilepsy, and
candidates for surgery should have a distinct seizure focus and a good prospect for
resection of the indicated region without significant cognitive or neurological deficits
17-20
. Another option is the ketogenic diet, which consists of an excessive amount of fat
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and a low amount of carbohydrates which leads to the production of ketones that are
thought to reduce seizure activity. Although this diet is quite effective, it leads to seizure freedom in 55% and reduces seizure frequency in more than 85% of patients with
drug-resistant epilepsy within the first three months of treatment 21, its high fat content
causes constipation, diarrhea and vomiting, and its rigid composition limits palatability

Figure 1. Histological characteristics of TSC. A-C TSC brain with a cortical tuber. A Brain section showing disturbed grey-white matter border within the tuber (arrow). B T2-weighted spinecho magnetic resonance imaging, arrow indicates a subcortical hyperintense tuber. C Luxol fast
blue-periodic acid-Schiff (Luxol-PAS) staining, showing myelin in blue, indicating reduced myelination at the location of the tuber (arrow). D GFAP staining indicating astrogliosis in cortical tubers.
E-G Cortical tubers in the brains of fetal monozygotic twins at 23 weeks gestation. E Haematoxylin and eosin (HE) staining indicating giant cells in the tuber. F Low-magnification image of an HE
staining. A subcortical eosinophilic tuber is visible in the white matter. G pS6 overexpression in
giant cells in the tuber. Scale bar: E: 100 μm; G: 200 μm. The images in E-F were adapted from
Prabowo et al., Brain Pathol, 2013;23(1) 28.
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and patient compliance.
In summary, current epilepsy management methods are insufficient for about
30% of the patients and there is an urgent need for new therapies. Therefore, research is
needed to study the mechanisms of epilepsy and its development (epileptogenesis), and
to identify novel targets in order to develop new therapeutic strategies for treating epilepsy. In this thesis we will investigate potential targets and novel therapeutic strategies.
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Tuberous sclerosis complex

Malformations of cortical development (MCDs) are a common cause of symptomatic
intractable epilepsy which often already manifests in young children. Tuberous sclerosis complex (TSC) is an MCD with an incidence between 1 in 6,000 and 1 in 11,000
births that causes a complex neurologic clinical phenotype including epilepsy, autism
and intellectual disability 22-25. Additionally, TSC causes dermatologic manifestations as
facial angiofibromas, renal angiomyolipomas and pulmonary lymphangioleiomyomatosis 26. The neurological abnormalities and cardiac rhabdomyomas, which are the most
common pediatric tumors of the heart, can already be diagnosed prenatally (see Fig 1)
27-29
. Epilepsy is the most prevalent and severe manifestation of TSC, occurring in 70 to
80% of all patients, often already starting early in life. Any seizure subtype can occur in
TSC patients, like focal aware or unaware, or generalized seizures 26. One of the most
common and devastating types is infantile spasms, which is often associated with a high
degree of mental retardation and poor neurologic prognosis 30. Infantile spams occurs in
20 to 30% of infants with TSC and typically presents in the first year of life, and leaving
this condition untreated may lead to cognitive developmental halt or even regression 30.
TSC results from genetic mutations in one of two tumor suppressor genes,
TSC1, encoding hamartin, or TSC2, encoding tuberin 31, 32. Approximately two-thirds of
TSC cases are caused by de novo (sporadic) germline mutations, the remaining cases
are inherited 33-35. TSC2 mutations as a group are usually associated with a worse phenotype with more severe manifestations, although a clear genotype-phenotype correlation is still lacking. TSC1 and TSC2 proteins form a heterodimeric complex, acting as an
upstream regulator of the mammalian target of rapamycin (mTOR) signaling pathway
(see Fig 2) 36.
Neuropathological examination of TSC brain specimens reveals three major
lesions: subependymal nodules, subependymal giant cell tumors, and cortical tubers (see
Fig 1 for histological characteristics of TSC and Fig 3 for a schematic overview of the
disturbed cortical layers) 37-39. Cortical tubers are believed to represent the neuropathological substrate for epilepsy in TSC patients, and are targeted for surgical resection in
TSC patients with drug-resistant epilepsy 40-42. Although epilepsy surgery often results in
seizure freedom, increasing evidence supports the importance of the perituberal cortex
in TSC 43-48. Focal seizures and interictal epileptiform discharges detected in the center
of epileptogenic tubers have been shown to propagate to the tuber rim, perituberal
cortex and other epileptogenic tubers 49. The detection of multiple extensive zones with
high occurrence rate of interictal high frequency oscillations (HFOs) also supports the
presence of a complex and widespread epileptogenic network 50. Accordingly, neuropathological examination of post-mortem TSC brain provided evidence of more subtle
and dynamic structural abnormalities, present throughout the brain (i.e. “microtubers”,
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GENERAL INTRODUCTION & OUTLINE OF THE THESIS
Figure 2. Simplified diagram of the mTORC1 signaling pathway and its downstream effectors.
mTORC1 signaling plays a central role during neural development. TSC1 and TSC2 proteins form
a heterodimeric complex, together with TBC1 domain family member 7 (TBC1D7), that functions
as a GTPase-activating protein (GAP) for small G-protein Ras homology enriched in brain (Rheb),
acting as an upstream regulator of the mTOR signaling pathway. mTORC1 consists of five components, including: mTOR, the two positive regulatory subunits rapamycin-associated protein of
TOR (Raptor) and mammalian lethal with SEC13 protein 8 (mLST8), and two negative regulators
proline-rich Akt substrate of 40 kDa (PRAS40) and DEP domain-containing mTOR-interacting
protein (Deptor). Rapalogs (rapamycin derivatives; such as everolimus and sirolimus) are powerful inhibitors of mTORC1 activity. PI3K: PI3kinase; PDK1: phosphoinositide-dependent kinase-1;
PTEN: Phosphatase and tensin homologue; AMPK: AMP-activated protein kinase; TBC1D7: TBC1
domain family member 7; LKB1: tumor suppressor liver kinase B1; STRADα: STE20-related kinase adaptor alpha; Rheb: ras homolog enriched in brain; mTORC: mammalian target of rapamycin
complex; DEPDC5: DEP Domain Containing 5; NPRL3: NPR3 Like, GATOR1 Complex Subunit; FKBP:
FK506 binding protein. HIF1 alpha: Hypoxia-inducible factor 1-alpha; VEGF: Vascular endothelial
growth factor; S6K1: p70S6kinase; S6: ribosomal S6 protein; eIF4E: binding of eukaryotic translation.
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focal dyslamination, isolated giant cells), that may contribute to the complex and variable
neurological phenotype encountered in TSC patients 38, 51-54. Lesion formation in TSC
may follow the classical mutational ‘‘two-hit’’ model with somatic inactivation of TSC1/
TSC2. However, second hit mutations are not always detected in cortical tubers 55, 56. A
recent study indicates that only one-third of cortical tubers are driven by somatic TSC1/
TSC2 inactivation, suggesting that either only a small portion of cells within the tuber are
affected by a second hit, limiting their identification (mutational burden below detection
limits) or that a mono-allelic mutation could be sufficient for tuber development 35.
Cortical tubers represent focal developmental malformations that, in a large
majority of TSC patients, are detected as single or multiple lesions (for reviews see 26, 39).
They consist in areas of cortical dyslamination that contain different cell types, including dysmorphic neurons, giant cells and reactive astrocytes (Fig 1, 3 and 4) 37, 39. Cortical
layering is markedly disturbed in cortical tubers and analysis of cortical layer markers
suggests a dysmaturation affecting early and late migratory patterns, with a more severe
impairment of the late stage of maturation (Fig 3) 57. Dysmorphic neurons are characterized by abnormal morphology, abnormal orientation and abnormally large sizes. They
express different cortical layer markers, regardless of their laminar location and display
an immunophenotype that resembles that of cortical projection neurons and suggests
an alteration of a selected population of intermediate progenitor cells (Fig 3) 57, 58. Giant
cells have been shown to express both neuronal and immature glial markers, indicating
a failure to differentiate prior to migration into the cortex 59, 60. Enhanced activation of
mTOR signaling is evidenced by enhanced phospho-activation of the mTOR effectors
p70S6kinase and ribosomal S6 protein (pS6, see Fig 1 G and Fig 2) in both dysmorphic
neurons and giant cells, providing the molecular explanation for their aberrant morphological features. However, pS6 has been also detected immunohistochemically in the
perituberal cortex and activation of mTOR signaling pathway, evidenced by pS6 expression, has also been reported in acquired forms of epilepsy 61-65.
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Mammalian target of rapamycin (mTOR) signaling pathway

mTOR is a conserved serine/threonine protein kinase that is a member of the phosphatidylinositol 3-kinase related kinase (PIKK) family and functions as catalytic subunit of two
distinct multi-protein complexes called mTORC1 and mTORC2. mTOR acts as molecular
sensor of nutrients, cellular energy status, hormones, growth factors, cytokines and a
large variety of environmental cues that are integrated and transmitted as signals to
downstream targets to regulate cell growth and homeostasis 36, 66. Neural activity-dependent regulation represents a characteristic feature of mTOR activation in the central nervous system (CNS) 67. Accordingly, in neurons mTOR function has been shown
to be influenced by the activities of neurotransmitter receptors, including N-methyl-Daspartate receptors (NMDA; ionotropic glutamate receptor, GluN), α-amino-3-hydroxy5-methyl-4-isoxazolepropionic acid receptors (AMPA; ionotropic glutamate receptor,
GluA) and G-protein coupled receptors, such as μ-opioid, dopaminergic, metabotropic
glutamate and cannabinoid and serotonin receptors (for reviews see 67-70). Thus, it is
not really surprising that mTOR pathway exerts a key role during development of the
cerebral cortex, regulating cell proliferation, growth, autophagy, apoptosis, and migration, and that its aberrant signaling may disrupt corticogenesis and interfere with proper
myelination in the CNS 69, 71, 72. Over the past decade several studies provided strong evidence of the critical role of the mTOR pathway during neural development, particularly
in the maintenance of neural stem cell (NSC) undifferentiated state, in axon and dendrite
development, in neuron and astrocyte differentiation, as well as in oligodendrocyte lineage development 73, 74.
Dysregulation of the mTOR signaling pathway can lead to a variety of neurological disorders including both neurodevelopmental and neurodegenerative diseases,
characterized by a clinical phenotype including autism, intellectual disability and epilepsy
62, 66, 75-78
. mTOR dysregulation has been implicated in a large spectrum of genetic and
acquired forms of epileptogenesis, including TSC and focal cortical dysplasia (FCD) 61-65.

Tuberous sclerosis complex and mTOR

mTORC1, the downstream target of TSC1 and TSC2, inhibits a large variety of cell signaling pathways, controlling many cellular processes including protein synthesis, lipogenesis, ribosomal and mitochondrial biogenesis and autophagy. Rapamycin and its derivates,
such as everolimus and sirolimus, act as specific mTORC1 inhibitors (Fig 2; 66, 76, 79, 80).
Loss-of-function mutations in either TSC1 or TSC2 lead to constitutive mTOR activation,
resulting in an abnormal development of the cerebral cortex with alterations in cortical
lamination, cell size and axon and dendrite growth and multiple focal brain structural
abnormalities 39. These regions of abnormal development represent the neuropathological substrates of the complex neurological manifestations of TSC, including neurobehavioral dysfunctions and severe epilepsy 23, 81.
FCD, which represents another frequent substrate in pediatric epilepsy surgery
patients (see Fig 3 for a schematic overview of the disturbed cortical layers in FCD) 20,
82, 83
, is also characterized by an overactivation of the mTOR pathway and can thus also
be classified under the term “mTORopathies” (mTOR pathway-related malformations),
which has been introduced to define a spectrum of MCDs characterized by altered cortical architecture, abnormal neuronal and glial morphology and intractable seizures as
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Figure 3. Schematic overview of layer marker expression in normal cortex, TSC cortical tubers
and FCD type IIb. A Cortical layer markers are expressed in normal cortex as follows: Cux2: layers
II and III (blue); Satb2: layers II, III, IV, and V (green); RORβ in layer IV and to a lesser extent layer
VI (orange); ER81 in layers V and VI (purple), and Tbr1 in layers V and VI and few white matter neurons (red). B and C Expression pattern of cortical layer markers in tubers and FCD type
IIb: dysmorphic neurons strongly expressed Cux2, RORβ, and ER81 and to a lesser extent Satb2
throughout all layers of the cortex. They did not express Tbr1. Giant cells of cortical tubers often
expressed Satb2, ER81, or none of the markers. Balloon cells of FCD type IIb showed a similar
pattern although to a lesser extent, BCs did more frequently express none of the markers. Trends
observed in normal-appearing neurons: Cux2+ and Satb2+ neurons were less in cortical tubers.
The RORβ+ cells of layer IV were reduced in both pathologies. The expression of Tbr1 and ER81
was increased in the upper cortical layers and was also present in normal-appearing neurons of
the white matter. Triangles: neurons; circles: giant/balloon cells; SG: supragranular layers; IG: infragranular layers. Adapted from Mühlebner et al., J Neurodev Disorder, 2016;8:9 57.

a consequence of a deregulation of the mTOR signaling 39, 72, 84-89. The introduction in
the last decade of techniques for next generation genomic analysis has resulted in the
identification of novel genetic causes of MCDs, showing that a large spectrum of malformations is associated with abnormal cell proliferation and abnormal neuronal/glial
morphology caused by mutations affecting the mTOR pathway 88-92.

Inflammation and epileptogenesis

A dysregulated inflammatory response is present in various pathologies of the CNS, and
increasing evidence shows an important role of brain inflammation in the pathophysiology of epilepsy 93-96. The first indications about the crucial role of inflammation in
human epilepsy were derived from clinical observations that anti-inflammatory pharmacological treatment could decrease seizures in some drug-resistant epilepsies 94, 97.
Additionally, febrile seizures, which are seizures that are induced by fever in infants and
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children, always coincide with high levels of proinflammatory mediators 98. Furthermore,
upregulation of inflammatory mediators has been found in different human epilepsies,
irrespective of the underlying pathologic mechanism or cause 94, 99, 100. This indicates that
brain inflammation might be intrinsic to some epileptic pathologies, rather than being
just a consequence of seizure activity.
Traditionally, the brain was considered as an immune privileged organ due to
the presence of the blood-brain barrier (BBB), which limits the trafficking of peripheral
immune cells, and the lack of a draining lymphatic system. However, all cell types present
the brain are involved in the classical innate immune response, and together with peripheral leukocytes that infiltrate the brain upon inflammatory challenges accounting for
the adaptive immune response, a CNS immune response can be evoked in response to
injury, pathogens or other pathological events 94-96. Inflammation in the brain coincides
with the activation of several inflammatory cascades, accompanied by the production of
proinflammatory mediators by different cells in the brain. Amongst these proinflammatory factors are cytokines that include interleukins, tumor necrosis factors (TNFs), interferons (IFNs), and growth factors (like transforming growth factor-β, TGF-β), but also
chemokines, prostaglandins and complement factors 97, 101, 102. These proinflammatory
mediators can induce leakage of the BBB leading to albumin extravasation in the brain,
which is correlated with an increased number of seizures and progression of epilepsy 103.
Furthermore, these factors induce transcriptional changes in glutamate and gamma-aminobutyric acid (GABA) receptors, increased glutamate release, neurogenesis, sprouting
and angiogenesis, all together leading to increased excitability and development of epilepsy 94-97. Additionally, high mobility group box 1 protein (HMGB1), is released as ‘danger
signal’ upon inflammation, targeting Toll-like receptor 4 (TLR4) signaling to promote
seizure activity. This, on its turn, induces further release of HMGB1, resulting in a positive
feedback loop reinforcing seizures and brain inflammation 104.
Inflammation in the brain involves both glial cells and infiltrating leukocytes, the
white blood cells of the adaptive immune system that are responsible for the protection
against foreign pathogens. Glial cells are important regulators of various inflammatory
processes in the brain. CNS glia include astrocytes, NG2-glia or oligodendrocyte progenitor cells, oligodendrocytes and microglia. Both microglia and astrocytes are found to be
prominently reactive, called microgliosis and astrogliosis, respectively, in various epileptic
pathologies 105. Microgliosis and astrogliosis lead to the release of proinflammatory signaling molecules that are able to alter connections between glial cells and neurons, leading to enhanced excitability which contributes to epileptogenesis (see Fig 4) 96, 100, 106-108.

Figure 4. Schematic overview depicting mechanisms contributing to epileptogenesis in TSC.
A better understanding of these mechanisms may guide the recognition of novel targets for
precision medicine approaches to TSC-related epilepsy based on targeted combination therapies. TLR4: toll-like receptor 4; IL-1β: interleukin-1β; RAGE: receptors for advanced glycation end
products; cation chloride cotransporters: NKCC1 and KCC2; mGluRs: metabotropic glutamate
receptors; iGluRs: ionotropic glutamate receptors; Glu: glutamate; GABAAR: gamma-aminobutyric
acid type A receptor; BBB: blood-brain barrier.
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Astrocytes and inflammation

Astrocytes (astro from the Greek Astron which means star, due to their star-like morphology) are abundantly present in the brain in various structurally and functionally
distinct appearances. Astrocytes can be roughly divided into protoplasmic astrocytes
and fibrous astrocytes, where the first type is mostly present in the grey matter of the
brain and in the spinal cord, where they have highly branched processes with which they
envelop neuronal synapses and blood vessels 109. Fibrous astrocytes are mostly found in
the white matter of the brain, exhibit long unbranched processes with perivascular or
subpial endfeet 109. Additionally, radial glia are elongated astroglia that are abundantly
present during development. The processes of radial glia span from the ventricular to
the outer cortex surface which plays a crucial role during neuronal migration 110.
Additionally to the increased complexity and size of mammalian brain, human astrocytes are approximately 2.2-2.5 times larger than in rodent brain and have about 10-fold
more primary processes and even more fine processes than rodent astrocytes, enabling
contact with approximately 20 times more synapses 111. Taken together with functional
experiments that indicate a relationship between astrocyte complexity and cognitive
performance 112, these numbers emphasize the importance of astrocytes in the human
brain. Astrocytes serve critical roles in many key physiological processes like CNS development, barrier function, metabolic support, synaptic transmission, regulation of blood
flow, higher and integrative brain functions, neuroprotection and response to injury 113.
In the epileptogenic brain, astrocytes are considered one of the most important types of glial cells contributing to the neuroinflammatory response 94, 108, 114. CNS
inflammation is accompanied by astrocytic cytokine release like interleukin-1β (IL-1β),
tumor necrosis factor-α (TNFα) or interleukin-6 (IL-6). These cytokines in turn induce
other inflammatory factors like cyclooxygenase-2 (COX-2) via nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB)-mediated transcription, leading to increased
excitability, excitotoxicity, epileptic seizures and general neurological dysfunction 108. In
resected brain tissue from patients with epilepsy, increased expression of several inflammatory factors was found, however, most prominent changes were evident in astrocytes,
in which the expression of IL-1β, its receptor IL-1 type 1 receptor (IL-1R1), and NF-κB was
most obvious 105, 106. Altogether, these data suggest an important role for astrocyte-mediated inflammation in epilepsy. Therefore, we will focus in this thesis specifically on astrocytes and study their role in inflammatory processes related to epilepsy, in order to find
interesting targets for manipulating inflammatory pathways as treatment for epilepsy.

Targeting inflammation: microRNAs?

Until now, many anti-inflammatory approaches have been tested in various experimental
epilepsy models, but only a few anti-inflammatory drugs have been tested in clinical trials
95
. Promising results have been shown in targeting the IL-1R pathway in experimental
models of epilepsy and in several proof-of-concept clinical studies using various specific
anti-inflammatory agents, but further research is needed before these pharmaceutical
therapies can be used for patients 95. Since inflammatory pathways play a critical role
in the generation of seizures and epileptic pathology, research is needed to find new
approaches for specific modulation of these pathways. A promising new therapeutic
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approach could be the use of microRNAs (miRNAs).
miRNAs are small, non-coding RNA molecules of 18-22 nucleotides in length
that regulate gene expression at a post-transcriptional level by binding to target mRNAs,
inducing degradation or translational repression. miRNAs are involved in essential processes in cells like homeostasis, growth, metabolism and inflammation. Also, miRNAs can
be excreted by a variety of cells to exhibit their function in other cells or different parts
of the body, via the blood stream. miRNAs are indispensable for normal brain development and functioning 115 and are linked to different processes in the pathogenesis of
neurodegenerative disorders 116. The expression of several miRNAs was shown to change
in both human epileptogenic brain and in experimental models of epilepsy, hereby indicating potential targets for treatment or valuable disease biomarkers 117, 118. Furthermore,
it has been recently shown that modulating inflammatory pathways by administrating of
a miRNA mimic molecule could prevent disease progression and reduce seizures in an
experimental model of epilepsy, indicating that miRNAs related to neuroinflammation
could have therapeutic potential in the treatment of epilepsy 119, 120.

one

Cell culture systems to study inflammatory pathways

In order to evaluate basic cellular mechanisms, in vitro cell culture systems can be used.
Modulation of specific signaling pathways, and overexpression or knockdown of specific
miRNAs in human cell cultures may be used to gain knowledge about general trends
in astrocyte functioning and to give proof-of-concept information. Also, cell culture
systems allow to specifically study functional effects of compounds prior to switching
to pre-clinical experimental designs, and therefore minimizing animal use in epilepsy
research. Despite the fact that astrocyte cultures never represent the complexity of the
in vivo situation of an epileptogenic brain, it might offer advantages by studying direct
effects of a modulation, without confounding variables that are present in other pre-clinical experimental models. Also, progress is made in improving the complexity of in vitro
systems and hereby increasing the representation of the in vivo situation, like the use
of 3D gel culture matrices and organoid cultures 121. Therefore, in vitro astrocyte cultures serve an excellent starting point for examining potential therapeutic treatments of
inflammatory pathways in epilepsy.
Scope and outline of the thesis
In this thesis, we aimed to investigate the molecular mechanisms of pathology in TSC, in
order to find potential targets and novel therapeutic strategies. We therefore examined
both histological characteristics of TSC pathology and molecular pathways underlying
the pathology, by investigating post-transcriptional regulation of inflammatory pathways.
In chapter 2, the aim was to define distinct histological patterns within tubers
and to correlate these findings with clinical data. We semi-automatically quantified the
expression of several cellular markers, including cell identity and mTOR activity, in brain
material of TSC patients that underwent epilepsy surgery and based on this we proposed
a new histopathological classification system for cortical tubers in TSC. Additionally, we
aimed to evaluate possible functional modulations of inflammatory pathways using in
vitro astrocyte cultures.
In chapter 3, we examined the complexity of the molecular signaling network in
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TSC by evaluating the coding and non-coding transcriptional landscape of TSC cortical
tubers using mRNA and small RNA sequencing. We examined the functional properties
of the miR34 family, which was upregulated in TSC tubers, and found that miR34b was
involved in the regulation of neurite outgrowth in neurons.
In chapter 4, we evaluated a possible relationship between the expression the
proteasome, a multisubunit enzyme complex involved in protein degradation, and the
clinical course of epilepsy in MCD. We investigated the expression and cellular distribution of both constitutive (β1, β5) and immunoproteasome (β1i, β5i) subunits in surgically
resected brain material and in cell cultures derived from patients with FCD type II or TSC.
miRNAs miR21, miR146a and miR155 were previously shown to be differentially
expressed in human epileptogenic brain and in experimental models of epilepsy. In chapter 5, we aimed to evaluate the expression of these three miRNAs in TSC cortical tubers
and to determine their functional role in inflammation in human astrocytes and in cell
cultures from TSC patient-derived subependymal giant cell astrocytomas.
In chapter 6, we aimed at identifying potential new miRNAs that are involved in
IL-1β-mediated inflammation in human astrocytes, using small RNA sequencing of stimulated fetal astrocyte cultures. We identified a novel key regulator of IL-1β-mediated
inflammation in astrocytes cultures, miR147b, of which we also examined several functional characteristics in relation to inflammation-related cellular processes.
In chapter 7, the content of this thesis is discussed, supplemented with preliminary data of ongoing research, and some promising future perspectives are suggested.
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Tuberous Sclerosis Complex (TSC) is a genetic hamartoma syndrome frequently associated with severe intractable epilepsy. In some TSC patients epilepsy surgery is a promising treatment option provided that the epileptogenic zone can be precisely delineated.
TSC brain lesions (cortical tubers) contain dysmorphic neurons, brightly eosinophilic
giant cells and white matter alterations in various proportions. However, a histological
classification system has not been established for tubers. Therefore, the aim of this study
was to define distinct histological patterns within tubers based on semi-automated histological quantification and to find clinically significant correlations. In total, we studied
28 cortical tubers and seven samples of perituberal cortex from 28 TSC patients who
had undergone epilepsy surgery. We assessed mammalian target of rapamycin complex 1 (mTORC1) activation, the numbers of giant cells, dysmorphic neurons, neurons,
and oligodendrocytes, and calcification, gliosis, angiogenesis, inflammation, and myelin
content. Three distinct histological profiles emerged based on the proportion of calcifications, dysmorphic neurons and giant cells designated types A, B, and C. In the latter
two types we were able to subsequently associate them with specific features on presurgical MRI. Therefore, these histopathological patterns provide consistent criteria for
improved definition of the clinico-pathological features of cortical tubers identified by
MRI and provide a basis for further exploration of the functional and molecular features
of cortical tubers in TSC.

NOVEL HISTOPATHOLOGICAL PATTERNS IN CORTICAL TUBERS IN TSC

Introduction

Tuberous Sclerosis Complex (TSC) is a genetic disease affecting about 1:6,000 live births
1
. TSC is characterized by an age-dependent manifestation of primarily non-malignant
tumors in many different organ systems 2. In TSC, almost 90% of the affected individuals will suffer from recurrent seizures 3, and thus most patients are diagnosed after the
onset of seizures in infancy or early childhood 2. Only about a third of patients can be
treated successfully with anti-epileptic drugs. In the remaining individuals, resective surgery of the corresponding epileptogenic zone (EZ) may be considered 4. Defining the EZ
is a major challenge in TSC patients since the EZ might not be restricted to one single
tuber. Therefore, selected patients often undergo intracranial electroencephalography
(EEG) evaluation to localize accurately the EZ and eloquent cortex prior to the determination of the resection area. This procedure is an additional risk factor and burden to
patients 5. After epilepsy surgery, 57% of patients achieve seizure freedom and another
18% show a significant reduction in seizure frequency at a minimum of one year follow-up 6. In addition to seizure freedom, psychomotor development may also improve 6.
However, approximately 25% of patients have unfavorable outcomes after surgery, with
ongoing seizures and, in about 3% of cases, major surgical morbidity 7. Therefore, it is
urgent to identify those TSC patients who will significantly benefit from epilepsy surgery,
and hence, there is a great need for a clear-cut definition of the EZ, based on imaging-,
neurophysiological-, and source localization techniques.
TSC is caused by a mutation of either of two genes, TSC1 and TSC2, which
encode the proteins TSC1 (hamartin) and TSC2 (tuberin), respectively 3. These proteins
are involved in numerous regulatory processes via the regulation of the mTOR signaling
pathway including cell growth, proliferation, migration and differentiation. In the first
reported case series about 90% had cerebral manifestations, including cortical tubers 8.
Histologically, cortical tubers present with a distorted cortical architecture, and contain
dysmorphic neurons with aberrant Nissl substance and bright eosinophilic giant cells. It
has been proposed that these aberrant cells play an essential role in epileptogenesis 9.
However, recent data from intracranial recordings indicate that the perilesional cortex
also plays an important role 10.
We examined cortical tubers and perituberal cortex samples using multiple biomarkers from TSC patients who previously underwent epilepsy surgery as a strategy to
classify the histological severity of tubers and potentially aid with future evaluation of
the EZ in TSC patients. Using quantitative histology and a dedicated imaging program,
we assessed a number of cellular features, including mTORC1 activation, amount of neurons, dysmorphic neurons, calcification, gliosis, giant cells, vessels, inflammatory markers,
myelin content and amount of oligodendroglial cells. The results were cross-referenced
to clinical data, and analysed statistically.
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Materials and methods

Subjects
We critically evaluated 28 tubers from whom we received anatomically well preserved,
en bloc resected neocortical tissue and sufficient clinical data (Department of Pediatric
Neurology, Brain Center Rudolf Magnus, University Medical Center Utrecht; Department
of Pediatric Neurology, Charles University, 2nd Medical School, Motol University Hospital,
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Prague and Department of Pediatrics, Medical University Vienna; median age at resection = 6.00 years; range= 0.83 – 47 years; localization: 17 frontal, 8 temporal and 3 parietal; gender: 17 males, 11 females). Extensive presurgical evaluation including 24hours to
5 days video-EEG monitoring, high-resolution MRI and neuropsychological testing was
performed in each patient in order to characterize the EZ, and to select candidates for
tailored surgical resection. We included also 7 perituberal samples which were defined
by absence of dysmorphic neurons and giant cells on histology (whole tissue blocs to
ensure equality in available grey and white matter).
The age- and localization-matched control group consisted of 23 autopsy cases
(median age = 2.00 years; range = 0.1 – 17 years; localization: 7 frontal, 9 temporal, 7
occipital; gender: 10 males, 13 females; post mortem delay= 24h). None of these patients
had a history of seizures or other neurological diseases. All control samples have been
collected at the Department of (Neuro)Pathology, AMC, Amsterdam, The Netherlands.
Tissue was obtained and used in accordance with the Declaration of Helsinki
and the AMC Research Code provided by the Medical Ethics Committee and approved
by the science committee of the UMC Utrecht Biobank. This study was also approved by
the Ethical Committee of the Medical University of Vienna and the Ethical Committee of
the Motol University Hospital in Prague. Written informed consent was obtained from
all patients included into our study.
Tissue preparation and staining protocols
The tissue was carefully oriented, cut perpendicular to the pial surface, fixed overnight
in 4 % formaldehyde and routinely processed into liquid paraffin. Sections were cut at
4-6 µm with a microtome (Microm, Heidelberg, Germany), and mounted on positively
charged slides (Superfrost + Menzel, Germany). Each specimen was histopathologically
examined using haematoxylin & eosin (H & E). An immunohistochemical examination
of all surgical specimens was performed using the following panel of antibodies: Olig2
(oligodendrocyte lineage transcription factor 2, 1:100 dilution, IBL, Minneapolis, USA),
NeuN (neuronal nuclei, 1:100, clone A60, Chemicon, Billerica, MA, USA), non-phosphorylated neurofilament H (1:1000, clone SMI32, Sternberger, Lutherville), GFAP (glial fibrillary acidic protein, 1:4000, Dako, Glostrup, Denmark), CD3 (cluster of differentiation 3,
1:200, clone F7.2.38, DAKO), HLA-DP, DR, DQ (human leukocyte antigen class II, 1:100,
clone Cr3/43, DAKO), pS6 (phosphorylated S6-ribosomal protein, 1:1200, Ser235/236, Cell
Signalling Technology, Danvers, MA, USA), MBP (myelin binding protein, 1:400, DAKO),
CD34 (cluster of differentiation 34, 1:600, Qbend, Immunotech) and vimentin (1:500,
clone V9, Dako). Autopsy cases were pre-treated with 1 % Triton X-100 (for 1 h) prior
to incubation with anti-Olig2 antibody. The slides were air dried overnight at 37°C. All
immunohistochemical stainings were performed with a Ventana semiautomated staining machine (Benchmark ULTRA; Ventana, Illkirch, France) and the Ventana DAB staining
system according to the manufacturer’s protocol.
Semi-quantitative measurements
Slides were scanned with an Olympus dotSlide system (vs 2.5, Olympus, Tokyo, Japan).
Digital slide scans were obtained at a 100x magnification with a resolution of 0.64µm/
pixel. Scans were exported as a homogeneous set of .TIFF files, each with an equal image
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size of 50MB. Files without visible tissue were discarded. Qualitative and semi-quantitative image analysis was performed with the Image-Pro Premiere software package v. 9.1
(Media Cybernatics, USA). The mean and standard deviation was calculated for every
parameter and used for statistical analysis.
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Calcifications
The presence or absence of calcifications was scored based on the H&E staining. This
was converted into a nominal variable of 0 and 1.
Giant cells
The numbers of giant cells per mm² were calculated from 10 representative fields (each
representing 1.081mm²) of an anti-vimentin stained section.
Microglial activation, gliosis, mTORC1 activation and myelin content
Quantification of all available tissue was taken into account. In a first step the total tissue
surface area was calculated for each case utilizing the smart segmentation tool provided by the ImagePro software package. Second, the DAB positive area (anti-Cr3/43,
anti-GFAP, anti-pS6-Ser235/236 and anti-MBP) was separated from background using an
adjusted protocol for segmentation (S1 Fig). All stacks of images were submitted to a
batch processing algorithm that was kept consistent throughout the whole analysis. In
a final step, the overall percentage of positivity was assessed for each case and used for
statistical analysis. In the myelin stainings we further addressed the optical density (OD)
of the MBP positive area. The integrated OD of MBP was also used. For simplicity and
due to the linear correlation (p < 0.001), the product of intensity x frequency (percentage x OD) was calculated. This product is further referred to as overall myelin content
(OMC).
Cellular densities
For the calculation of cellular densities the available images were split into RGB channels. To establish the positive count a brightness threshold in the blue channel was
determined for each staining (NeuN: 120; CD3, SMI32 and Olig2: 100; CD34: 150) and size
ranges were defined to allow more accurate counts (pixel areas: NeuN: 120-2500; CD3:
20-155; Olig2: 20-155 in surgical tissue and 5-120 in autopsy material; CD34: 100-unlimited;
SMI32: 750-5000). These parameters were kept the same throughout the analysis and
were also implemented in the batch processing algorithm. All cellular densities are represented as total number/mm².
Clinical data
All available MRIs were retrospectively reviewed and the resected tubers were scored
according to the classification system proposed by Gallagher et al. 11. The presence of
“focal cortical dysplasia (FCD)-like” features (thickened cortex and blurred grey-white
matter border in areas surrounding one or several tubers and presence of transmantle
sign) were assessed as well as the presence of calcifications. In addition, the following
clinical data was obtained: TSC1/TSC2 mutation status, gender, age at seizure onset, localization of the resected area, age at epilepsy onset, mean seizure frequency (daily-week-
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ly-monthly), antiepileptic drug (AED) management at surgery, type of epilepsy surgery,
duration of active epilepsy, last available postsurgical seizure outcome (according to
Engel’s score), average intelligence quotient (IQ) with global cognitive performance and
presence/absence of autism 12.
Interobserver agreement
For case evaluation, six different neuropathologists gained access to an online virtual
slide system (Digital Slidebox 4.5, Slidepath; Leica Microsystems, Dublin, Ireland). These
reviewers were asked to classify a subset of ten randomly selected cases provided with
three basic stainings (H&E, SMI32 and vimentin) according to the novel scheme of patterns discussed in this manuscript. After 21 days the platform was closed. None of the
reviewers had access to the results of the others.
Statistical analysis
Statistical analysis was performed on SPSS 21 (IBM, PASW Statistics, USA). The distributions of pS6, SMI32 and vimentin were left skewed. Therefore, the data were log-transformed prior to statistical analysis. Hierarchical clustering (Ward’s method with squared
Euclidian distances) and one-way ANOVA were used for specify the tuber patterns (S2
Fig). Due to the lack of normality and non-equality of variances non-parametric testing
(independent-sample Kruskal-Wallis test) as well as Kendall-tau correlation were used
to analyse the data. Partial correlation was applied if data needed to be corrected for
another variable. The Chi-squared test was applied for analysing categorical data. The
κ coefficient was calculated to address inter-rater variability. In our study κ was interpreted as follows: <0.2, poor agreement; 0.2–<0.4, fair agreement; 0.4–<0.6, moderate
agreement; 0.6–<0.8, good agreement; 0.8–1.0, very good agreement. Bootstrapping was

Figure 1 Histology of tuber variants. A. Perilesional cortex (Cx) and white matter (WM) of an
8-year old male patient. B. Type A tuber (Cx and WM) in a 5-year old female patient with a tuber
in the frontal lobe. C. Type B tuber (Cx and WM) located in the parietal lobe of an 8-year old boy
(same as in Fig. 1A). D. Type C tuber of a 2-year old male patient located in the frontal lobe. Scale
bar in D = 100µm and applies also to A, B and C.
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conducted on 1000 samples with bias-corrected and accelerated confidence intervals.
P-values were considered significant if < 0.05.
two

Results

Patterns of cortical tubers
In order to find differences in histological appearance the three most accessible features of a cortical tuber (mTORC1 activation, dysmorphic neurons and giant cells) were
admitted to a hierarchical cluster analysis. As a result, the tubers were divided into three
different clusters (S2 Fig). To determine the main histological discriminants between
the clusters a one-way ANOVA was performed. There were significant differences in
the numbers of dysmorphic neurons (p=0.000) and giant cells (p=0.001) whereas pS6Ser235/236 positivity failed to reach significance. Tubers were then independently analyzed by two neuropathologists experienced in evaluating epilepsy surgery specimens
(Angelika Mühlebner and Eleonora Aronica) and the microscopic assessment of the
clusters revealed three different patterns. These were translated into the following qualitative criteria:
A: low density of giant cells ≤ 10/mm² or dysmorphic neurons ≤ 3/mm² (Fig. 1B)
B: high density of giant cells > 10/mm² or dysmorphic neurons > 3/mm² (Fig. 1C)
C: giant cells, dysmorphic neurons and calcifications (Fig. 1D)
We submitted a randomly selected subset of cases to an online platform in
order to validate our findings among other trained neuropathologists (six participants).
Table 1 Quantification. All available quantification data of the image analysis study. Significance
levels are presented in the last column.
Classification
median

type A

type B

type C

Perituberal

control

p-value

(range)
pS6 (%)

1.73 (0.84-4.09) 1.53(0.63-6.64)

4.14(0.886.82)

0.70(0.443.64)

0.18 (0.03-0.67) 0.000

neurons/
mm²

261.20(106.56296.26)

139.18(32.03258.29)

175.88(55.70277.31)

256.63(126.69459.07)

351.39(275.69540.46)

0.015

GFAP (%)

16.87(1.0144.41)

18.34(8.1634.06)

13.87(7.0934.02)

5.89(2.15-12.78)

5.61(2.25-9.34)

0.019

T-cells/
mm²

7.70(4.23-19.32) 13.81(7.3835.85)

22.64(7.2934.20)

9.08(1.91-13.55)

5.54(0.56-29.76) 0.002

Cr3/43 (%) 3.10(0.21-7.63)

2.16(0.25-33.24) 5.14(0.2611.66)

.95(0.11-2.50)

.51(0.07-1.70)

0.003

vessels/
mm²

73.85(36.65169.35)

73.90(40.06190.45)

114.48(77.57154.12)

66.93(28.49114.06)

130.41(36.77239.79)

0.012

OMC
(%lum)

389.95(161.973185.74)

196.23(0.248110.52)

273.460.013168.69)

2711.58(909.27- 2801.68(188.056869.83)
5815.44)

0.020

oligos/
mm²

159.22(9.51405.16)

103.03(20.51390.42)

133.31(66.73832.46)

184.98(109.86334.99)

>0.05

208.17(88.01522.37)
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Figure 2 mTORC1 activation, neuronal quantity and gliosis. A. - D. mTOR activation was present
in all cortical tuber types as well as in perituberal cortex (pS6-Ser235/236 staining). E. Gradient
mTOR activation among the tuber types. F. - I. Loss in neuronal cell density could be observed
in type B tubers (NeuN staining). J. Neurons were significantly depleted (p= 0.015). K. - N. Gliosis was present in all tuber types (GFAP staining). O. Increase of gliosis reached significance
(p=0.019). Scale bar in D, I, and N = 100µm and applies also to F, G, H, K, L, and M. CO = control;
PT = perituberal cortex.

The inter-observer agreement was very good (κ= 0.973).
The following quantitative analysis was based on 28 available tuber specimens.
Subsequently, our cohort consisted of 7 type A tubers (median age= 10.00 years, range
3-47 years; 6 males, 1 females; 5 frontal, 2 temporal), 13 type B tubers (median age= 7
years, range 0.83-22 years; 6 males, 7 females; 4 frontal, 6 temporal, 2 parietal, 1 hemispheric) and 8 type C tubers (median age= 3 years, range 1-6 years; 5 males, 3 females; 7
frontal, 1 parietal).
mTORC1 activation, neuronal quantity and gliosis
In our cohort we compared with histologically normal cortex to clarify the role of
perituberal cortex. Independent-sample Kruskal-Wallis testing revealed no differences
in mTORC1 activation among the tuber types and perilesional samples (Fig. 2 A-E).
However, mTORC1 activation was significantly increased in all samples compared to controls (H[4]= 22.942, p= 0.000). Interestingly, in the distribution of NeuN positive cells/
mm² varied significantly among the subgroups (H[3]= 10.416, p= 0.015; median and range
of all quantification data see Table 1). However, subsequent pairwise comparison did
not reveal significant changes. We could however observe a tendency in type B tubers
to show decreased neuronal cell counts (Fig. 2 F-J). Quantification of GFAP positivity
revealed a variation in distribution among the groups (H[3]= 9.943, p= 0.019; Table 1).
Pairwise comparison showed a significant increase of GFAP density in type B tubers
when compared to perituberal samples (p= 0.023). All calculations were based upon
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28 tuber samples and 7 perituberal cortex specimens. Subgroup analysis revealed no
correlation of mTORC1 activation, neuronal density or gliosis with the localization of the
tuber. However, the amount of GFAP positivity was negatively correlated with the age at
surgery (Kendall-tau, R= -0.271, p= 0.025).
To broaden our knowledge of these novel patterns we subsequently introduced
an age- and region-matched control group to see whether the subgroups differ from
autopsy controls.
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Inflammation and small vessel density
An increase in inflammatory cells in cortical tubers has been previously shown 13. The
amount of T-cells (CD3 positive cells/mm²) was significantly affected by the tuber type
(H[4]= 16.730, p= 0.002; Table 1). We confirmed a gain of inflammatory markers in type
B and C tubers compared to postmortem control in a pairwise comparison (B: p= 0.047;
C: p= 0.012; Fig. 3A, B, C). A similar pattern was be observed in microglial activation (percentage of Cr3/43 positivity; H[4]= 16.417, p= 0.003; Table 1; Fig. 3E-G). Type B and C tubers
showed a significant gain in microglial activation (B: p= 0.016; C: p= 0.005) compared to
control (Fig. 3H). No differences could be detected for type A tubers. Furthermore, we
were able to detect a difference in small vessel density (CD34 staining) among the categories (H[4]= 12.835, p=0.012; Table 1). However, pairwise comparison failed to reach
significance when directly compared to autopsy brain specimens.
Myelin content and oligodendroglial cell count
Within the tuber patterns we were able to observe myelin loss whereas there was no difference in oligodendroglial cell count (Fig. 4A, B, D, E). The overall myelin content (OMC,
based on MBP) was altered among the different categories (H[4]= 11.691, p=0.020; Table
1; Fig. 4C).

Figure 3 Inflammatory markers and vessel structure. A. Representative amount of T-cells lying in
the white matter (WM) of control samples (CD3 staining). B. + C. T-cell content within type B and
C tubers (CD3). D. Significant increase of CD3 positive cells in type B and C tubers compared to
controls. E. Almost no microglial activation can be detected in autopsy cortex (Cr3/43 staining).
F. + G. Representative WM of type B and C tubers showing an increase in microglial activation
(Cr3/43). H. Quantification of the Cr3/43 positive content revealed a significant difference between controls and type B as well as C tubers. Scale bar in g = 100µm and applies also to a, b, c, e,
f and g. CO = control; PT = perituberal cortex.
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Figure 4 White matter pathology in cortical tubers. A. Normal appearing white matter content
of the temporal lobe in a 17-years old autopsy case (MBP staining). B. + D. + E. Representative
sections of WM within the 3 different tuber types (MBP). Scale bar in e = 100µm and applies also
to a, b, and d. C. Significant reduction of myelin content. F. Equal distribution of oligodendroglial
cells among all tuber types. CO = control; PT = perituberal cortex.

Neither OMC nor the number of olig2 positive cells were related to age or localization in controls. There was no significant difference between autopsy and perituberal
samples.
Correlations with clinical data
There was no relation between the tuber types according to Gallagher et al. 11 detected
on MRI and the histological tuber classification on the sequences available (Fig. 5A-C).
However, FCD-like features assessed on presurgical MRI were significantly related with
histological type B and C tubers (X²; p= 0.037). Interestingly, a lower drug load (measured
by the number of antiepileptic drugs [AED] taken at the time of the surgery) was associated with type A tubers (X2, p= 0.011). Furthermore, carbamazepine, levetiracetam,
valproic acid, topiramate, clobazam and vigabatrine were the drugs of choice in this
specific group, never reaching a combination of more than two given at the time of surgery. In the other subtypes various range of all available drugs in combination of up to
five were found. Hemispherotomies were not observed in the type A group. In addition,
we observed a negative correlation between histological tuber type and age at surgery
as well as duration of active epilepsy (Kendall-tau and partial; age: p= 0.002; epilepsy
duration: p= 0.004). All other clinical characteristics failed to reach significance (Table 2).

Discussion

Over the past decade a number of studies have been published that focused on the histological features of cortical tubers in TSC patients 14, 15, 16. However, due to the increased
number of patients who underwent epilepsy surgery more and more tissue becomes
available to investigate the variability of cellular features within this highly selected patient
group. Here, we present the first comprehensive histological analysis with respect to TSC
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Figure 5 Clinical implications. A. Representative MRI of a patient with a histological type A tuber
(histology is shown in Fig. 1B) characterized by a hyperintense lesion parasaggital in the right frontal lobe (indicated by the arrow head) on T2 weighted and fluid-attenuated inversion recovery
(FLAIR) and a hypointense signal in the same area on volumetric T1 images. B. MRI of a histological type B tuber (histology is shown in Fig. 1C) with FCD-like features in the left postcentral/
parietal region, showing as a hyperintense lesion on FLAIR image and a hypointense signal on
3DT1. FCD features are recognized by thickened cortex, blurring of gray and white matter junction
and a transmantal sign. C. MRI of a histological type C tuber (histology is shown in Fig. 1D) with a
large calcification, characterized by deep hypointense signal with surrounding heterogenous hyperintense signal on T2 weighted and FLAIR images and a hypointense signal in the white matter
on 3DT1. The above described FCD features are seen here as well.

cortical tubers.
Recently, two new classification schemes were presented by task forces of the
International League Against Epilepsy (ILAE). In 2011, FCD, the most common cause of
intractable epilepsy in children, was addressed 17, and in 2013 a novel classification scheme
for hippocampal sclerosis was published 18. These schemes, however, were established to
distinguish distinct entities considering clearly different clinical etiologies. Nevertheless,
the new FCD classification scheme has already proven to be more reliable with regard
to inter-rater variability than previous schemes 19, 20. Most importantly, the first reports
on possible clinical value for prediction of surgical outcome have been published 21, 22.
In these studies, seizure-freedom was dependent on accurate definition of the epileptogenic zone and the subsequent extent of surgical resection 21, 22.
Until now cortical tubers have been neglected in this respect. In an attempt
to meet the current need of a better histological assessment we have identified three
distinct patterns of cortical tubers. Consequently, we were able to show that our tuber
patterns are recognizable by different neuropathologists and therefore reasonably applicable in different neuropathology laboratories. In our endeavor to identify variants of
TSC lesions on a histological level and to stay within the frame of diagnostic usefulness and high accessibility we chose a panel of antibodies that has been established and
widely-used previously and subsequently used statistic modeling to asses quantitative
differences 23. The normal expression pattern of the selected markers has been also
evaluated in post-mortem control tissue. However, one limitation of this study is the
availability of brain tissue within the age range of the TSC subjects. An ideal experimental
design (including also ages ranging between 1 and 18 year of age) is difficult to achieve
and representative material from patients without any significant brain pathology is not
available at all developmental ages.
There are only a few studies which report highly advanced methods of quantitative histology on epilepsy surgery specimens 24, 25, 26, 14. Most of these addressed very
specific pathological features to show differences in expression patterns and therefore
a lot of the data were generated via a region of interest (ROI) based approach. So far,
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Table 2 Patients characteristics. All available clinical data were collected and tested for correlation
with the histologically classified tuber types. Significance levels are presented in the last column.
Classification
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type A

type B

type C

male

6

6

6

female

1

7

2

frontal

5

5

7

temporal

2

6

0

parietal

0

2

1

occipital

0

0

0

daily

7

10

6

weekly

2

3

0

tested/ not found

0

1

0

TSC1

1

5

2

TSC2

5

3

2

not tested

6

4

4

infantile spasms

2

3

1

focal seizures with
awareness

2

5

6

focal seizures with
impaired awareness

3

5

1

MRI classification

A

1

1

0

according to Gallagher et
al. 2010 11

B

2

3

3

C

0

1

1

combination

4

2

2

not applicable

0

4

2

no

4

4

3

yes

3

7

5

left

1

6

3

right

6

7

5

lesionectomy

6

7

5

lobar resection

1

3

1

hemispherotomy

0

3

2

Gender
localization

seizure frequency prior to
surgery
TSC mutation

types of seizures at surgery

FCD-like features
Side
type of surgery
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p-value
> 0.05

> 0.05

> 0.05

> 0.05

> 0.05

> 0.05
0.037
> 0.05

> 0.05
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last known ENGEL score 12

global cognitive impairment

1

3

10

4

2

2

0

1

3

1

0

2

4

1

3

1

none

3

4

0

mild

1

5

2

moderate

0

2

3

severe

3

2

3

> 0.05

72.5 (45-102)

59 (48-107)

52 (34-68)

> 0.05

no

5

9

4

yes

2

3

IQ
Autism

median age at surgery
median duration of active epilepsy

(range)

(range)

10.00 (3.00- 7.00 (0.8347.00)
22.00)
8.00 (3.0035.00)

4.00
(0.8013.00)

two
> 0.05

4

> 0.05

3.00
(1.0017.00)

0.002

2.21
(0.4313.00)

0.004

only one group has applied whole slide scanning and compared fully automated and
user-based approaches 27. In order to access a much broader spectrum of characteristics
and obtain a more accurate diagnosis, we choose not to follow a ROI-based approach.
The limitation of choosing to assess all available tissue is the risk to miss subtle
changes restricted to only part of the visible pathology. In light of this, our aim was not to
specifically assess cellular features but primarily to find distinctive characteristics within
the histology. Numerous studies exist to explore the pathogenetic mechanism behind
the aberrant cells visible in TSC samples. However, these are often related to FCD Type
IIB another pathology with similar histological features 28, 29, 30, 31.
Despite this limitation, it was possible to address several aspects that relate
to pathophysiological mechanisms in tubers. In TSC patients mTORC1 activation as
assessed by staining for various forms of phospho-S6 is expected due to the genetic
nature of TSC. It provides a molecular explanation for the observed giant cells, although
the molecular consequences of second-hit events are less well understood. In addition,
pS6 has recently been detected immunohistochemically in the perituberal cortex 14 and
mTORC1 activation is believed to begin in the fetal period 32, 33. However, we were not
able to detect differences between tuber subgroups when compared to perituberal
samples suggesting that also in our study the true margins of the lesion extent beyond
the radiographically visible perituber 34.
Furthermore, our data suggests a gradient in the level of mTORC1 activation
throughout all tuber types. Our identification of patterns would improve our understanding of the molecular and functional events during tuber pathogenesis and eventually help to find a better definition of perituberal tissue.
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In previous studies we demonstrated that inflammation plays an important role
in the epileptogenesis of cortical tubers 13, 35. In the present study we detected increases
in inflammatory markers in type B and C tubers. Type A were not significantly different to controls. This observation may argue against the hypothesis that inflammation
alone may underlie the epileptogenicity of the tuber. Accordingly, several studies suggest
increase neuronal excitability through different mechanisms, including also a deregulation of astrocyte-mediated glutamate uptake and release, as well as through changes in
the function of both glutamate and GABA receptors 36
Furthermore, hypomyelination is a common feature of FCD type II, although
it is not fundamental to make the distinction between FCD type IIA and IIB 24 25.
Notwithstanding, the underlying etiology is less well understood. With our set of data a
lack of myelin could also be confirmed. After all, the oligodendroglial cell count did not
delineate significant changes compared with controls. Findings in TSC mouse models
indicate that there is a marked difference in brain myelination when TSC1 is lost in neurons, suggesting that the reduction in myelination is secondary to mTORC1 activation
in neurons, rather than reflecting a primary oligodendroglial abnormality. Also, previous
studies sreported that the number of oligodendroglial cells remain intact and that there
is axonal loss 25, 14. Another study suggested that, at least in FCD type IIB there is also a
maturational problem 24. However, the different methodological approaches may have
led to these controversial results.
All together certain features of our assessment (neuronal loss, gliosis, calcification, myelin loss and inflammation) are considered regressive changes in pathology in
TSC cortical tubers 14, 34, albeit our associations with the available clinical data suggests
differently. In our cohort of type A tuber only a limited set of AEDs were prescribed and
none of these patients underwent hemispherotomy as surgical strategy. We have to
acknowledge that these parameters are certainly not a reflection of electrophysiological
properties but they might act as surrogate markers for a milder phenotype. However,
in our cohort, the number of patients with type A tuber was too small to evaluate the
possible prognostic value on postsurgical seizure outcome or other clinical parameters,
which deserves further investigation in prospective studies, using the proposed histological tuber classification.
Another striking feature was the negative association between age at surgery
and histology, with type C tuber occurring more often in very young children. This finding
could be related to the time point of tuber formation leading to such severe pathological changes already in the early stages of cerebral development 37. Considering this, calcification, inflammation and increased gliosis in type C tubers may not exclusively indicate
regressive changes but also a distinct pathogenesis. Furthermore, the relatively short
duration of active epilepsy before surgery is consistent with a more severe phenotype
with higher seizure burden and possible comorbid developmental problems. However,
our cohort might be too small to detect subtle differences in clinical characteristics in
relation to surgical outcomes.
We collected clinical data with special attention to MRI characterization. We
were unable to detect an association between the previously proposed classification
of tuber types on MRI and our histological assessments 11. Nevertheless, we identified a
correlation between so-called “FCD-like features” and histological type B and C tubers.

NOVEL HISTOPATHOLOGICAL PATTERNS IN CORTICAL TUBERS IN TSC

We can only speculate about the significance of such findings to help identify the epileptogenic zone, but they might give insights into the high similarity of TSC cortical tubers
and resected FCD type IIB lesions with regard to their epileptogenicity 38. It is clear that
neuroimaging findings are increasingly relevant in relation to identifying the epileptogenic zone 38, 39, 24.
In summary, we have identified three distinct histological patterns in TSC cortical tubers based on quantitative histological features to increase our understanding of
the differences among these lesions, and to lay the groundwork for further research on
the functional and molecular effects of the different tuber types.
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Supplementary Figure 1 Color segmentation recipe. For extraction of the total amount of DAB
staining the following filters were used to calculate the accurate amount.

Supplementary Figure 2 Cluster analysis. A. Hierarchical clustering (Ward’s method) on the
parameters: SMI32 (amount of dysmorphic neurons), vimentin (amount of giant cells) and pS6Ser235/236 (mTOR activation) identified three different tuber patterns. B. 3D dot plot of the
identified patterns within their clustering matrix.
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Tuberous Sclerosis Complex (TSC) is a rare genetic disorder that results from a mutation in the TSC1 or TSC2 genes leading to constitutive activation of the mechanistic
target of rapamycin complex 1 (mTORC1). TSC is associated with autism, intellectual
disability and severe epilepsy. Cortical tubers are believed to represent the neuropathological substrates of these disabling manifestations in TSC. In the presented study we
used high-throughput RNA sequencing in combination with systems-based computational approaches to investigate the complexity of the TSC molecular network. Overall
we detected 438 differentially expressed genes and 991 differentially expressed small
non-coding RNAs in cortical tubers compared to autopsy control brain tissue. We
observed increased expression of genes associated with inflammatory, innate and adaptive immune responses. In contrast, we observed a down-regulation of genes associated
with neurogenesis and glutamate receptor signaling. MicroRNAs represented the largest
class of over-expressed small non-coding RNA species in tubers. In particular, our analysis
revealed that the miR34 family (including miR34a, miR34b and miR34c) was significantly
over-expressed. Functional studies demonstrated the ability of miR34b to modulate neurite outgrowth in mouse primary hippocampal neuronal cultures. This study provides
new insights into the TSC transcriptomic network along with the identification of potential new treatment targets.

CODING AND SMALL NON-CODING TRANSCRIPTIONAL LANDSCAPE OF TSC

Introduction

Tuberous Sclerosis Complex (TSC) is a genetic disorder caused by mutations in either
TSC1 or TSC2 genes, leading to the development of benign lesions/hamartomas in multiple organs1, 2. TSC often compromises the central nervous system resulting in complex
neurological manifestations consisting of varying combinations of neurodevelopmental delay (including autism), various psychiatric disorders and severe epilepsy3-5. Cortical
tubers, a form of focal cortical dysplasia, are thought to be major contributors to these
disabling neurological manifestations in TSC and are targeted for surgical resection in
TSC patients with pharmacologically intractable epilepsy6-8. Although the current surgical
and pharmacological management of seizures in TSC often provide significant benefits5,
7, 9, 10
, there is further need for a better understanding of the molecular and physiological
basis of the neurological manifestations seen in TSC11.
Previous gene expression studies on TSC tuber specimens focused either on
selected cDNA sequences12, 13 or used mRNA14 or microRNA (miRNA) microarray hybridization platforms15. Advances in high-throughput RNA sequencing (RNA-seq) technology coupled with sophisticated bioinformatics methods have provided a revolutionary
means to systematically map transcriptional units of the human genome16, 17. Indeed,
RNA-seq has led to a more profound appreciation of the intricate nature of both the
coding and non-coding transcriptome of the human brain18, 19. Moreover, the non-coding
units of the human transcriptome, particularly small RNA species that include miRNA,
have emerged as important modifiers of the protein coding transcriptome and, in turn,
disease phenotype19-22. A comprehensive, parallel scan of both the protein coding and
small non-coding brain transcriptome of TSC patients by RNA-seq has never been performed. Thus, we here aimed to first map the protein coding and small non-coding RNA
species in the brain transcriptome of TSC patients and second, to identify significantly
altered cellular signaling pathways in TSC patients that may be modified by miRNA for
a better delineation of the complex pathological signaling pathways and networks seen
in TSC.
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Methods

Human specimens
The cortical specimens from TSC and control patients included in this study were
selected from the archives of the departments of neuropathology of the Academic
Medical Center (AMC, University of Amsterdam, The Netherlands), the University
Medical Center Utrecht (UMCU, The Netherlands), Motol University Hospital (Prague,
Czech Republic) and Medical University Vienna (MUV, Austria). Informed consent was
obtained for the use of brain tissue and for access to medical records for research purposes. We evaluated 12 TSC specimens (10 surgical specimens and 2 autopsy specimens)
from whom we obtained anatomically well-preserved neocortical tubers tissue and sufficient clinical data. All patients fulfilled the diagnostic criteria for definite TSC23, 24. The
surgical cases had pharmacologically intractable epilepsy (daily seizures) and underwent
extensive pre-surgical evaluation6. Patient characteristics are summarized in Table 1. The
following clinical data were extracted from medical records: TSC1/TSC2 mutation status,
gender, localization of the resected area, age at seizure onset, duration of active epilepsy,
antiepileptic drug (AED) management at time of surgery and presence/absence of intel-
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Table 1 Summary of clinical characteristics of human specimens.
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Patient/
Sex/Age
(years)

Sample

Brain
Mutation Mutation Location
Region

1/F/13

CT

F

TSC2

TSC-2 exon 15-26: c.[3232ins13
CACG;1600-75_3232dup13997]

LTG, CBZ,
CLB

severe/
yes

2/M/8

CT

F

TSC1

c.2074A>G

8

LTG, CLB,
TPM

mild/
yes

3/M/32

CTa

T

TSC2

TSC-2 exon 16: c.1839+1G>T

30

PHB, MDZ,
mild/na
LEV

4/F/21

CTa

F

TSC1

c.2227C>T

15

VPA

mild/
yes

5/M/0.9

CT

T

TSC1

TSC-1 exon 21: c.2698C>T

0.8

CBZ, VPA,
VGB

mild/no

6/F/10

CT

F

TSC2

c.2721delTinsAG

10

OXC, LTG

mild/no

7/M/47

CT

T

TSC2

c.4909_4911delAAG

35

CBZ, CLB

mild/
yes

8/M/3

CT

F

TSC2

c.3952_3961del10

2

VGB, CBZ,
VPA

mild/
yes

9/M/10

CT

F

TSC2

c.1716+1G>A

8

VPA, CLB

severe/
yes

10/F/1

CT

F

TSC2

c.4645C>T

1

VGB

severe/
yes

11/F/8

CT

F

TSC1

c.1271_1277delGAATGGAinsAT

8

VGB, CBZ,
VPA

mild/
yes

12/M/3

CT

T

TSC2

c.4174C>T (p.Gln1392X)

3

VGB, LTG,
CLB

severe/
yes

13/F/0.9

AC

T

-

-

-

-

-

14/F/10

AC

F

-

-

-

-

-

15/F/2.5

AC

F

-

-

-

-

-

16/F/2

AC

F

-

-

-

-

-

17/M/15

AC

F

-

-

-

-

-

18/F/1

AC

T

-

-

-

-

-

19/M/10

AC

F

-

-

-

-

-

20/F/17

AC

T

-

-

-

-

-

21/F/39

AC

F

-

-

-

-

-

22/F/44

AC

F

-

-

-

-

-

Epilepsy
AED time
duration
surgery
(years)

ID/ASD

Specimens used for: NGS analysis; real-time PCR and in situ hybridization. CT, cortical tuber surgery; CTa, cortical tuber autopsy; AC, autopsy control; F: frontal; T: temporal; ID: intellectual disability; ASD: autism spectrum disorder; na: information not available; AED (antiepileptic drugs):
CBZ (carbamazepine), CLB (clobazam), LTG (lamotrigine), LEV (levetiracetam), MDZ (midazolam), OXC (oxcarbazepine), PHB (phenobarbital), VGB (vigabatrin) ), VPA (valproic acid).
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lectual disability (ID; Mild = IQ 55-70; Moderate = IQ 40-55; Severe IQ 25-40) and autism.
The majority of TSC patients harbored TSC2 gene mutations (66.6%; Table 1). The tissue
specimens were age-matched with the controls (p-value>0.86, two-sided t-test). Using a
principal variance component analysis (PVCA) brain region and gender were shown to
contribute minimally to the overall variation of the RNA-Seq results.
Perituberal frozen material was available for only 3 out of 10 TSC cases examined and two samples did not pass the minimal quality requirements; thus analysis of perituberal tissue was not performed. Histologically normal cortex was obtained at autopsy
from 10 controls without a history of seizures or other neurological diseases (cause
of death was acute cardiorespiratory failure; Table1). We acknowledge that the choice
of the control material is extremely difficult in human studies, particularly in case of
pathologies affecting young patients, which limits the number of cases suitable for gene
expression studies. We were fortunate to obtain the human postmortem from young
controls, as well as autopsy TSC samples.
Tissue was obtained and used in accordance with the Declaration of Helsinki
and the AMC Research Code provided by the Medical Ethics Committee and approved
by the science committee of the UMC Utrecht Biobank. The local ethical committees of
all participating centers gave permission to undertake the study.
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Tissue preparation
Cortical specimens from control and TSC patients were snap frozen in liquid nitrogen
and stored at -80°C until use for RNA isolation. Additional tissue was fixed in 10% neutral
buffered formalin and embedded in paraffin. Paraffin-embedded tissue was sectioned
at 5 μm, mounted on pre-coated glass slides (Star Frost, Waldemar Knittel GmbH,
Brunschweig, Germany) and used for in situ hybridizations and immunocytochemistry.
One representative paraffin block per case was sectioned and processed for hematoxylin and eosin (HE) as well as for immunocytochemical staining for a number of neuronal
and glial markers to confirm the diagnosis.
RNA isolation
Frozen tissue material was homogenized in Qiazol Lysis Reagent (Qiagen Benelux, Venlo,
The Netherlands). The total RNA including the miRNA fraction was isolated using the
miRNeasy Mini kit (Qiagen Benelux, Venlo, the Netherlands) according to manufacturer’s instructions. The concentration and purity of RNA were determined at 260/280 nm
using a Nanodrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA)
and RNA integrity was assessed using a Bioanalyzer 2100 (Agilent). Samples required an
RNA integrity number (RIN) greater than 6.0 for use in down-stream sequencing.
RNA-seq library preparation and sequencing
Library preparation and sequencing were completed at ServiceXS, Plesmanlaan 1D, 2333
BZ, Leiden, Netherlands. The Illumina (San Diego, California, USA) mRNA-Seq and TruSeq
Small RNA-Seq sample preparation kits were used to prepare sequencing libraries of
mRNA and small RNA, respectively. Briefly, mRNA was selected by oligo-dT magnetic
beads, fragmented and subjected to cDNA synthesis. Sequencing adapters were ligated
to the cDNA fragments, followed by PCR amplification. Small RNA samples were pro-
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cessed by size exclusion gel electrophoresis subsequent to sequencing adaptor ligation.
After gel excision and digestion, sequences were amplified by PCR. Clustering and DNA
sequencing was performed using the Illumina cBot and HiSeq 2500. Each library was
subjected to paired-end sequencing, producing reads 125 nucleotides in length.
three

Bioinformatics analysis of RNA-seq data
Read quality was assessed using FastQC v0.11.2 (Babraham Institute, Babraham,
Cambridgeshire, UK), and Trimmomatic v0.33 was used to trim and filter reads of low
quality25. Low quality leading and trailing bases were removed from each read, a sliding
window trimming using a window of 4 and a phred33 score threshold of 20 was used to
assess the quality of the body of the read. Reads that dropped below 36 and 18 nucleotides, respectively in our mRNA and small RNA datasets, as well as sequence reads lacking
both forward and reverse orientations were excluded from further analysis.
Next, paired-end reads were aligned to the human reference genome (GRCh38)
with TopHat2 v2.0.13 using the default settings26. No mismatches between the small RNA
trimmed reads and reference genome were allowed. The aligned mRNA reads were
assembled into individual transcripts and the abundance of each transcript was estimated using Cufflinks v2.2.127. For mRNA sequence data, expression level was calculated
as fragments per kilobase of exon per million fragments mapped (FPKM). The Cufflinks
transcript assembly was guided using the reference annotation file Gencode v2128. The
transcript assemblies from each sample were then assembled into a single unified transcript catalog using Cuffmerge27. Finally, the merged transcript file along with the original
alignment files produced from Tophat were analyzed using Cuffdiff. Libraries were quantile-normalized and differential expression analysis was performed considering genes
with FPKM>1 in at least one of the sample groups. Small RNA count data were normalized
(per 1x106 reads) and differential expression analysis between TSC and control patients
was done by means of the limma method (version 3.14.4)29. Throughout BenjaminiHochberg (BH)30 multiple comparison adjusted probabilities (P < 0.05) defined significance. Ingenuity Pathway Analysis (Ingenuity Systems IPA, www.ingenuity.com) was used
to identify the associating canonical signaling pathways stratifying genes by over- and
under-expressed patterns. The Ingenuity gene knowledgebase was selected as reference and human species specified. All other parameters were default. Fisher’s exact test
BH-adjusted probabilities (P<0.05) defined significance.
Integrative bioinformatics
The mRNA sequence transcriptome was analyzed by means of a weighted gene co-expression network approach31, 32. A pair-wise Spearman’s correlation matrix of the top
10000 most variable unique genes (ranked by median absolute deviation) was transformed into an adjacency matrix by using a soft power function to ensure scale-free
topology33. The adjacency matrix was further transformed into a topological overlap
matrix to enable the identification of modules (clusters) of highly correlating genes by
implementing a dynamic tree cut algorithm34, 35. Thus, each module representing a cluster
of co-regulated genes with a distinct expression pattern from other identified modules.
In order to define module “driver” genes we made use of the module eigengene concept, defined as the first principal component of the module expression matrix, and,
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the module membership measure, k34, 35. Significantly different miRNA expression indices
between TSC and control patients were interrogated for their predicted interations with
module-specific genes by means of the miR-Walk atlas, specifying the miR-Walk algorithm, of gene-miRNA-target interactions36. We selected for human species annotations
and considered 3’UTR interactions as well as a minimum seed length equating to 7. All
other parameters were default. Correlation analysis between miRNA profiles and module
eigengenes was performed by Perason’s method. Significant correlations were demarcated by p < 0.05.
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Single cell RNA-seq analysis
Single cell RNA-Seq data sets produced by the Quake laboratory (Stanford University,
CA), were retrieved from NCBI’s Gene Expression Omnibus (GEO) (accession no.
GSE67835)37. Data was retrieved for four different cell types; neurons, oligodendrocytes,
microglia and astrocytes, all from healthy human cortex. Three biological replicates for
each cell type were used, giving 12 samples in total. Sequence reads were trimmed and
filtered using FastQC v0.11.2 and Trimmomatic v0.33 as aforementioned. Paired-end reads
were aligned to the human reference genome (GRCh38) with TopHat2 v2.0.13 using the
default settings26. Next, the number of reads that mapped to each gene in the genome
was calculated using featureCounts from the SubRead package38. The GRCh38 reference
annotation file Gencode v21 was used as an input for featureCounts28. Data analysis and
manipulation was performed in R (version 3.2.4). The count matrix was normalized using
the R package DESeq239.
DNA analysis
TSC1 and TSC2 mutation analysis was performed by sequence analysis of all coding exons
and exon/intron boundaries. Mutations are described according to HGVS nomenclature
(Accession number NM_000548.3)40.
In situ hybridization
In situ hybridization (ISH) for miR34a-5p and miR34b-5p were performed on 5 μm thick FFPE
tissue using 5’ - 3’ double digoxygenin (DIG)-labeled probes as described previously41, 42. The
probe sequences used were: miR34b-5p: 5’ DIG-AugGcaGugGagTuaGugAuuG-DIG;from
Ribotask ApS (Odense, Denmark) and miR34a5p: 5’ DIG- AcaAccAgcTaaGacAcuGccADIG (Exiqon A/s, Vedbaek, Denmark) (capital letter = LNA modification, small letter =
2-o-methyl modification). Briefly, after the sections were deparaffinized and heat-treated
to undo protein crosslinks (10 min at 120oC in a pressure cooker), the probes were
hybridized at 56°C for 1 h. The hybridization was detected with an alkaline phosphatase
(AP)-labeled anti-DIG antibody (Roche Applied Science, Basel, Switzerland). NBT (nitroblue tetrazolium chloride)/BCIP (5-bromo-4-chloro-3′-indolyphosphate p-toluidine salt)
was used as chromogenic substrate for AP. Negative controls sections were without
probes and without primary antibody. For the double-staining, combining immunohistochemistry with ISH, the sections were first processed for ISH and then processed
for immunohistochemistry with glial fibrillary acidic protein (GFAP, astrocyte marker;
monoclonal mouse, Sigma, St. Louis, Mo, USA; 1:4000), NeuN (neuronal nuclear protein; mouse clone MAB377; Chemicon, Temecula, CA, USA; 1:2000), and HLA-DP/DQ/
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DR (microglial marker, mouse clone CR3/43; Dako; 1:100). Signal was detected using the
chromogen 3-amino-9-ethylcarbazole (Sigma-Aldrich, St. Louis, MO, USA).
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Quantitative reverse-transcription PCR analysis (RT-qPCR)
miRNAs (miR34a-5p, miR34b-5p, miR34c-5p, miR302a-3p, miR21-5p and the reference
small nuclear RNAs, Rnu6B and Rnu44) expression was analyzed using Taqman micro
RNA assays (Applied Biosystems, Foster City, CA). cDNA was generated using Taqman
MicroRNA reverse transcription kit (Applied Biosystems, Foster City, CA) according to
manufacturer’s instructions and the PCRs were run on a Roche Lightcycler 480 thermocycler (Roche Applied Science, Basel, Switzerland). Quantification of data was performed
using the computer program LinRegPCR in which linear regression on the Log (fluorescence) per cycle number data is applied to determine the amplification efficiency per
sample43, 44. The starting concentration of each specific product was divided by the starting concentration of reference genes (geometric mean of Rnu6B and Rnu44 values) and
this ratio was compared between groups.
To evaluate expression of miRNA targets and inflammation-related genes, 2.5µg
of total RNA was reverse-transcribed into cDNA using oligodT primers. PCR primers
(Eurogentec, Belgium) were designed using the Universal ProbeLibrary of Roche (https://
www.roche-applied-science.com) on the basis of the reported cDNA sequences. For
each PCR, a mastermix was prepared on ice, containing per sample: 1 µl cDNA, 2.5 µl
of 2x SensiFASTTM SYBR Green Reaction Mix (Bioline Inc, Taunton, MA, USA), 0.4 µM of
both reverse and forward primers and the PCRs were run on a Roche Lightcycler 480
thermocycler (Roche Applied Science, Basel, Switzerland). Quantification of data was
performed as described for the Taqman PCR and the starting concentration of each
specific product was divided by the geometric mean of the starting concentration of reference genes (EF1A, C1orf43 and SNRPD3) and this ratio was compared between patient/
control groups.
Human astrocyte-enriched cell cultures
Primary fetal astrocyte-enriched cell cultures were prepared from tissue collected
from donors from whom a written informed consent for the use of the material for
research purposes has been obtained by the Bloemenhove Clinic (Heemstede, The
Netherlands). Cell isolation was performed as described elsewhere 42. Cell cultures were
stimulated with human recombinant (r)IL-1β (Peprotech, NJ, USA; 10 ng/ml) for 24
hours. For transfection Fetal astrocyte cultures were transfected with either mirVanaTM
miR34b-5p miRNA mimic or mirVana™ miRNA Mimic, Negative Control #1 (both from
ThermoFisher Scientific, Landsmeer, Netherlands) at a final concentration of 50 nM
using Lipofectamine® 2000 transfection reagent (ThermoFisher Scientific, Landsmeer,
Netherlands). Cells were harvested after 24 hours of stimulation/transfection for RNA
isolation and RT-qPCR (miR34a5p, miR34b-5p, IL-1β, IL-6, COX-2).
Primary mouse hippocampal neuron cultures, immunofluorescent staining and
neurite growth analysis
Primary mouse hippocampal neuron cultures were prepared from postnatal day 0 (P0)
C57BL/6 mouse brains. Cells were plated on 15 mm coverslips coated with poly-D-ly-
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sine (20 µg/ml) and laminin (40 µg/ml) in 24-well plates at a density of 100,000 cells/
well. The cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.35
mM HEPES, 200 mM L-glutamine, 14.3 mM β-mercaptoethanol and penicillin/streptomycin. Cultures were co-transfected at 1 day in vitro with miR34b-5p miRVana mimic
(Applied Biosystems, Life Technologies Europe BV, Bleiswijk, Netherlands) or the miR-IDIAN miRNA mimic negative control #1 (Dharmacon, GE Healthcare Europe, Eindhoven,
the Netherlands) and a green fluorescent protein (GFP) vector at 50 pmol/well using
Lipofectamine®-2000 (Thermo Fisher Scientific) as transfection reagent for 1 hour at
37oC and 5% CO2. Cultures were fixed with 4% paraformaldehyde/4% sucrose in phosphate-buffered saline (PBS) at 4 days in vitro for 20 minutes and washed three times with
PBS for 30 min at room temperature. The cultures were blocked with 0.1% PBS-Triton
X-100 buffer with 3% Normal Goat serum and then incubated with primary antibodies in
the blocking solution overnight at 4oC. Subsequently, neurons were washed three times
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Figure 1 The transcriptome of tuberous sclerosis complex (TSC) cortical tubers determined
by using RNA-Seq data (a) Volcano plot showing differential expression of genes between TSC
tubers (n = 12) and post-mortem control cortex (n = 10). A total of 269 mRNAs were found to be
over-expressed and 169 under-expressed in TSC tubers compared to control cortex tissue (b)
Ingenuity pathway analysis showing major pathways enriched for over-expressed genes in TSC
tubers (c) Heat map showing genes of the complement system enriched in TSC tubers compared
to control cortex. All p-values are BH adjusted.
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in PBS and incubated with AlexaFluor-conjugated secondary antibodies in the blocking
buffer for 2 hr at RT. They were then washed 2 times with PBS and incubated with DAPI
(nuclear) staining. After final washes with PBS for 20 min, the neurons were mounted on
slides with Fluorsave (Merck Millipore) mounting medium. Images were obtained at 20x
magnification with epifluoroscent Axioscope A1 (Zeiss) microscope. Neurite outgrowth
was analyzed using NeuroMath developed at Weizmann Institute, Israel.

Results

The protein coding transcriptome of tuberous sclerosis complex brain tissue
To characterize the brain transcriptome of TSC subjects, RNA-Seq was performed on
mRNA extracted from tubers and normal control brain samples. The analysis included
tubers from 12 TSC subjects (10 surgical specimens and 2 autopsy specimens) and
10 age-matched controls without a history of seizures or other neurological disease
(See methods and Table 1). On average 23 million paired-end reads were produced per
sample. After quality assessment and filtering ~20 million paired-end reads remained
per sample, of which ~77% mapped concordantly to the GRCh38 reference genome.
Differential gene expression analysis revealed 438 differentially expressed genes (absolute fold-change of > 1.5 or <-1.5 and adjusted p-value < 0.05) in the TSC cortical tubers
compared to control cortex, 269 of these genes were over-expressed and 169 under-exTable 2 Top 10 up- and under-expressed protein-coding genes.
Top 10 over-expressed genes
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Gene

Description

Chr. Location

FPKM
Control

FPKM
TSC

Log2
BH adj.
(Foldp-value
change)

PLA2G2A

phospholipase A2 group IIA

chr1:1997543019980416

0.2128

10.6491

5.6454

0.0044

PRPH

peripherin

chr12:4928756849331731

0.8807

35.6832

5.3404

0.0044

C21orf62

chromosome 21 open
reading frame 62

chr21:3277209932893735

0.3509

13.9016

5.3081

0.0044

CCL4

C-C motif chemokine
ligand 4

chr17:3610358936105621

1.6944

58.3646

5.1063

0.0044

CCL4L1

C-C Motif Chemokine
Ligand 4 like 1

chr17:3611617636439566

2.7548

69.1906

4.6505

0.0044

LTF

Lactotransferrin

chr3:4641652546485234

2.0545

50.5365

4.6204

0.0044

CCL3

C-C Motif Chemokine
Ligand 3

chr17:3607286536090169

2.5844

58.6895

4.5052

0.0110

SLC47A2

Solute Carrier Family 47
Member 2

chr17:1967827619718979

0.1928

4.2615

4.4660

0.0044

CHI3L2

Chitinase 3 Like 2

chr1:111187058111243446

7.0674

152.6110

4.4325

0.0044

CCL3L3

C-C Motif Chemokine
Ligand 3 Like 3

chr17:3611617636439566

1.9783

39.4745

4.3186

0.0044
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Table 2 (continued)
Top 10 under-expressed genes
Gene

Description

Chr. Location

FPKM
Control

FPKM
TSC

Log2
BH adj.
(Foldp-value
change)

HEATR6

Heat Repeat Containing 6

chr17:60040882- 892.769
60079182

5.4155

-7.3650

0.0044

SLC30A2

Solute Carrier Family 30
Member 2

chr1:2603725126046160

2.8143

0.0575

-5.6137

0.0159

SLC22A8

Solute Carrier Family 22
Member 8

chr11:6293467763412981

2.8123

0.0609

-5.5293

0.0044

IL1RL1

Interleukin 1 Receptor
Like 1

chr2:102311501102398775

19.0343

0.7561

-4.6539

0.0044

HSPA6

Heat Shock Protein Family
A (Hsp70) Member

chr1:161505429161678654

68.4820

2.9318

-4.5459

0.0324

SERPIND1

Serpin Family D Member

chr22:2070768620891218

2.6156

0.1329

-4.2992

0.0159

SLC13A4

Solute Carrier Family 13
Member 4

chr7:135662487135748846

9.6643

0.6905

-3.8069

0.0044

SLC5A5

Solute Carrier Family 5
Member 5

chr19:1787196117895174

1.0909

0.0895

-3.6078

0.0044

DCX

Doublecortin

chrX:111293779111412375

10.8126

1.1125

-3.2808

0.0044

ST8SIA2

ST8 alpha-N-acetylneuraminide alpha-2,8sialyltransferase 2

chr15:9239382792468728

3.7169

0.5488

-2.7598

0.0044
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pressed (Fig. 1a). The top 10 over-expressed and under-expressed protein-coding genes
(ranked by fold-change) are listed in Table 2. Ingenuity pathway analysis revealed that
genes with enhanced expression in tubers were associated with innate and adaptive
immune response canonical signaling pathways, including the complement system, triggering receptor expressed on myeloid cells 1 (TREM1) signaling, and CD28 signaling in T
helper cells (Fig. 1b). The complement system represented the most significant association, with increased expression of complement C1q A chain (C1QA) (3.5-fold), complement C1q B chain (C1QB) (3.9-fold), complement C1q C chain (C1QC) (3.5-fold), complement component 3 (C3) (9.2-fold) and complement C1r subcomponent (C1R) (2.2-fold)
(Fig. 1c). No canonical signaling pathways were associated with genes that had decreased
expression in TSC patients. RT-qPCR targeting a selection of complement system and
TREM1 signaling genes validated the RNA-Seq data (data not shown).
To gain a better understanding of potential cell-type specific gene expression
related to TSC pathology an independent dataset of single-cell RNA-Seq from neurons,
microglia, oligodendrocytes or astrocytes taken from healthy human cortex was analyzed
(GSE67835)45. Genes from the single-cell RNA-Seq analysis were classified as microglia,
oligodendrocyte, astrocyte and neuron specific based on expression values (greater
than 10 read-counts in cell type of interest, less than 1 read count in all other cell-types).
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Figure 2 Small RNA landscape of
TSC cortical tubers determined
by using small RNA-seq data. (a)
Volcano plot showing differential
expression of small RNAs between
TSC tubers and post-mortem control cortex. A total of 932 small
RNAs were found to be under-expressed and 59 over-expressed
in TSC tubers compared to control cortex tissue (b) Distribution
of various classes of small RNAs
among the over- and under-expressed transcripts in TSC cortical tubers (c) Heat map showing
the expression of the 48 over-expressed and top 10 under-expressed miRNAs in TSC tubers and
control cortex.
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Of the 269 genes over-expressed in the TSC cortical tubers, 23 were specific to microglia, 3 to oligodendrocytes, 5 to neurons, and 8 to astrocytes (Supplementary Table 1).
Amongst the 169 genes under-expressed in the TSC cortical tubers, 6 were specific to
neurons, 2 to astrocytes, 1 to microglia and 1 to oligodendrocytes (Supplementary Table
1). A Fisher’s exact test revealed that amongst the significantly over-expressed genes
there was significant enrichment for microglia specific (p-value<2.2e-16) and astrocyte
specific (p-value<0.002) genes, amongst the significantly under-expressed genes there
was a suggestive enrichment of neuron specific genes (p-value<0.05). The 32 genes specific to microglia and astrocytes that were over-expressed in the TSC subjects included
the complement system related genes, C1QA, C1QB, C1QC and C4B (Figure 1c). We did
not observe gene expression differences between important subgroups, that is individuals with TSC2 versus TSC1 mutations, or mild versus severe intellectual disability.
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The small non-coding RNA landscape of tuberous sclerosis complex brain tissue
In order to further explore the brain transcriptome of TSC subjects relative to control
subjects we performed small RNA-seq analysis on the same set of RNA samples (Table 1).
Each sequencing run produced ~9 million paired-end reads for each sample. After quality
assessment and filtering, ~5 million paired-end reads remained for each sample, of which
~82% were mapped to the reference genome (GRCh38). Differential expression analysis
of the aligned small RNA transcripts revealed a total of 991 significantly altered transcripts, 59 were elevated and 932 were decreased in TSC cortical tubers compared to
controls (Fig. 2a). The differentially expressed small RNAs were not only miRNAs but also
other classes (Fig. 2b). The largest class of altered small non-coding RNA was the small
nuclear RNA (snRNA). Other classes of altered small RNAs in TSC relative to control
patients (in decreasing order) were the C/D box small nucleolar RNAs (snoRNAs), miRNAs, H/ACA box snoRNAs, orphan snoRNA and the small Cajal body RNAs (scaRNAs).
Interestingly, the majority of snRNAs, snoRNAs and scaRNAs were under-expressed in
TSC cortical tubers compared to control cortex (Fig. 2b). Highly expressed miRNAs in
TSC subjects included, miR34a (3.1-fold), miR34b (2.6-fold), miR34c (2.5-fold), miR302a
(2.2-fold), miR577 (4-fold) and miR21 (2.9-fold) (Fig. 2c), all members of the miR34 family
were validated using RT-qPCR (data not shown).
Previously reports of age dependent miRNA expression patterns in the brain
and cardiac tissue46, 47, notably of miR34a48, coupled with the variability of age in our study
cohort motivated us to evaluate the association of age to expression patterns of miR34a
and the other members of the miR34 family members. We found no significant correlation (Pearson’s correlation) between expression patterns of miR34 family members and
age (r<0.41, p-value>0.05, data not shown).
Gene co-expression network modules and miRNA targets
To better understand the organization of the protein coding and small non-coding
RNA transcriptome in TSC and control subject brain tissue we applied an unsupervised weighted gene co-expression network approach (WGCNA)49, 50. On the basis of a
Spearman’s correlation matrix, a weighted network of RNA transcripts was constructed
that ensured scale-free topology (see Methods). Unsupervised hierarchical clustering
uncovered 21 modules of highly inter-correlating transcripts, each harboring more than
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100 genes (Supplementary Table 2). Modules were analyzed for over-representation of
gene ontologies and illustrated by an unsupervised Cytoscape yFiles organic layout with
each module color coded (Fig. 3a and Supplementary Table 2). We found 11 modules
(out of 21) to be over-represented for various cellular biological pathways, particularly
innate immune response (green module), type-I interferon signaling pathway (light yellow module), synaptic signaling (red module), neurogenesis (black module) and extracellular matrix organization (magenta module) modules (Fig. 3a). Overlaying the fold

Figure 3 Co-expression network modules and miRNA target predictions. (a) Unsupervised
weighted gene co-expression network analysis (WGCNA) showing over-represented gene ontology terms in TSC patients. (b) Overlay of fold expression (log2 tranformed) of differentially expressed genes between TSC patients and controls on the gene co-expression network. Over-expressed genes predominantly overlap with the innate immune response and extracellular matrix
organization modules whereas under-expressed genes overlap with neurogenesis and glutamate
receptor signaling module. (c) Graphical representation of over- and under-expressed genes enriched within the over-represented co-expression network modules in TSC patients. Over-expressed genes are predominantly associated with the innate immune response and extracellular
matrix organization modules whereas under-expressed genes are predominantly associated with
neurogenesis and glutamate receptor signaling modules. Only modules that harbored significantly different genes are illustrated. (d) The miR34 family (miR34a, miR34b and miR34c) target multiple targets in the neurogenesis and glutamate receptor signaling modules.
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expression (log2 transformed) of significantly differential genes between TSC and control subjects revealed the innate immune response and extracellular matrix organization
modules harbored the majority of significantly elevated genes in TSC patients (Fig. 3b
and c). Genes with significantly decreased expression in TSC patients were predominantly located in modules attuned to neuronal functions, for example the neurogenesis and glutamate receptor signaling module (Fig. 3b and c). Next, we sought to infer
miRNA that potentially target genes within the gene co-expression network. To this aim
we firstly leveraged the module eigengene concept (module first principal component)
to test for correlations between miRNA expression indices and module expression patterns. Here, we focused our attention on miRNA with elevated patterns of expression in
TSC patients relative to controls. In particular, we identified significant indirect negative
correlations between the glutamate receptor signaling and neurogenesis modules with
expression indices of miR193, miR200, and the miR34 families (Pearson’s correlation)
(Supplementary Table 3). Using the miRWalk 2.0 database51 we identified multiple genes
in the neurogenesis and glutamate receptor signaling modules that are predicted targets
of miR34a, miR34b and/or miR34c (Fig. 3d). No overlap was found between the putative
miR34 family targets in the modules neurogenesis and glutamate receptor signaling and
any cell-specific genes. Altogether, these results suggest that neurogenesis and glutamate receptor signaling modules may be targeted and, in turn, regulated by specific
miRNA families altered in TSC brain tissue.
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Cellular distribution of selected over-expressed miRNAs in TSC cortical tubers
and control cortex
Thus far our findings suggest that typical neuronal cellular pathways were predicted
targets of specific miRNA family members. Considering our analysis was centered upon
complex brain tissue, which encompasses multiple cell-types, we here sought to gain
insight into the cell-specific patterns of selected miRNA expression in TSC and control
brain tissue, that is, the miR34 family members, miR34a and miR34b. In line with our RNAseq data, in situ hybridization targeting miR34a-5p and miR34b-5p showed low expression
in control cortex for both miRNAs (Fig. 4a,e) and high expression in TSC tubers, specifically dysmorphic neurons, giant cells and in cells with astroglial morphology (Fig. 4b,d;
Fig. 4f,h). Double labeling confirmed the expression of these miRNAs in NeuN (neurons)
– and GFAP (astrocytes)- positive cells in TSC cortical tuber specimens (Fig. 4).
Overexpression of miR34a-5p increases expression of IL-1β in human fetal
astrocytes
To study the impact of miR34a-5p and miR34b-5p overexpression in fetal astrocytes two
different assays were performed. First, in an attempt to induce miR34a-5p and miR34-5p
expression, fetal astrocytes were stimulated with IL-1β. No increase in the expression
levels of miR34a-5p and miR34b-5p due to IL-1β were observed. Subsequently, the fetal
astrocytes were transfected with a miR34a-5p and a miR34b-5p mimic. Fetal astrocytes transfected with the miR34b-5p mimic had an associated up-regulation of IL-1β
(~4-Fold, p-value<0.03) and the inflammatory marker IL-6 (~2.3-fold, p-value<0.03, data
not shown). Conversely, no increase in IL-1β and IL-6 levels was seen after transfection
with the miR34a-5p mimic, and a down regulation of COX-2 (~1.5-fold, p-value<0.03) was
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observed. This suggests that an overexpression of miR34b-5p in astrocytes could activate an inflammatory response in astrocytes.
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miR34b modulates neurite outgrowth in mouse hippocampal neuronal cultures
To further explore the capacity of miR34 family members to modulate neuronal characteristics, as predicted by our miRNA-to-module interaction framework, we selected
miR34b for further functional studies in vitro. In particular we investigated the impact of
miR34b overexpression on neurite outgrowth in a mouse hippocampal neuron model.
Primary mouse neuronal cultures prepared from the hippocampi of postnatal day 0
(P0) C57Bl/6 mice were transfected at 1 day in vitro with either the miR34b-5p mimic or
the miRNA mimic negative control (Scr) and analyzed for neurite outgrowth at 4 days in
vitro. Neurons transfected with miR34b-5p mimic showed an increased number of longer neurites as compared to Scr transfected cultures (Fig. 5a,b). Quantification using the
NeuroMath software showed a significant increase in the total length, number of neurites and an increase in soma size (Fig. 5c) of the miR34b-5p mimic transfected neurons
compared to Scr transfected cultures.

Discussion

In this study we report a comprehensive analysis of the brain transcriptome in TSC
patients relative to control subjects. Evaluation of both the protein coding and small
non-coding RNA by RNA-seq revealed substantial alterations in TSC brain tissue. In particular, TSC cortical tubers had elevated expression of genes involved in innate immune
pathways, such as complement system, concomitant with decreased expression of
genes predominantly associated with neuronal cellular pathways, including neurogenesis
and glutamate receptor signaling. A variety of small non-coding RNA transcripts, including miRNAs, were also significantly altered in TSC cortical tubers relative to controls.
Application of a gene co-expression network approach and miRNA-to-target predictions
allowed for the identification of functional modules of the brain transcriptome potentially modulated by miRNAs. Based on these predictions miR34 family members, notably
miR34b, were assessed by functional in vitro studies and shown to possess a capacity to
modulate neurite outgrowth and to activate an inflammatory response in astrocytes.
Figure 4 In situ hybridization of miR34a-5p and miR34b-5p in Tuberous Sclerosis Complex (TSC)
cortical tubers. Panels a-d: miR34a-5p. Control cortex (a) shows moderate expression of miR34a-5p in few neuronal cells (arrows); not detectable expression is observed in control white
matter (c). Panels b and d (TSC) show strong expression of miR34a-5p within the dysplastic region with several positive dysmorphic neurons (arrows in b) and glial cells (arrowheads in b,d);
insert in b: miR34b-5p in a NeuN positive cell; insert in d shows colocalization with GFAP. Expression of miR34a-5p is also detected in giant cells within the tuber white matter (arrows in d). Panels
e-h: miR34b–5p. Control cortex (e) shows moderate expression of miR34b-5p in neuronal cells
(arrows); very low expression is observed in control white matter (g). Panels f and h (TSC) show
expression of miR34b-5p within the dysplastic region with several positive dysmorphic neurons
[arrows; insert in f: miR34b-5p in a NeuN positive cell] and glial cells [arrowheads in f and insert
(a) in h; insert (b) in h shows colocalization with GFAP]; arrow in h shows a positive giant cell
within the tuber white matter. Scale bar in a: (a–g), 80 µm; (h), 40 µm. [arrows in h and insert (a)
in h, white matter]. Scale bar in a: (a,e,f): 160 µm; (b–d,g,h) 80 µm.
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Figure 5 Neurite outgrowth modulated by transfection with miR34b-5p in mouse hippocampal
neurons (a,b) Representative images of mouse hippocampal dissociated neurons co-transfected
with GFP vector and mimics for miR34b-5p (miR34b) or NC-1 (negative control; Scr); Scale bar,
100 µm. (c) Graphical representation of neurite outgrowth analysis using the NeuroMath software showing total length of neurites, total number of neurites, cell area, longest neurite and total number of branches. Student’s t-test: *p < 0.05; n = 3 experiments, 3 independent transfections
each experiment.

Heightened expression of genes involved in innate and adaptive immune pathways, such as complement system, TREM1 signaling and CD28 signaling was an overarching feature of the TSC cortical tuber protein coding transcriptome. These data extend
on our previous study, a genome wide microarray analysis of a small cohort of TSC
cortical tubers and four controls demonstrating up-regulation of genes related to the
inflammatory response, including complement factors, chemokines and several cytokines14. Others have also shown differential inflammatory gene expression in TSC cortical tubers; albeit by targeted RT-qPCR and immunocytochemistry14, 52, 53, indicating that
our data on mRNA expression changes in TSC cortical tubers were consistent across
different sample cohorts and studies. The presence of biologically active fragments of
C3 (C3c and C3d); and C4 (C4b) in TSC cortical tubers indicates that the activation of
the complement cascade may be a key driver of the inflammatory response consistently
observed in the TSC brain14, 52, 53. The complement cascade has been implicated in seizure generation and progression in numerous experimental epilepsy models54-58, human
temporal lobe epilepsy59, and in epileptogenic glioneuronal tumors60. Also, our data suggest a role for TREM-1 signaling in TSC. TREM-1 can amplify Toll like receptor signaling,
thereby increasing the production of a wide range of cytokines and chemokines61, 62.
Interestingly, experimental studies support the role of these pathways in seizures 57, 63,
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, suggesting that drugs targeting the TREM-1 signaling may have potential therapeutic
benefit for seizures in TSC. Evaluation of fetal TSC brain revealed an activation of the
innate and adaptive immune response early during brain development65 suggesting that
the induction of this pathway could be intrinsic to the TSC developmental pathology
and linked to the deregulation of the mTOR pathway66-68. Accordingly, a recent study
shows over-activation of pro-inflammatory signaling pathways in astrocytes before epilepsy onset in a mouse model of TSC, pointing to the role of mTOR-mediated inflammatory mechanisms in TSC69. Amongst the significantly over-expressed genes in TSC subjects there was enrichment for microglial and astrocyte specific genes. Both microglia
and astrocytes are involved in inflammation driven processes throughout the brain70, 71,
suggesting that the TSC inflammatory processes may be driven by activation of microglia and astrocytes. Understanding whether changes in innate and/or adaptive immune
gene expression represent the cause or the consequence of chronic pharmacoresistant
seizure activity is extremely difficult since epilepsy surgery targeting cortical tubers or
autopsy is performed several months or years after the start of seizures. Moreover, a
comparison with non-epileptogenic tubers could not be performed, since this tissue is
not resected during epilepsy surgery and infrequently available at autopsy. Nevertheless
these findings provide further evidence for the activation of both the innate and adaptive immune response cascades in the pathophysiology of TSC.
Besides the protein coding transcriptome we also mapped the small non-coding RNA in TSC brain tissue relative to controls. We found that not only miRNA, extensively investigated as epigenetic effector molecules, were significantly altered in the TSC
brain transcriptome but also other species of small RNA, notably snoRNAs, snRNAs and
scaRNAs. These small RNA species represent an ancient group of non-coding RNA molecules, which in particular to snoRNA (including the H/ACA box and C/D box categories)
may spread throughout the genome by retrotransposition, representing a new family
of mobile genetic elements 72, 73. These recently discovered small RNA have been shown
to modify the chemical properties of ribosomal RNAs and transfer RNAs, impacting
on mRNA translation, RNA silencing, alternative splicing74-76, as well as methylation and
pseudouridylation of spliceosomal RNAs in the Cajal bodies of the nucleus77, 78. Notably,
the disruption of snoRNA expression and/or function has been implicated in neurodevelopmental disorders such as Prader-Willi syndrome and autism spectrum disorders79, 80.
These as yet under-explored classes of small non-coding RNA certainly warrant further
investigation in TSC pathogenesis.
Through the use of an unsupervised systems-based computational technique,
that is gene co-expression network construction, we identified multiple modules of
tightly inter-correlating protein coding genes. This approach allowed for the construction of a holistic transcriptome model, thus not only those functions biased towards
the response in TSC relative to control subjects (supervised analysis). This aspect is
supported by the finding of modules enriched for genes involved in neuronal attuned
biological functions, such as neurogenesis and glutamate receptor signaling, which
would otherwise have been missed. Moreover, WGCNA has emerged as an important
tool in integrative bioinformatics/genomics81. We reasoned that since miRNA are known
to target and influence the expression of multiple genes involved in shared and distinct cellular processes, a modular approach may uncover functional units of distinct
64
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biological functions in the brain transcriptome potentially modulated by miRNA, rather
than considering single transcripts. In so doing, we uncovered the miR34 family (miR34a,
miR34b and miR34c) as predicted modifiers of neurogenesis and glutamate receptor
signaling transcriptional output. These predictions were further tested experimentally
using a miR34b-5p overexpression system in mouse hippocampal neurons, demonstrating that miR34b-5p can modulate neurite outgrowth. Reduced neurogenesis during
chronic epilepsy could result in loss-of-function deficits and contribute to common TSC
comorbidities such cognitive impairment or depression 82, 83. Also, previous findings have
demonstrated abnormal accumulation of extracellular glutamate occurring in human
epileptogenic tissue, which is hypothesized as a key factor in recurrent seizures and neuronal death84. Mouse models have also shown that controlling seizures by antiepileptic
drugs (AEDs) may act via alterations in brain glutamate dehydrogenase activity as well as
the brain transcriptome including miRNA85, 86. Both miR34a and miR34b have been previously identified as overexpressed miRNAs in tubers15, as well as key tumor suppressors
downstream of the p53 pathway and have been suggested as potential targets of therapy
in several cancers.87, 88 Members of the miR34 family have also been shown to regulate
key pathways in neurodevelopment and cortical neurogenesis, such as the Notch89-91
and the Wnt signaling pathway92, 93. More specifically, it appears that miR34a plays a role
in neuronal differentiation94-99, where overexpression of miR34a in mouse neural stem
cells impairs both neuronal differentiation and synapse function96-100. Moreover, a recent
study has demonstrated targeting of the TSC1 3′ UTR by miR34a, supporting the role
of this miRNA in tuber pathology 15. In this particular study epileptogenic tubers were
compared to adjacent non-tuber tissue indicating that elevated expression of miR34
members may indeed represent an important feature of tuber physiology rather than an
effect of AED treatment.
Our study has limitations. TSC patients received individually tailored AED regimens contrary to autopsy control subjects. Moreover, AEDs were given in multiple combinations, which precludes proper evaluation of the effects of AEDs on gene expression
alterations in TSC tubers.
In conclusion, our study provides a comprehensive analysis of the coding and
small non-coding transcriptional landscape of TSC cortical tubers. The TSC transcriptomic network reflects the prominent activation of both innate and adaptive immune
response characteristic of cortical tubers, with identification of key pathways such as
complement system, TREM1 and CD28 signaling. Notably, the under-expressed genes
were linked to neurogenesis and glutamate receptor signaling. We identified a variety
of small RNA molecules, including miRNA, snoRNA, snRNA and scaRNA, differentially
expressed in TSC. Moreover, our study predicts an important role for the miR34 family
(miR34a, miR34b and miR34c) as modifiers of neurogenesis and glutamate receptor signaling in TSC, which may potentially provide an epigenetic-driven therapeutic tool for
epilepsy and cognitive disabilities in TSC.
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Supplementary information
Supplementary Table 1 Differentially expressed cell-specific genes.
Cell type

Direction

Genes

Microglia

Up

AIF1 C1QA C1QB C1QC CCL2 CH25H CX3CR1 HCK IL1A IRF5 ITGB2
LILRA4 LPAR5 MS4A6A PIK3R5 PLVAP RGS10 RNASE6 S100A11 SERPINA1 TNFRSF12A TREM2 TYROBP

Microglia

Down

RP11-108M9.3

Astrocytes

Up

AEBP1 APLNR C1QTNF5 C4B COPZ2 GFAP ITGB4 PLEKHA4

Astrocytes

Down

GJB2 PRSS35

Neurons

Up

AC144835.1 ARHGAP36 ARRDC4 C21orf88 PPP1R17

Neurons

Down

C11orf95 C1orf95 CRH IGFBP3 SLC22A8 SSTR1

Oligodendrocytes

Up

CHI3L2 FAM46B PIFO

Oligodendrocytes

Down

LPPR3
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Supplementary Table 2 Co-expression modules.
Module
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# genes

GO biological process

turquoise

1391

negative regulation of dendrite development

blue

773

oligodendrocyte differentiation

brown

712

Angiogenesis

yellow

681

not determined

green

652

innate immune response

red

adjusted P
0.018
0.00025
0.0081
–
1.21x10-22

646

synaptic signaling

9.1x10-8

black

628

Neurogenesis

8.1x10-5

pink

608

glutamate receptor signaling

0.0039

magenta

477

extracellular matrix organization

0.002

purple

0.042

435

nucleobase-containing compound metabolic process

greenyellow

372

not determined

–

tan

360

not determined

–

salmon

355

not determined

–

cyan

315

not determined

–

midnightblue

284

not determined

–

lightcyan

268

not determined

–

grey60

231

not determined

–

lightgreen

183

nervous system development

lightyellow

172

type I interferon signaling pathway

royalblue

161

not determined

–

darkred

148

not determined

–

unclassified

148

-

–

0.026
1.5x10-8
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MIR200B

MIR200C

MIR208B

Glutamate receptor signaling

MIR200A

Nervous system development

MIR193B

Negative regulation of dendrite development

MIR193A

Angiogenesis

MIR182

Neurogenesis

MIR152

Synaptic signaling

MIR151B

Nucleobase-contating compound metablic process

MIR142

Extracellular matrix organisation

MIR141

Type I interferon signaling
pathway

MIR1262

Oligodendrocyte differentiation

MIR100

Innate immune response

Supplementary Table 3 Correlation of miRNAs with modules enriched for specific gene ontology terms. The top value in each cell is the Pearson’s correlation coefficient, the lower value in
brackets is the associated p-value.

0.54

0.34

0.31

0.65

-0.19

-0.13

-0.38

-0.24

-0.30

-0.52

-0.47

(0.010)

(0.120)

(0.162)

(0.001)

(0.388)

(0.552)

(0.078)

(0.291)

(0.176)

(0.013)

(0.029)

0.57

-0.06

0.42

0.65

-0.25

-0.11

-0.23

-0.03

-0.24

-0.56

-0.40

(0.006)

(0.807)

(0.053)

(0.001)

(0.268)

(0.641)

(0.301)

(0.894)

(0.287)

(0.006)

(0.064)

0.65

0.11

0.48

0.66

-0.28

-0.12

-0.43

-0.16

-0.25

-0.58

-0.51

(0.001)

(0.623)

(0.025)

(0.001)

(0.200)

(0.585)

(0.047)

(0.475)

(0.256)

(0.005)

(0.014)
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Abstract
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Background: The proteasome is a multisubunit enzyme complex involved in protein degradation, which is essential for many cellular processes. During inflammation, the constitutive subunits are replaced by their inducible counterparts, resulting in the formation
of the immunoproteasome.
Methods: We investigated the expression pattern of constitutive (β1, β5) and
immunoproteasome (β1i, β5i) subunits using immunohistochemistry in malformations
of cortical development (MCD; focal cortical dysplasia, FCD IIa and b; cortical tubers
from patients with Tuberous Sclerosis Complex, TSC; and mild MCD, mMCD). Glial cells in
culture were used to elucidate the mechanisms regulating immunoproteasome subunit
expression.
Results: Increased expression was observed in both FCD II and TSC; β1, β1i, β5
and β5i were detected (within cytosol and nucleus) in dysmorphic neurons, balloon/
giant cells and reactive astrocytes. Glial and neuronal nuclear expression positively correlated with seizure frequency. Positive correlation was also observed between the glial
expression of constitutive and immunoproteasome subunits and IL-1β. Accordingly, the
proteasome subunit expression was modulated by IL-1β in human astrocytes in vitro.
Expression of both constitutive and immunoproteasome subunits in FCD II derived
astroglial cultures was negatively regulated by treatment with the immunomodulatory
drug rapamycin (inhibitor of the mammalian target of rapamycin, mTOR pathway, which
is activated in both TSC and FCD II)
Conclusions: These observations support the dysregulation of the proteasome
system in both FCD and TSC and provide new insights on the mechanism of regulation
the (immuno)proteasome in astrocytes and the molecular links between inflammation,
mTOR activation and epilepsy.
Key words: immunoproteasome; inflammation; immunohistochemistry; Tuberous
Sclerosis Complex; focal cortical dysplasia; epilepsy; astrocytes; inflammation
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DYSREGULATION OF THE (IMMUNO)PROTEASOME PATHWAY IN MCD

Introduction

The proteasome is an evolutionarily conserved multicatalytic proteinase complex representing a major protein degradation system, present in the nucleus and cytoplasm of
eukaryotic cells, that regulates diverse biological processes essential for cell survival 1-4.
The proteolytic complex of the proteasome is represented by a catalytic 20S core particle, a barrel-shaped complex consisting of four heptameric rings, composed of non-identical α or β subunits 2, 5, 6. The catalytic activity is restricted to three of the beta subunits
β1, β2 and β5, which have specific cleavage preferences, and are constitutively expressed
in most tissues. Under certain conditions associated with the release of immune-modulatory cytokines (i.e. interferon- γ, IFN-γ), a specialized type of proteasome called the
immunoproteasome can be generated by the incorporation of the inducible subunits,
β1i (PSMB9; LMP2, low molecular weight protein 2), β2i (PSMB10; LMP10 MECL-1, multicatalytic endopeptidase complex-like1), and β5i (PSMB8; LMP7, low molecular weight
protein 7) 7, 8. Increasing evidence supports a key role of the immunoproteasome in the
regulation of immune cell function, including both the adaptive and the innate immune
response 9-11. A deregulation of the immunoproteasome system, with induction of β1i
and β5i subunits in neurons and/or glial cells, has been reported in neurodegenerative
diseases (12-14 for review see 15, 16). In particular, recent studies have pointed to the role
of immunoproteasome in glial cells, suggesting an novel interaction between immunoproteasome and glia-mediated inflammatory response, resulting in a pro-inflammatory
environment 14, 16. Interestingly, induction of β1i and β5i subunits has been also observed
in specimens of patients with pharmaco-resistant mesial temporal lobe epilepsy (MTLE;
17
). Moreover, recent experimental data support a role for the β5i subunit in modulating
seizure generation in epileptic tissue and interestingly this subunit was not up-regulated
in rats exposed to pilocarpine but not developing SE and spontaneous seizures 18.
In the present study, we investigated the expression and cellular distribution of
both constitutive (β1, β5) and immunoproteasome (β1i, β5i) subunits using immunohistochemistry in a large cohort of patients with malformations of cortical development
(MCD; including focal cortical dysplasia, FCD type II and Tuberous Sclerosis Complex,
TSC cortical tubers), evaluating a possible relationship between changes in expression
of these subunits and the clinical course of epilepsy. To provide better insights into the
mechanisms underlying the astroglial regulation of immunoproteasome subunits, we
studied their expression in response to IL-1β stimulation in both human fetal astrocytes
and FCD-derived cells. Since both FCD II and TSC are associated with constitutive activation of the mammalian target of rapamycin pathway (mTOR pathway) 19, 20 we further evaluated the effect of rapamycin (inhibitor of the mammalian target of rapamycin,
mTOR pathway, mTOR) in FCD II derived cell cultures.
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Materials and Methods

Subjects
The cases included in this study were obtained from the archives of the departments of
neuropathology of the Academic Medical Center (AMC, University of Amsterdam, The
Netherlands), the University Medical Center Utrecht (UMCU, The Netherlands) and the
Medical University Vienna (MUV, Austria). A total of 23 brain tissue specimens, removed
from patients undergoing surgery for intractable epilepsy, were examined. Tissue was
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obtained and used in accordance with the Declaration of Helsinki and the AMC Research
Code provided by the Medical Ethics Committee and approved by the committee of the
UMCU Biobank. This study was also approved by the Ethical Committee of the Medical
University of Vienna. All cases were reviewed independently by two neuropathologists
and the diagnosis of FCD was confirmed according to the international consensus classification system recently proposed for grading FCD 21. All patients with cortical tubers
fulfilled the diagnostic criteria for TSC 22. None of the FCD patients fulfilled the diagnostic criteria for TSC. Table 1 summarizes the clinical findings of patients with MCD
and epilepsy (6 mMCD, 5 FCD IIa, 6 FCD IIb, 6 TSC-tubers, 4 TSC2/2 TSC1; pre-operative
seizure frequency/month, mean/SEM: mMCD: 19.8 ± 6.7; FCD II: 149 ± 68.7; TSC 114.8 ±
24.2); seizure frequencies were recorded (video-electroencephalographic monitoring)
at the time of the preoperative evaluation. One tuber specimen was obtained post-mortem (age 32 years; male; TSC2). Hippocampal specimens from patients with Alzheimer’s
disease (AD; n = 4; 3 females and 1 males; Braak stage V and VI, age: 81.7 ± 2.8) were also
examined as positive controls. In addition, normal-appearing control cortex and white
matter was obtained at autopsy from 6 young adult control patients (Table 1), without a
history of seizures or other neurological diseases. All autopsies were performed within
24 hours after death.
Tissue preparation and immunohistochemistry
Brain tissue from control and MCD patients was fixed in 10% buffered formalin and
embedded in paraffin. Paraffin-embedded tissue was sectioned at 5 µm, mounted on
pre-coated glass slides (Star Frost, Waldemar Knittel GmbH, Braunschweig, Germany)
and used for histology and immunohistochemistry. One representative paraffin block
per case was sectioned, stained and assessed. Sections were processed for haematoxylin
eosin stainings, as well as for immunohistochemical stainings for a number of neuronal
and glial markers and antibodies against the constitutive (β1, β5) and immunoproteasome (β1i, β5i) subunits (Table 2). These antibodies have been extensively tested on
human liver and brain tissues 23, 24, including surgical brain specimens from patients with
mesial temporal lobe epilepsy revealing bands at the expected molecular weight (17; supplementary Fig. 1). To detect differences in labeling related to technical variables such as
tissue fixation, we also tested the antibodies in specimens of selected regions (temporal cortex/hippocampus) collected at autopsy and immediately fixed in formalin for 24
Table 1 Summary of clinical findings of epilepsy patients and controls.
Pathology type

mMCD

Number of
cases

Gender
(M/F)

Mean age
(years/range)

Localization

Mean duration of
epilepsy (years/
range)

6

5/1

21.5 (19-27)

3 fr/3t

17.3 (11-32)

FCD IIa

5

3/2

34.2 (18-45)

4 fr/1t

22.4 (14-26)

FCD IIb

6

2/4

33 (21 –45)

4 fr/2t

24 (15-40)

Cortical Tubers (TSC)

6

3/3

7.1 (3-16)

4 fr/2t

5.8 (0.8 –13)

Controls/autopsy

14

8/6

27.0 (2-48)

6 fr/8t

-

FCD: Focal Cortical Dysplasia; TSC: Tuberous Sclerosis Complex; mMCD: mild malformations of
cortical development; M = male; F = female. fr: frontal; t: temporal.

82

DYSREGULATION OF THE (IMMUNO)PROTEASOME PATHWAY IN MCD

hours (same fixation time used for the surgical specimens); no differences in the immunoreactivity pattern were observed.
Single-label immunohistochemistry was performed as previously described 25.
Sections were deparaffinated in xylene, rinsed in ethanol (100%, 95%, 70%) and incubated for 20 minutes in 0.3% hydrogen peroxide diluted in methanol. Antigen retrieval
was performed using a pressure cooker in 0.1 M citrate buffer pH 6.0 at 120°C for 10
minutes. Slides were washed with phosphate-buffered saline (PBS; pH 7.4) and incubated overnight with the primary antibody in PBS at 4°C. After washing in PBS, sections were stained with a polymer based peroxidase immunohistochemistry detection
kit (PowerVision Peroxidase system, ImmunoVision, Brisbane, CA, USA). The 3,3’-diaminobenzidine tetrahydrochloride was used as chromogen. Sections were dehydrated in
alcohol and xylene and coverslipped.
Double-labeling of β1, β1i, β5 or β5i with NeuN (neuronal nuclear protein
(NeuN; mouse clone MAB377; Chemicon, Temecula, CA, USA; 1:2000), GFAP (polyclonal
rabbit, DAKO, Glostrup, Denmark, 1:4000; or monoclonal mouse, Sigma, St. Louis, Mo,
USA; 1:4000), HLA-I (mouse clone HC-10, 1:200) or HLA-II (mouse anti-human leukocyte antigen (HLA)-DP, DQ, DR, mouse clone CR3/43; DAKO; 1:400) was performed as
previously described 26). Sections were incubated with Brightvision poly-alkaline phosphatase (AP)-anti-rabbit or anti-mouse (Immunologic, Duiven, The Netherlands) for 30
minutes at room temperature, and washed with PBS. AP activity was visualized with the
AP substrate kit III Vector Blue (SK-5300, Vector laboratories Inc., CA, USA). To remove
the first primary antibody sections were incubated at 121 °C in citrate buffer (10 mM
NaCi, pH 6.0) for 10 min. Incubation with the second primary antibody was performed
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Table 2 Immunochistochemistry: primary antibodies
Antigen

Primary Antibody

Source

Dilution

Glial fibrillary acidic protein
(GFAP)

Rabbit polyclonal

DAKO, Glostrup, Denmark

1:4000

Neuronal nuclear protein
(NeuN)

Mouse clone MAB377

Chemicon, Temecula, CA,
USA

1:2000

Phospho-S6 ribosomal protein (pS6)

Ser235/236; rabbit polyclonal

Cell Signaling Technology,
Beverly, MA, USA

1:50

Interleukin 1β

Goat polyclonal

Santa Cruz Bio., Delaware
CA, USA

1:70

MHC class I (HLA A, B and C;
HLA-I)

Mouse clone HC-10

*

1:200

MHC class II (HLA-DP, DQ,
DR; HLA-II)

Mouse clone CR3/43

DAKO, Glostrup, Denmark

1:400

Proteasome β1

Mouse monoclonal IgG1

Enzo Life Sciences/Biomol,
Farmingdale, NY, USA

1:200

Proteasome β5

Rabbit polyclonal

Enzo Life Sciences/Biomol

1:500

Mouse monoclonal IgG1

Enzo Life Sciences/Biomol

1:200

Proteasome β5i

Mouse monoclonal IgG1

Enzo Life Sciences/Biomol

1:200

Proteasome β1i

MHC: major histocompatibility complex; * gift from Prof. J. Neefjes, Netherlands Cancer Institute,
The Netherlands.
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Table 3 Immunoreactivity of β1, β1i, β5 and β5i proteasome subunits in the cortex
(Dysmorphic) Neurons

β1

four
β1i

β5

β5i

Glia

Balloon/Giant cells

cytoplasm

nucleus

cytoplasm

nucleus

cytoplasm

nucleus

Control

2 (2-3)

0

0 (0-1)

0

-

-

mMCD

2▪°~

1 (1-2)*°~

0▪°~

0°~

-

-

FCDIIa

5 (4-9)*

1 (1-2)*°

2.5 (2-4)*

2.5 (2-4)*°

-

-

FCDIIb

7.5 (3-9)*

6 (3-6)*

4 (3-6)*

5 (4-6)*

3.5 (3-6)

6 (4-9)

TSC

6.5 (4-9)*

5 (4-9)*

7.5 (4-9)*

7.5 (4-9)*

6 (3-9)

9 (6-9)

Control

0 (0-1)

0 (0-1)

1 (0-1)

0 (0-2)

-

-

mMCD

0▪°~

0▪°~

0 (0-1)▪°~

0▪°~

-

-

FCDIIa

3 (2-4)*

4 (3-6)*~

3.5 (3-4)*

3 (3-6)*~

-

-

FCDIIb

4 (2-4)*

6 (3-9)*

6 (3-9)*

5 (3-6)*

4 (3-4)

7.5 (3-9)

TSC

3.5 (2-6)*

6 (4-9)*

5 (3-9)*

5 (2-9)*

4 (3-6)

7.5 (4-9)

Control

1 (0-1)

1 (0-1)

0

0 (0-1)

-

-

mMCD

0°~

6*▪

0°~

0▪°~

-

-

FCDIIa

3.5 (2-4)*~

7.5 (6-9)*

1.5 (0-2)*~

2.5 (1-4)*~

-

-

FCDIIb

6 (4-6)*°

9 (6-9)*

3.5 (3-4)*

6 (4-9)*°

4 (3-6)

9 (6-9)

TSC

3.5 (3-4)*

7.5 (6-9)*

2.5 (2-4)*

2.5 (2-4)*

6 (4-9)

9 (6-9)

Control

0

0

0 (0-1)

1 (1-2)

-

-

mMCD

0°

0▪~

0 (0-1)°~

0°~

-

-

FCDIIa

0°

1.5 (1-4)*

0 (0-2)°

0 (0-2)~

-

-

FCDIIb

0 (0-1)°

4 (3-6)°

2.5 (1-3)°

3 (1-6)

0 (0-1)°

6 (4-6)°

TSC

6 (4-9)*

0.5 (0-1)

6 (4-9)*

1.5 (1-2)*

9 (6-9)

0.5 (0-1)

Immunoreactivity score (IRS) is given as median (minimum-maximum). IRS is defined as intensity
score multiplied by frequency score (see methods). *, different compared to controls; °, different
compared to TSC; ▪, different compared to FCDIIa and ~, different compared to FCDIIb, p<0.05.
Kruskall-Wallis test followed by Mann-Whitney U test.

overnight at 4°C. Sections with primary antibody other than rabbit were incubated with
post-antibody blocking from the Brightvision+ system (containing rabbit-α-mouse IgG;
Immunologic, Duiven, The Netherlands). AP activity was visualized with the alkaline phosphatase substrate kit I Vector Red (SK-5100, Vector laboratories Inc., CA, USA). Sections
incubated without the primary antibody, with preimmune sera, or with the antibody
preincubated with the antigenic peptide (for the polyclonal β5), were essentially blank.
Evaluation of histology and immunohistochemistry
All labeled tissue sections were evaluated by two independent observers for the presence or absence of various histopathological parameters and specific immunoreactivity
(IR) for the different markers used for the diagnosis of mMCD, FCD subtypes and TSC
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tubers. We also semi-quantitatively evaluated the IR (nucleus and cytoplasm in glial and
neuronal cells) of β1, β1i, β5 and β5i. The intensity of the staining was evaluated using a
scale of 0-3 (0: no; 1: weak; 2: moderate; 3: strong staining). All areas of the lesion were
examined and the score represents the predominant cell staining intensity found in each
case. The frequency of β1, β1i, β5 or β5i positive cells [(1) rare; (2) sparse; (3) high] was
also evaluated to give information about the relative number of positive cells within the
lesion. We also evaluated intensity and frequency of pS6 and IL-1β staining. As described
in previous studies 25, 27, the product of the intensity and frequency scores was taken to
give the overall score (total score; immunoreactivity score; IRS, Table 3). Quantification
of signal intensity using ImageJ software was performed for β1i and β5i subunits (supplementary material).
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Cell cultures
Primary fetal astrocyte-enriched cell cultures were obtained from human fetal brain
tissue (14-19 weeks of gestation) obtained from the HIS-Mouse (human immune system mouse) facility of the AMC, Amsterdam. All material has been collected from
donors from whom a written informed consent for the use of the material for research
purposes had been obtained by the Bloemenhove clinic (Heemstede, The Netherlands),
these informed consents are kept together with the medical record of the donor by the
clinic. Tissue was obtained in accordance with the Declaration of Helsinki and the AMC
Research Code provided by the Medical Ethics Committee of the AMC. Cell isolation
was performed as described elsewhere 28-30. Briefly, after removal of blood vessels, tissue
was mechanically minced into smaller fragments and enzymatically digested by incubating at 37˚C for 30 minutes with 2.5% trypsin (Sigma-Aldrich; St. Louis, Mo, USA). Tissue
was washed with incubation medium containing Dulbecco’s modified Eagle’s medium
(DMEM)/HAM F10 (1:1) medium (Gibco, Life Technologies, Grand Island, New York, USA),
supplemented with 50 units/ml penicillin, 50 µg/ml streptomycin and 10% fetal calf
serum (FCS; Gibco, Life Technologies, Grand Island, New York, USA) and triturated by
passing through a 70 µm mesh filter. Cell suspension was incubated at 37˚C, 5% CO2 for
48 hours to let glial cells adhere to the culture flask before it was washed with PBS to
remove excess of myelin and cell debris. Cultures were subsequently refreshed twice a
week. Cultures reached confluence after 2-3 weeks.
Primary FCD astrocyte cultures were derived from a surgical human brain specimen obtained from a patient with FCD type IIA (age at surgery: 16 years; female; location: frontal; seizure frequency: 3/week; duration of epilepsy: 11 years) undergoing epilepsy surgery at the Department of Pediatrics / Neurosurgery of the Medical University
Vienna (Vienna, Austria). FCD astrocyte cultures were established in the same manner as
described above for fetal cultures.
Secondary astrocyte cultures for experimental manipulation were established by
trypsinizing confluent cultures and sub-plating onto poly-L-lysine (PLL; 15 µg/ml, SigmaAldrich)-precoated 12 and 24-well plates (Costar, Cambridge, MA, USA; 5 ×104 cells/well in
a 12-well plate for RNA isolation and PCR; 2.5 X 104 cells/well for immunocytochemistry).
In the present study astrocytes were used for analyses at passage 2-4.
Cell cultures were stimulated with human recombinant (r)IL-1 β (Peprotech,
Rocky Hill, NJ, USA; 10 ng/ml) or in some experiments with lipo-polysaccharide (LPS; 100
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ng/ml; Sigma, St. Louis, USA) for 24 hours. Treatment of FCD-derived astrocytes with
rapamycin (100 nM) was started 24 hours before, and continued during IL-1β stimulation. Cells were harvested 24 hours after stimulation. Viability of human cell cultures was
not influenced by the performed treatments (supplementary Fig. 2).
For immunofluorescent staining of cell cultures, sections were incubated with
the primary antibodies for β1, β1i, β5 or β5i for 1 hour at RT, followed by 2 hour incubation
at RT with Alexa Fluor® 568-conjugated anti-rabbit or Alexa Fluor® 488-conjugated antimouse IgG (1:200, Molecular Probes, The Netherlands) together with Alexa Fluor® 488
or 594 Phalloidin (1:200, Molecular Probes, The Netherlands) for counterstaining actin
filaments. Sections were mounted using Vectashield with DAPI (Vector Laboratories Inc.,
Burlingame, CA, USA) . Fluorescent microscopy was performed using Leica Confocal
Microscope TSC SP-8X (Leica, Son, the Netherlands) at 40x magnification (bidirectional
X, speed: 600 Hz, pinhole: 1.00 AU).
RNA isolation and real-time quantitative PCR analysis
For RNA isolation, cell culture material was homogenized in Qiazol Lysis Reagent (Qiagen
Benelux, Venlo, The Netherlands). Total RNA was isolated using the miRNeasy Mini kit
(Qiagen Benelux, Venlo, The Netherlands) according to manufacturer’s instructions. The
concentration and purity of RNA were determined at 260/280 nm using a Nanodrop
2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). To evaluate β1,
β1i, β5 or β5i, and IFN-γ mRNA expression, 200 ng of cell culture-derived total RNA
was reverse-transcribed into cDNA using oligo dt primers. PCRs were run on a Roche
Lightcycler 480 thermocycler (Roche Applied Science, Basel, Switzerland) using the
following primers: β1 (forward accagctcggtttccaca: reverse: cccggtatcggtaacacatc); β5
(forward: gagtctcagtgatggtctgagc, reverse: actccatggcggaacttg); β1i (forward: accaaccggggacttacc, reverse: tcaaacactcggttcaccac); β5i (forward: ccctacccacccctgttt; reverse:
cacccagggactggaaga); IFN-γ (forward: gcaagatcccatgggttgtgt; reverse: ctggctcagattgcaggcata). Quantification of data was performed using the computer program LinRegPCR
in which linear regression on the Log (fluorescence) per cycle number data is applied
to determine the amplification efficiency per sample 31, 32. The starting concentration of
each specific product was divided by the geometric mean of the starting concentration
of the reference genes (EF1α and C1orf43) and this ratio was compared between groups.
Statistical analysis
Statistical analyses were performed with GraphPad Prism software (Graphpad software
Inc., La Jolla, CA, USA). To assess differences in immunoreactivity score between multiple groups, non-parametric Kruskal-Wallis followed with Mann-Whitney U test was used.
Correlations were assessed using Spearman’s (rho) rank correlation test. For cell culture
data, Mann-Whitney U test was used to asses differences between different conditions.
P<0.05 was assumed to indicate a significant difference.

Results

Case material and histological features
The clinical features of the cases included in this study are summarized in Table 1. All
operated patients had a history of chronic pharmacoresistant epilepsy. In this study we
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Figure 1 β1 proteasome subunit immunoreactivity in control, FCD type IIa, FCD type IIb and TSC.
Panels A and B: (control) show weak immunoreactivity (IR) in both cortex (A; insert: neuron with
weak expression of β1 subunit) and white matter (B; not detectable glial expression). Panel C
(FCD IIa) shows positive dysmorphic neurons (arrows; insert: high magnification) and glial cells
(arrow-heads). Panels D-E (FCD IIb) show several β1 positive cells within cortex (D) and white
matter (E), including dysmorphic neurons (arrows in D), glial cells (arrow-heads and insert in D)
and balloon cells (arrows in E; prominent nuclear expression; insert: high magnification). Panels
F-G (TSC-tuber): β1 subunit expression is observed within the tuber in dysmorphic neurons (arrows in F; insert a: co-localization with the neuronal marker NeuN; insert b, co-localization with
GFAP), glial cells (arrow-heads in F) and in giant cells (asterisk in G; insert: co-localization with
GFAP). additional examples of the different cells types at higher magnification in separate specimens. The inserts within panels show imagines of the different cells types at higher magnification
in separate specimens. Scale bar in G: A-C, E-F: 80 µm; D-G: 40 µm.

87

four

Figure 2 β1i proteasome subunit immunoreactivity in control, FCD type IIa, FCD type IIb and
TSC. Panels A and B: control cortex (A) and with matter (B) with weak β1i expression (insert in
A: negative neuron, high magnification). Panel C (FCD IIa) shows strong expression within the
dysplastic region with positive dysmorphic neurons (arrows; inserts: a, nuclear expression; b, cytoplasmic expression) and glial cells (insert in c). Panels D-E (FCD IIb) show several β1i positive
cells within cortex (D) and white matter (E), including dysmorphic neurons (arrow in D), glial cells
(arrow-heads D and E) and balloon cells (arrows in E; nuclear and cytoplasmic expression; insert:
co-localization with the pS6). Panels F-G (TSC-tuber): β1i subunit expression is observed within
the tuber in dysmorphic neurons (F: arrows, nuclear expression; arrow-head cytoplasmic expression; insert a in F: co-localization with the neuronal marker NeuN; insert b in F: co-localization with
the pS6), glial cells (insert b in G) and in giant cells (arrows in G; insert b: co-localization with GFAP;
insert c: co-localization with HLA-I). The inserts within panels show imagines of the different
cells types at higher magnification in separate specimens. Scale bar in G: A-C: 80 µm; D-G: 40 µm.
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included patients with mild degree of cortical dysplasia (mMCDs; 33). Age at surgery,
seizure duration and seizure frequency were not statistically different between patients
with FCD II and mMCD in this cohort, as well as between FCD IIa and FCD IIb cases
included in our cohort. Accordingly to the international consensus classification system of FCD 21, FCD II represents isolated focal lesions with architectural and dysmorphic
abnormalities (FCD IIa with dysmorphic neurons only; FCD IIb with dysmorphic neurons
and balloon cells; Fig. 1-4 C-E). TSC patients were younger compared to mMCD and FCD
patients. All six TSC-tubers displayed similar histopathological features, including loss of
lamination, astrogliosis, dysmorphic neurons and giant cells with pale eosinophilic cytoplasm (34; Fig. 1-4 F-G).
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Proteasome subunit expression in FCD and cortical tubers
Expression of β1 β1i, β5 and β5i was observed in FCD, cortical tubers and mMCD specimens (Fig. 1-4; supplementary Fig. 3). We observed differences in the expression level, as
well as in the cell-specific and subcellular distribution of the different subunits (Table 3).
Constitutive proteasome catalytic subunit β1 and β5
Moderate expression of β1 and β5 subunit was observed in human control cortical specimens (Fig. 1 A-B; Fig. 3 A-B; Table 3). Nuclear neuronal expression was detected for β5 in
MCD specimens (Table 3; supplementary Fig. 3 E; whereas only cytoplasm expression was
detected in specimens from patients with Alzheimer’s disease for both subunits (supplementary Fig. 3 B, F). Increased expression of both constitutive subunits was observed in
FCD and TSC specimens (Fig. 1 C-G; Fig. 3 C-G; Table 2). In the large majority of FCD and
TSC cases β1 IR was detected in cytoplasm and nucleus of neuronal and glial cells (Fig.
1 C-G; Table 3). β1 was also detected in balloon (FCD IIb; Fig. 1 E) and giant cells (TSC;
Fig. 1G). FCD and TSC specimens displayed also strong β5 IR with prominent nuclear
expression in both neuronal and glial cells, as well as in balloon (FCD IIb) and giant cells
(TSC; Fig. 3 C-G; Table 3). A similar pattern was detected in the post-mortem TSC case;
double-labeling experiments confirmed the co-localization with astroglial and neuronal
markers within the dysplastic area for both subunits in FCD and TSC specimens (Fig. 1
F-G; Fig. 3 G).
Immunoproteasome subunits β1i and β5i
In the large majority of control (Fig. 2 A-B; Fig. 4 A-B) and mMCD (supplementary Fig. 3
C, G) specimens the immunoproteasome subunits β1i and β5i were under the detection
levels in both neuronal and glial cells (Table 3). β1i and β5i were consistently high in
FCD and TSC specimens (Table 3) with strong cytoplasmic and nuclear IR in neuronal
and glial cells, in both surgical post-mortem TSC specimens (whereas only cytoplasmic expression was detected in glial cells in specimens from patients with Alzheimer’s
disease for both β1i and β5i subunits supplementary Fig. 3 D, H). A similar pattern with
strong expression in FCD and TSC specimens was observed using in situ hybridization
(supplementary Fig. 4). Double-labeling experiments confirmed the co-localization with
astroglial and neuronal markers, as well as with major histocompatibility complex (MHC)
class I (HLA-I; in few balloon/giant cells and in dysmorphic neurons) within the dysplastic area for both subunits in FCD and TSC specimens (Fig. 2 and 4 F-G). In regions with
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prominent activation of microglia IR for both β1i and β5i was also observed in cells of
the microglia/macrophage lineage (HLA-II; Fig. 2 and 4). Balloon (FCD IIb; Fig. 2E) and
giant cells (TSC; Fig. 4 G) displayed β1i and β5i IR as well (Table 2). Co-localization was
observed for both β1i and β5i with pS6 (Fig. 2 and Fig. 4). β1i and β5i expression in neurons was positively associated with pS6 expression within our MCD cohort (β1i cytoplasm, r= 0.5905, p=0.030; β1i nucleus, r= 0.6244, p=0.0014; β5i cytoplasm, r= 0.4510,
p=0.0065). A positive correlation was detected between β1i and β5i expression in neurons and glial cells and IL-1β IRS within the dysplastic region (neuronal β1i cytoplasm, r=
0.4287, p=0.0413; neuronal β1i nucleus, r= 0.5090, p=0.0131; glia β1i cytoplasm, r= 0.5298,
p=0.0093; glia β1i nucleus, r= 0.6091, p=0.0003; neuronal β5i cytoplasm, r= 0.7322, p= <
0.001; glia β5i cytoplasm, r= 0.7005, p= < 0.001; glia β5i nucleus, r= 0.4210, p=0.0455).
Immunoproteasome subunit expression and clinical features
We found no statistically significant association between the IRS of β1, β1i, β5 or β5i
and clinical features, such gender, age at surgery, location of the lesion or duration of
epilepsy. However, a positive correlation was observed between nuclear glial and neuronal subunit expression and the pre-operative seizure frequency (β1 and β1i neuron:
τ=0.639 and τ=0.633, p<0.001; β1 and β1i glia: τ=0.479, p=0.005 and τ=0.65, p<0.001; β1
and β1i neuron: τ=0.550, p=0.004 and τ=0.417, p=0.016; β1 and β1i glia: τ=0.570, p=0.001;
τ=0.586, p=0.001).
Regulation of immunoproteasome subunit expression in human glial cells in
culture
Since IL-1β is known to be strongly upregulated in FCD and TSC human brain specimens
27, 34, 35
and to play a key pathogenic role in human epilepsy (for review see 20, 36, we also
investigated whether this inflammatory cytokine could play a role in the regulation of
the expression and cellular localization of immunoproteasome subunits. qPCR analysis
of astrocyte-enriched human fetal cell cultures demonstrated that exposure to IL-1β did
not modify the expression of the constitutive subunits (Fig. 5 A, D), but did consistently
increase the expression of both immunoproteasome subunits β1i and β5i (Fig. 5 B, E),
increasing the β1/ β1i and β5/β5i ratios (Fig. 5 C, F). Treatment with lipopolysaccharide
(LPS), also a potent inducer of the immune response, gave comparable results (Fig. 5).
Exposure to IL-1β and LPS did not significantly affect the expression of IFN-γ in these
cultures. Immunohistochemistry showed a translocation of the β1i and β5i subunits,
shifting from cytoplasmic to perinuclear-nuclear expression following IL-1β treatment
(Fig. 6 D, H).
Effects of rapamycin on proteasome subunit expression in FCD II derived
astrocytes
Since both FCD II and TSC are associated with constitutive activation of the mTOR
pathway 19, 20 we investigated whether the canonical and allosteric mTOR kinase rapamycin modulates the immunoproteasome in cell cultures derived from FCD II specimens.
Western blot analysis confirmed that 100 nM rapamycin reduced the phosphorylation
of S6 (pS6) in human astrocytes, an indicator of mTOR activation (supplementary Fig. 2).
Pretreatment with 100 nM rapamycin reduced the mRNA expression of β1 and β1i sub-
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Figure 3 β5 proteasome subunit immunoreactivity in control, FCD type IIa, FCD type IIb and TSC.
Panels A and B: (control) show weak immunoreactivity in both cortex (A; insert: neuron) and
white matter (B; not detectable glial expression). Panel C (FCD IIa) shows positive dysmorphic
neurons (arrows; insert: high magnification, nuclear expression). Panels D-E (FCD IIb) show several β5 positive cells within cortex (D) and white matter (E), including dysmorphic neurons (arrows
in D and insert, nuclear and cytoplasmic expression), glial cells (arrow-heads and insert in D) and
balloon cells ( asterisks in E; insert: high magnification, with prominent nuclear expression). Panels
F-G (TSC-tuber): β5 subunit expression is observed within the tuber in dysmorphic neurons (arrows in F; insert b in panel G: co-localization with the neuronal marker NeuN; insert c in panel G,
co-localization with GFAP) and in giant cells (arrow in G and insert a; insert b: co-localization with
NeuN; insert c: expression in glial cells, co-localization with GFAP). The inserts within panels show
imagines of the different cells types at higher magnification in separate specimens. Scale bar in G:
A-C, G: 80 µm; D-F: 40 µm.
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Figure 4 β5i proteasome subunit immunoreactivity in control, FCD type IIa, FCD type IIb and TSC.
Panels A and B: control cortex (A) and with matter (B) with weak β5i expression. Panel C (FCD
IIa) shows expression within the dysplastic region with positive dysmorphic neurons (arrows and
insert, nuclear expression) and glial cells (arrow-heads). Panels D-E (FCD IIb) show several β5i
positive cells within cortex (D) and white matter (E), including dysmorphic neurons (arrow in D),
glial cells (arrow-heads D and E; insert in D) and balloon cells (arrows in E; insert : co-localization
with pS6). Panels F-G (TSC-tuber): strong β5i subunit expression is observed within the tuber in
dysmorphic neurons (F: arrows and inserts a and b; b, co-localization with the neuronal marker
NeuN; c, co-localization with pS6), glial cells (arrows in G; insert in G, co-localization with GFAP)
and in giant cells (arrows in H; insert: co-localization with HLA-I). The inserts within panels show
imagines of the different cells types at higher magnification in separate specimens. Scale bar in H:
A-C: 80 µm; D-H: 40 µm.
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units under both unstimulated and stimulated conditions (Fig. 7A, B). β5 and β5i expression was reduced by rapamycin in the presence of IL-1β (Fig. 7C, D). Immunocytochemical
analysis of these FCD cells confirmed the negative modulation of proteasome subunits
by rapamycin (Fig. 8).

Discussion

The present study reports in detail the expression pattern and cellular localization of
the constitutive and immunoproteasome subunits in FCD II and TSC cortical tubers and
mMCD. The cell-specific distribution of proteasome subunits in relation with the epileptogenicity of these developmental lesions as well as their regulation in human astrocytes
is discussed in the following paragraphs.

four

Proteasome subunits expression in malformations of cortical development:
prominent expression in FCD II and TSC
Our data show prominent expression of both constitutive and immunoproteasome subunits in MCD, such as FCD and TSC, associated with the mTOR pathway. In all the FCD
II and TSC specimens examined the IR for β1, β1, β5 and β5i was increased within the

Figure 5 Effects of IL-1β and LPS stimulation on immunoproteasome subunit expression in cell
culture. Quantitative real-time PCR of proteasome expression in human fetal astrocytes after 24
hours exposure to IL-1β (10 ng/ml) or LPS (100 ng/ml). A-B, D-E: stimulation with IL-1β or LPS
increased expression of the β1i (B) and the β5i (E) subunits compared to control, but not of the
constitutive β1 (A) and β5 (D) subunits. C and F: stimulation with either IL-1β or LPS increased
the β1i/ β1 (C) and the β5i/ β5 (F) ratios. Data are expressed relative to the levels observed in
untreated cells and are mean ± SEM (n=5). **p < 0.01, ***p < 0.001 compared to control, Mann
Whitney U test.
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Figure 6 Effects of IL-1β stimulation on proteasome subunit
expression in astrocytes in cell
culture. Expression of β1 (A and
B; green), β1i (C and D; green), β5
(E and F; red) and β5i (G and H;
green) in unstimulated human fetal astrocytes (left panels) and in
astrocytes after exposure to IL-1β
(24 hours; 10 ng/ml, right panels);
increased expression of all subunits was observed. A translocation of particularly the β1i and β5i
subunits, shifting from cytoplasmic
to perinuclear-nuclear expression
following IL-1β treatment was observed. Cells were counterstained
with phalloidin (actin filaments;
red in A-D and G-H, green in E and
F) and diamidino-2-phenylindole,
DAPI (nuclei; blue). Scale bar in A:
15 µm.

dysplastic regions where prominent gliosis and presence of dysmorphic neurons and
balloon or giant cells (in FCD IIb and TSC, respectively) was observed. Constitutive and
particularly immunoproteasome subunits displayed increased expression compared to
control, but also compared to mMCD specimens from patients with chronic epilepsy.
These results indicate that increased expression of proteasome subunits is not simply
an effect of seizure activity; moreover, the duration of epilepsy in mMCD cases did not
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differ from FCDs and was even longer compared to TSC cases. However, a positive correlation was observed between nuclear glial and neuronal proteasome subunit expression and the pre-operative seizure frequency. We acknowledge limitations to the interpretation of these results, therefore an evaluation of the real biological contribution of
proteasome subunit expression to seizure generation and frequency deserves further
investigation in experimental models.
Several proteasome subunits show nuclear localization signaling 37 and previous
studies in the human brain indicate that proteasomes are expressed in both cytoplasm
and nuclei of different cell types, including glial and neuronal cells 24, 38. Immunoproteasome
expression restricted to nuclei of astrocytes has been reported in the brain after an
infection with lymphocytic choriomeningitis virus, suggesting involvement of the nuclear
envelope in the compartmentalization of immature proteasome precursors 39. Whether
the nuclear proteasome subunits represent (as suggested by Kremer et al., 39) immature
proteasome precursors, or are proteolytically active remains still to be investigated. The
nuclear proteasome subunit accumulation may reflect the induction of the proteasome
system under conditions associated with cell injury and inflammation with possibility of
nucleo-cytoplasmic transfer in cells, as glial cells, undergoing cell division or during apop-
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Figure 7 Effects of rapamycin on proteasome subunit expression in astrocytes derived from FCD
type II. Quantitative real-time PCR of proteasome expression in human FCD cells after 48 hours
treatment with 100 nM rapamycin, under basal and stimulated (IL-1β 10 ng/ml) conditions. A and
B: treatment with rapamycin decreased the expression of β1 (A) and β1i (B) subunit, both in basal
and under stimulated conditions. C and D: treatment with rapamycin decreased the expression
of β5 (C) and β5i (D) subunit under stimulated, but not in basal conditions. Data are expressed
relative to the levels observed in untreated cells and are mean ± SEM (n=5). *p < 0.05, **p < 0.01
compared to control, Mann Whitney U test.
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tosis 37. However, the β1i subunit in the nuclear enriched fraction has also been detected
in its catalytically active form 40 and several studies indicate a possible functional role of
the immunoproteasome in transcriptional regulation 41-43. The expression pattern, either
nuclear or cytoplasmic proteasome expression, can be influenced by the type and duration of fixation 37. However similar pattern was observed in surgical and post-mortem
TSC brain tissue.
One of the major regulatory factors of immunoproteasome induction is inflammation 43, 44. Several studies confirmed the occurrence of complex inflammatory changes,
involving both glial and neuronal cells, and activation of the IL-1β pathway, particularly
in FCD II and TSC 20, 34, 35, 45-48. Thus the pro-inflammatory environment may contribute to
the activation of the proteasome system, particularly to the induction and expression of
the immunoproteasome subunits. Accordingly, our in vitro studies in human astrocytes
and FCD cultures indicate that IL-1β treatment increases the induction of in particular
the immunoproteasome subunits β1i and β5i, with increase of their perinuclear-nuclear
localization. This observation supports the role of astrocytes as targets of regulation
of the immunoproteasome under various conditions associated with activation of the
IL-1β pathway 16 and indicates that pro-inflammatory cytokines, other than IFN-γ may
regulate immunoproteasome expression. Activation of inflammatory pathways, including IL-1β, may also play a role in the regulation of immunoproteasome expression in
other cell types, such as neurons. Accordingly, we found a positive correlation between
the expression of immunoproteasome subunits in both glial and neuronal cells and the
expression of IL-1β within the dysplastic area in FCD II and in TSC specimens. Moreover,
increasing evidence supports the role of the immunoproteasome in the activation of
the NF-κB pathway, modulation of pro-inflammatory cytokine production and oxidative stress response 9, 43, 49-52. Induction of the β5i subunit has also been shown in vivo
following activation of the Toll-like receptor 4 (TLR4)-mediated NF-κB signaling pathway by LPS 53. Thus, we may speculate about the existence of a reinforcing feedback
loop between NF-κB pathway and the immunoproteasome system, which may play a
crucial role in perpetuating the pro-epileptogenic inflammatory response in epilepsy.
Interestingly, Mishto, et al., 18 provide additional experimental evidence of the regulation
of β5i subunit by TLR4 signaling in epileptogenic tissue.
The immunoproteasome is known to improve MHC class I (MHC-I) antigen presentation and has been suggested to have a central function at the interface between
the innate and adaptive immune system (reviewed in 11). Interestingly, FCD II and TSC specimens are characterized by prominent activation of both innate and adaptive immune
responses (for review see 20, 36). Moreover, recent studies provide evidence of an upregulation of MHC-I, involving also balloons/giant cells and neurons, in both FCD II and TSC
specimens 54.
FCD II and TSC cases are characterized by architectural or cellular changes associated with mTOR pathway activation 20, 21. The innate and adaptive immune responses
have also been shown to be influenced by the mTOR pathway 55-57. Moreover, the mTOR
complex 1 (mTORC1) has been identified as key regulator of autophagy 58, 59, a pathway
which is defective in FCD II and TSC 60. Increasing evidence indicates a strong relationship with tight coordination between the autophagy and the proteasome systems 61.
Thus, we cannot exclude a role of mTOR in the regulation of the proteasome system,
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Figure 8 Effects of rapamycin
treatment on proteasome subunit
expression in FCD type II derived
cells. Expression of β1 (A and B;
green), β1i (C and D; green), β5
(E and F; red) and β5i (G and H;
green) in untreated FCD cells (left
panels) and in FCD cells after 48
hours treatment with 100 nM rapamycin (right panels). Expression of
all subunits was decreased after
treatment with rapamycin. Cells
were counterstained with phalloidin (actin filaments; red in A-D and
G-H, green in E and F) and diamidino-2-phenylindole, DAPI (nuclei;
blue). Scale bar in A: 15 µm.
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including immunoproteasome subunit expression. Accordingly, we observed a positive
correlation between immunoproteasome subunit expression in neurons and pS6 expression, indicating the activation of the mTOR signal transduction pathway. The relationship
between mTOR and proteasome system is also supported by the in vitro experiments
showing that inhibition of the mTOR pathway by the potent allosteric mTORC1 inhibitor
rapamycin was able to reduce the level of expression of inducible proteasome subunits
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in FCD derived cells. This is in agreement with a recent study showing reduction of the
immunoproteasome by rapamycin in H9c2 cells as well as in mouse heart in vivo 62.
Evaluation of the possible effect of rapamycin on the expression of the brain immunoproteasome in vivo deserves further studies and is presently under investigation 63.

four

Immunoproteasome inhibition as therapeutic strategy?
An example of the possible use of inhibition of the immunoproteasome as therapeutic
strategy in epilepsy is represented by the study of Mishto and colleagues 18 in which
specific inhibition of the β5i subunit by ONX-0914 64 resulted in prevention, or significant
delay, of 4-aminopyridine-induced seizure-like events in acute rat hippocampal/entorhinal cortex slices, particularly in slices of epileptic rats. Clinically approved proteasome
inhibitors targeting the catalytic activity of both the constitutive proteasome and the
immunoproteasome have been already used in hematological malignancies 65-67. New
generation small-molecules specifically targeting the immunoproteasome are under
clinical development and have been already evaluated in a large variety of animal models
of autoimmune diseases and proposed as novel therapeutic approaches for patient with
multiple sclerosis, as well as in neurodegenerative diseases (for reviews see 16, 68, 69).
However, recently alternative functions for the immunoproteasome have also
been considered, suggesting that the induction of the immunoproteasome may also
play a role in neuronal protection and repair after injury, contributing to the preservation of cell viability upon cytokine-induced oxidative stress 49, 70, 71, which is known to be
increased within the TSC tubers 72. In particular, evidence has been provided that the
immunoproteasome plays a role in the clearance of damaged proteins accumulating
upon inflammation or oxidative stress (for review see 49), which are also detected in TSC
and FCD 73. Accordingly, formation of aggresome-like induced structures and increased
sensitivity to apoptosis has been reported in immunoproteasome-deficiency in cells and
in a murine inflammation model 49, 71. Additional studies support alternative physiological function of the immunoproteasome subunits, including also cell proliferation, cell
signaling and synaptic remodeling (for review see 49, 74, 75). Thus an effective therapeutic
intervention based on the immunoproteasome has to take into consideration the preservation of the potential beneficial functions of its activation, particularly during brain
development.
Concluding remarks
One important question is whether activation of the immunoproteasome system in
brain tissue may per se be responsible for an increased susceptibility to seizure activity
observed in FCD and TSC. As discussed above, experimental studies in hippocampal/
entorhinal cortex slices suggest the pharmacological inhibition of the β5i subunit may
modulate seizure activity. Whether these findings can be translated to other experimental models, including models of FCD and TSC deserves further investigation.
To conclude, our observations support the occurrence of a prominent deregulation of the proteasome system in MCD. In particular the induction of immunoproteasome subunits in both glial and neuronal cells appear to be a feature of FCD II and
TSC and may represent an important accompanying feature of the immune response
in these developmental lesions. Therefore, understanding the role of the immunopro-
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teasome in epilepsy-associated pathologies may have great importance in view of the
development of new therapeutic strategies.
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Flow cytometric analysis
Viability of cell cultures was determined by flow cytometric analysis using Fixable Viability
Dye eFluor® 780 (eBioscience, San Diego, CA, USA). Flow cytometric analysis of stained
cells was performed using a FACSCanto Flow Cytometer equipped with FACSDiva software (BD Biosciences) and data analysis was performed using FlowJo 7.6 (FlowJo LLC,
Ashland, OR, USA).
Western blot analysis
Frozen surgical hippocampal specimens or cells in culture were homogenized in lysis
buffer containing 10 mM Tris (pH 8.0), 150 mM NaCl, 10% glycerol, 1% NP-40, 0.4 mg/
ml Na-orthovanadate, 5 mM EDTA (pH 8.0), 5 mM NaF and protease inhibitors (cocktail tablets, Roche Diagnostics, Mannheim, Germany). Protein content was determined
using the bicinchoninic acid method. For electrophoresis, equal amount of proteins (50
μg/lane) were separated by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE, 12% acrylamide). Separated proteins were transferred to nitrocellulose
paper by electroblotting for 1 h and 30 min (BioRad, Transblot SD, Hercules, CA). After
blocking for 1 h in TBST (20 mM Tris, 150 mM NaCl, 0.1% Tween, pH 7.5)/5% non-fat dry
milk, blots were incubated overnight at 4°C with the primary antibodies (Table 2; proteasome β1, 1:1000; proteasome β1i, 1:1000; proteasome β5, 1:2500; proteasome β5i,
1:1000; β-actin, mouse monoclonal, Sigma, St. Louis, MO; 1: 10,000; β-tubulin, mouse
monoclonal, Sigma, St. Louis, MO; 1: 2000). After several washes in TBST, the membranes
were incubated in TBST / 5% non-fat dry milk, containing the goat anti-rabbit or rabbit
anti-mouse antibodies coupled to horse radish peroxidase (1:2500; Dako, Denmark) for
1 h. After washes in TBST, immunoreactivity was visualized using ECL PLUS western blotting detection reagent (GE Healthcare Europe, Diegen, Belgium).
Quantification
The images were captured with an Olympus microscope (BX41, Tokyo, Japan) equipped
with a digital camera (DFC500, Leica Microsystems-Switzerland Ltd., Heerbrugg,
Switzerland). A total set of 6 images from 6 different cases were collected per pathology. Fiji (ImageJ2) was used for image processing. In a first step colour deconvolution
(RGB colour space) was performed in order to separate positive cells from background
according to the following channel parameters: red: 0.21408768, green: 0.8171735, blue:
0.4782719. Then a threshold (= 233) was applied and subsequently the images were converted to 8 bit gray-scale. The positive pixels/total assessed pixels, indicated as staining
percentage area and intensity was calculated.
In situ hybridization
In situ hybridization (ISH) for β1i and β5i was performed using double digoxygenin (DIG)
-labeled custom LNA oligonucleotides (Exiqon A/S, Denmark; see supplementary Table
1). The hybridizations were done on 5 µm sections of paraffin embedded materials as previously described 1. The probes were hybridized at 56°C for 1 hour and the hybridization
was detected with alkaline phosphatase (AP) labeled anti-DIG (Roche Applied Science,
Basel, Switzerland). NBT (nitro-blue tetrazolium chloride)/BCIP (5-bromo-4-chloro-3’-in-
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dolyphosphate p-toluidine salt) was used as chromogenic substrate for AP. Negative
control assays were performed without probes (sections were blank).
1.

Prabowo AS, van Scheppingen J, Iyer AM, et al. Differential expression and clinical significance of
three inflammation-related microRNAs in gangliogliomas. J Neuroinflammation. 2015;12:97.
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Supplementary Table 1 Antisense LNA sequences.
mRNA

Sequence

β1i (PSMB9) 5’DIG-+TmUmC+CmUmC+CmAmG+TmUmC+TmAmU+CmCmC+A -3’DIG
β5i (PSMB8) 5’DIG-+AmAmU+CmUmC+AmAmU+CmAmC+CmUmU+GmUmU+C -3’DIG

Hybridization
temperature
56°C
56°C

+ = LNA modification; m = 2’-O-methyl RNA base; DIG = digoxygenin label.

Supplementary Figure 1 Representative immunoblot analysis of total homogenates from (n=3)
surgical hippocampal specimens; β-subunits (β1, ~ 25 kDa; β1i,~ 22 kDa; β5, ~ 25 kDa; β5i, ~ 25 kDa;
β-actin ~ 42 kDa).
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Supplementary Figure 2 Effect of the different treatments on fetal astrocyte cell cultures. A:
scatterplots of eFluor viability dye staining as analyzed by flow cytometry after different treatments. B: quantification of viable cells based on eFluor viability staining. Neither treatment with
IL-1β nor rapamycin negatively influenced viability of cell cultures. C: Western blot analysis showed
effective reduction of phosphorylated S6 after 24 hours of 100 nM rapamycin treatment. FSC:
forward scatter.
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Supplementary Figure 3
Proteasome subunit immunoreactivity (β1, β1i β5 and
β5i) in mild MCD (mMCD)
and in Alzheimer’ s disease
(Alz). Panels A,C,E,G: mMCD.
A: low β1expression (insert:
high magnification of a neuron, with light nuclear expression). C: low β1i expression
(insert: high magnification of
a neuron). E: nulclear expression of β5 (arrows; neuron in
insert). G: low β5i expression
(neuron in insert). Panels B, D,
F, H (Alz; hippocampus). B: β1
expression in neurons (CA1;
arrows, cytoplasmic expression) and around amyloid
plaques (arrow-heads); D: β1i
expression in glial cells (arrows,
cytoplasmic expression). F: low
β5 expression in neuronal cells
(arrows). H: β5i expression in
glial cells (arrows, cytoplasmic
expression). Scale bar in B: A,C,
F,G: 80 µm; B,D,H: 40 µm.
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Supplementary Figure 4 In situ hybridization of β1i and β5i, proteasome subunit immunoreactivity in control, focal cortical dysplasia (FCD) type IIb and Tuberous Sclerosis Complex (TSC).
Panels A-D: control cortex (A-C) and with matter (B-D); β1i (A-B) and β5i (C-D) Panels E-F (FCD
IIb) and panels C-G (TSC) shows strong expression within the dysplastic region with several positive dysmorphic neurons [arrows and inserts in E(a) and F], giant cells [inserts in G and H(a)]
and glial cells [inserts (b) in E and H) Scale bar in H: A-H: 80 µm.
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Tuberous sclerosis complex (TSC) is a genetic disease presenting with multiple neurological symptoms including epilepsy, mental retardation, and autism. Abnormal activation of various inflammatory pathways has been observed in astrocytes in brain lesions
associated with TSC. Increasing evidence supports the involvement of microRNAs in the
regulation of astrocyte-mediated inflammatory response. To study the role of inflammation-related microRNAs in TSC, we employed real-time PCR and in situ hybridization
to characterize the expression of miR21, miR146a and miR155 in TSC lesions (cortical
tubers and subependymal giant cell astrocytomas, SEGAs). We observed an increased
expression of miR21, miR146a and miR155 in TSC tubers compared with control and perituberal brain tissue. Expression was localized in dysmorphic neurons, giant cells and
reactive astrocytes and positively correlated with IL-1β expression. In addition, cultured
human astrocytes and SEGA-derived cell cultures were used to study the regulation of
the expression of these miRNAs in response to the proinflammatory cytokine IL-1β and
to evaluate the effects of overexpression or knockdown of miR21, miR146a and miR155
on inflammatory signaling. IL-1β stimulation of cultured glial cells strongly induced intracellular miR21, miR146a and miR155 expression, as well as miR146a extracellular release.
IL-1β signaling was differentially modulated by overexpression of miR155 or miR146a,
which resulted in pro- or anti-inflammatory effects respectively. This study provides supportive evidence that inflammation-related microRNAs play a role in TSC. In particular,
miR146a and miR155 appear to be key players in the regulation of astrocyte-mediated
inflammatory response, with miR146a as most interesting anti-inflammatory therapeutic
candidate.

Key words: Tuberous sclerosis complex, microRNA; inflammation; astrocytes; subependymal giant cell astrocytoma; cultures.
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Introduction

Tuberous sclerosis complex (TSC) is a multisystem genetic disorder resulting from a
mutation in the TSC1 or TSC2 genes 1-3. The TSC1 and TSC2 products, hamartin and
tuberin, form a protein complex that suppresses the mammalian target of rapamycin
(mTOR) pathway 3, 4. The mTOR pathway is a key regulator of cell metabolism, growth,
proliferation and survival 5. mTOR has also been shown to be involved in the regulation
of both the innate and adaptive immune responses 6-9.
The cerebral involvement in TSC gives rise to a large spectrum of neurological
manifestations including epilepsy and cognitive disabilities 10. Epilepsy, in particular, is
often associated with significant morbidity and mortality in TSC patients 10 and its early
and adequate treatment represents a major challenge.
Cortical tubers, subependymal nodules, and subependymal giant cell tumors
(SGCT) represent typical brain lesions of TSC underlying the neurological manifestations. 11-14. Both cortical tubers and subependymal giant cell astrocytomas (SEGA) are
characterized by prominent activation of pro-inflammatory signaling pathways, including in particular the IL-1β signaling pathway 15, 16. Activation of the IL-1 receptor (R)/
Toll-like receptor (TLR) pathway has also been observed in fetal TSC brain lesions 17, 18.
Interestingly, abnormal activation of IL-1β signaling pathway has been recently reported
in astrocytes before epilepsy onset in a mouse model of TSC 19.
MicroRNAs (miRNAs) have recently been identified as key post-transcriptional
regulators of gene expression during brain development and have been also shown
to critically contribute to different neurological disorders 20-23, including epilepsy 24, 25.
Increasing evidence has also implicated miRNAs in the regulation of both adaptive and
innate immune responses 26-28, including specific inflammatory networks activated in epilepsy (for reviews see 29, 30.
Several studies have recently supported the role of microRNAs in inflammatory
processes in epilepsy-associated pathologies 31-35, with prominent up-regulation of miRNAs, such as miR146a, miR21 and miR155, specifically involved in the modulation of the
IL-1R/TLR pathway 26-28, 36-38.
In the present study, we investigated the expression and cellular distribution of
miR21, miR146 and miR155, three miRNAs involved in the regulation of the IL-1R/TLR pathway, in TSC brain tissue (cortical tuber and perituberal epileptogenic cortex). We also
evaluated possible correlations between the miRNA levels and the expression of putative
targets in glial cells, as well as their relationship with IL-1β expression levels and the clinical course of epilepsy. To provide better insights into the functional consequences of
the deregulation of these mRNAs in TSC we investigated their regulation and release in
response to IL-1β stimulation in both human fetal astrocytes and TSC-SEGA-derived cell
cultures and further evaluated their role in regulating the TLR/IL-1R-interleukin-1 receptor-associated kinase (IRAK)- nuclear factor kappa-B (NF-κB) signaling.
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Materials and Methods

Subjects
The cases included in this study were obtained from the archives of the departments
of neuropathology of the Academic Medical Center (AMC, University of Amsterdam,
the Netherlands), the University Medical Center Utrecht (UMCU, the Netherlands),
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Motol University Hospital (Prague, Czech Republic) and Medical University Vienna (MUV,
Austria). We evaluated 22 patients from whom we obtained anatomically well preserved
neocortical tubers tissue and sufficient clinical data (19 surgical specimens and 3 autopsy
specimens; mean age at resection = 16.7 years; standard deviation (SD)= ± 14.46 years;
range= 0.83 – 47 years; localization: 15 frontal, 6 temporal, 1 parietal; 12 males, 10 females;
TSC1/TSC2 mutation status 5/17; duration of epilepsy: 13.7 ± 12.7 years; daily seizures: >5).
In the surgical cases extensive presurgical evaluation including long term video-EEG
monitoring, high-resolution MRI and neuropsychological testing was performed in order
to characterize the epileptogenic zone. Four cases (two autopsy/two surgical) contained
sufficient amount of perituberal tissue, defined by the absence of dysmorphic neurons
and giant cells on histology. We also evaluated six SEGA (male/female: 4/2; mean age at
surgery: 11.6 years, range: 1 - 23) or surgery for tumor removal because of tumor growth
and/or related obstructive hydrocephalus. The age- and localization-matched control
group consisted of 17 autopsy cases (male/female: 7/10; years/range: 0.2-48; frontal:/temporal/parietal: 9/7/1). None of these patients had a history of seizures or other neurological diseases. Tissue was obtained and used in accordance with the Declaration of
Helsinki and the AMC Research Code provided by the Medical Ethics Committee and
approved by the science committee of the UMC Utrecht Biobank. The local ethical committees of all participating centers gave permission to undertake the study.
Tissue preparation
Brain tissue from control and TSC patients was snap frozen in liquid nitrogen and stored
at -80°C until used for RNA isolation. Additional tissue was fixed in 10% buffered formalin
and embedded in paraffin. Paraffin-embedded tissue was sectioned at 5 µm, mounted
on precoated glass slides (Star Frost, Waldemar Knittel GmbH, Brunschweig, Germany)
and used for in situ hybridization (ISH) and immunohistochemistry. One representative
paraffin block per case was sectioned, stained, and assessed. Sections of all specimens
were processed for hematoxylin-eosin, as well as for immunohistochemical stainings for
a number of neuronal and glial markers as described below.
Immunohistochemistry
Single-label immunohistochemistry was performed, as previously described 35. Sections
were deparaffinated in xylene, rinsed in ethanol (100%, 95%, 70%) and incubated for 20
min in 0.3% hydrogen peroxide diluted in methanol. Antigen retrieval was performed
using a pressure cooker in 0.1M citrate buffer pH 6.0 at 120°C for 10 minutes. Slides were
washed with phosphate-buffered saline (PBS; 0.1M, pH 7.4) and incubated overnight with
the primary antibody in PBS at 4°C. After washing in PBS, sections were stained with a
polymer based peroxidase immunocytochemistry detection kit (PowerVision Peroxidase
system, ImmunoVision, Brisbane, CA, USA). The 3,3’-diaminobenzidine tetrahydrochloride
was used as chromogen. Sections were counterstained with hematoxylin, dehydrated in
alcohol and xylene and coverslipped.
The following antibodies were used in the routine immunohistochemical analysis of TSC specimens (tubers and SEGA): glial fibrillary acidic protein (GFAP; polyclonal
rabbit, DAKO, Glostrup, Denmark; 1:4000; monoclonal mouse; DAKO, Glostrup, Denmark;
1:50), neuronal nuclear protein (NeuN; mouse clone MAB377; Chemicon, Temecula, CA,
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USA; 1:2000), anti-human leukocyte antigen (HLA)-DP, DQ, DR (mouse anti-human
leukocyte antigen (HLA)-DP, DQ, DR, mouse clone CR3/43; DAKO, Glostrup, Denmark;
1:100), and phospho-S6 ribosomal protein (Ser235/236; pS6, rabbit polyclonal, Cell
Signaling Technology, Beverly, MA, USA; 1:50). For the detection of miRNA targets we
used antibodies specific for IRAK1 (mouse clone 3F7, Sigma-Aldrich, St. Louis, Mo, USA;
1:300); TRAF6 (monoclonal rabbit, Abcam, Cambridge, MA, USA; 1:300); PDCD4 (polyclonal rabbit, Abcam, Cambridge, MA, USA; 1:450); SHIP1 (polyclonal rabbit, Cell Signaling
Technology, Beverly, MA, USA; 1:300); phosphatase and tensin homolog (PTEN; monoclonal rabbit, Cell Signaling Technology, Beverly, MA, USA; 1:100).
All labeled tissue sections were evaluated by two independent observers blinded
to clinical data for the presence or absence of various histopathological parameters
and specific immunoreactivity (IR) for the different markers. We also semi-quantitatively
evaluated the IR for different markers, such as GFAP, HLA-DR, TRAF6, IRAK1, PDCD4,
SHIP1 and PTEN. The intensity of the staining was evaluated using a scale of 0-3 [0: -, no;
1: +/-, weak; 2: +, moderate; 3: ++, strong staining]. All areas of the tuber were examined
and the score represents the predominant cell staining intensity found in each case.
The frequency of GFAP, HLA-DR, TRAF6, IRAK1, PDCD4, SHIP1 and PTEN positive cells
[(1) rare; (2) sparse; (3) high] was also evaluated to give information about the relative
number of positive glial cells within the tumor. As described in previous studies 35, 39, the
product of these two values (intensity and frequency scores) was taken to give the overall score (total score; immunoreactivity score; IRS).
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In situ hybridization
ISH for miR21, miR146a and miR155 was performed using 5’-3’ fluorescein (FAM) and double digoxygenin (DIG)-labeled Superior probes (Ribotask ApS, Odense, Denmark; see
Supp. Table 1). The hybridizations were done on 5 µm sections of paraffin embedded
materials as previously described 35. The probes were hybridized at 53oC (miR21) and 56oC
(miR146a and miR155) for 1 h and the hybridization was detected with alkaline phosphatase (AP) labeled anti-DIG (Roche Applied Science, Basel, Switzerland) and AP labeled
anti-fluorescein (Roche Applied Science). NBT (nitro-blue tetrazolium chloride)/BCIP
(5-bromo-4-chloro-3’-indolyphosphate p-toluidine salt) was used as chromogenic substrate for AP. Negative control assays were performed without probes (sections were
blank). For double-staining, combining immunohistochemistry with ISH, sections were
first processed for ISH and then processed for immunocytochemistry with GFAP, NeuN,
(HLA)-DP, DQ, DR (HLA-DR) or pS6. Signal was detected using the chromogen 3-amino-9-ethylcarbazole (Sigma-Aldrich).
Cell cultures
Primary fetal astrocyte-enriched cell cultures were obtained from fetal brain tissue (1419 weeks of gestation) obtained from medically induced abortions with appropriate
maternal written consent for brain autopsy. Tissue was obtained in accordance with
the Declaration of Helsinki and the AMC Research Code provided by the Medical Ethics
Committee of the AMC. Cell isolation was performed as described elsewhere 40, 41. Briefly,
visible blood vessels were removed, after which the tissue was mechanically minced
into smaller fragments. Tissue was enzymatically digested by incubating at 37˚C for 30
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minutes with 2.5% trypsin (Sigma-Aldrich, St. Louis, MO, USA). Tissue was washed with
incubation medium containing Dulbecco’s modified Eagle’s medium (DMEM)/HAM F10
(1:1) medium (Gibco, Life Technologies, Grand Island, NY, USA), supplemented with 50
units/mL penicillin, 50 µg/ml streptomycin and 10% fetal calf serum (FCS; Gibco, Life
Technologies, Grand Island, New York, USA) and triturated by passing through a 70 µm
mesh filter. Cell suspension was incubated at 37˚C, 5% CO2 for 48 h to let glial cells adhere
the culture flask before it was washed with PBS to remove excess of myelin and cell
debris. Cultures were subsequently refreshed twice a week. Cultures reached confluence
after 2-3 weeks.
Primary SEGA cell cultures were derived from surgical brain specimens obtained
from patients (age at surgery: 1 year; gender: 1 m/1 f) undergoing epilepsy surgery or
surgery for tumor growth and/or related obstructive hydrocephalus at the Department
of Pediatric Neurosurgery of the Anna Meyer Children’s Hospital (Florence, Italy). SEGA
cultures were established in the same manner as described above for fetal cultures. One
established SEGA cell line was generously provided by the Department of Pediatrics/
Institute of Neurology of the Medical University of Vienna (Vienna, Austria). The culture
was prepared from tissue obtained at surgery from a TSC patient (age at surgery: 14 yrs;
gender: m; mutation: TSC2). Further established SEGA cell lines, generously provided by
the Laboratory of Molecular and Cellular Neurobiology of the International Institute of
Molecular and Cell Biology (Warsaw, Poland; 42), were prepared from tissue obtained at
surgery from two TSC patients (age at surgery 4 and 11 yrs; gender: m/f ; TSC2 mutation).
The astrocytoma cell line U373 was obtained from the American Type Culture
Collection (Rockville, MD, USA); cells were cultured under the same conditions as primary cell cultures.
Secondary astrocyte cultures for experimental manipulation were established
by trypsinizing confluent cultures and sub-plating onto poly-L-lysine (PLL; 15 µg/mL,
Sigma-Aldrich)-precoated 6 and 12-well plates (Costar; 1 × 105 cells/well in a 6-well plate
for Western blot analysis or 5 ×104 cells/well in a 12-well plate for RNA isolation and PCR).
In the present study astrocytes were used for analyses at passage 1-6.
Transfection and stimulation of cell cultures
Cells plated in PLL-coated plates were transfected with either mimic pre-miRNA (Applied
Biosystems, Carlsbad, CA, USA; see supplementary Table 1) or antisense LNA oligonucleotides for miR146a, miR21 and miR155 (Ribotask ApS, Odense, Denmark). Fluorescent
labeled scrambled mimic (FAMTM dye-labeled Pre-miRTM Negative Control #1, Applied
Biosystems, Carlsbad, CA, USA) or antisense (FAMTM dye-labeled Anti-miRTM Negative
Control #1) LNA oligonucleotides were used to control for non-specific effects of the
oligonucleotides. Oligonucleotides were delivered to the cells using Lipofectamine®
2000 transfection reagent (Life Technologies, Grand Island, New York, USA) in a final
concentration of 50 nM for a total of 24 h. Cell cultures were stimulated with human
recombinant (r)IL-1β (Peprotech, NJ, USA; 10 ng/ml) for 24 hours. Viability of human
cell cultures was not influenced by the treatment with IL-1β (not shown; 41). Cells were
harvested after 24 hours of stimulation and/or transfection. Medium was collected for
the detection of miRNA, IL-6 and HMGB1 release and cells were washed twice with PBS
before harvesting the cell samples.
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RNA isolation
For RNA isolation, frozen brain material or cell culture material was homogenized in
Qiazol Lysis Reagent (Qiagen Benelux, Venlo, The Netherlands). Total RNA including
the miRNA fraction was isolated using the miRNeasy Mini kit (Qiagen Benelux, Venlo,
the Netherlands) according to the manufacturer’s instructions. The concentration and
purity of RNA were determined at 260/280 nm using a Nanodrop spectrophotometer (Ocean Optics, Dunedin, FL, USA) and Qubit® 2.0 Fluorometer (Life Technologies,
Grand Island, New York, USA).
Real-time quantitative analysis (qPCR)
miRNA (miR21, miR146a, miR155 and the U6B small nuclear RNA gene, RNU6B; miR23a)
expression was analyzed using Taqman microRNA assays (Applied Biosystems, Foster
City, CA, USA). cDNA was generated using Taqman MicroRNA reverse transcription kit
(Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions
and the PCRs were run on a Roche Lightcycler 480 thermocycler (Roche Applied Science,
Basel, Switzerland). Quantification of data was performed using the computer program
LinRegPCR in which linear regression on the Log (fluorescence) per cycle number data
is applied to determine the amplification efficiency per sample 43, 44. The starting concentration of each specific product was divided by the starting concentration of a reference
gene (RNU6B or miR23a) and this ratio was compared between groups. To evaluate
IL-1β, IL-6, COX-2 and the miRNA targets (IRAK1, IRAK2, TNF receptor associated factor 6
(TRAF6), PDCD4, SHIP, ERB4, MEF2C, Notch-1 and PTEN), 200 ng of cell culture-derived
total RNA or 2.5 µg human brain material-derived total RNA was reverse-transcribed into
cDNA using oligo dT primers (see Supp. Table 2 for primer sequences).
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Viability assay and IL-6 release
To determine the viability of U373 and fetal cells with flow cytometry, suspended cells
were incubated with eFluor dye (1:2000, Fixable viability dye eFluor 780, eBioscience,
San Diego, CA, USA) for 30 min on ice and washed with PBS/1% bovine serum albumin

Figure 1 Quantitative real-time PCR of miR21, miR146a and miR155 in TSC. Expression levels of
miR21, miR146a and miR155 in TSC cortical tubers and perituberal cortex (n=4). Data are expressed
relative to the levels observed in control cortex (n=10); miRNA expression was normalized to that
of the U6B small nuclear RNA gene (RNU6B). The error bars represent SEM; statistical significance: *p<0.05, **p<0.01, Kruskal-Wallis test followed by Dunn’s multiple comparison test.
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afterwards. Flow cytometric analysis was performed using a FACSCanto Flow Cytometer
together with FACSDiva software (BD Biosciences, San Diego, CA, USA). Data analysis
was performed with FlowJo 7.6 software (TreeStar, Ashland, OR, USA). Levels of IL-6
were measured in culture supernatants using the PeliKine CompactTM IL-6 ELISA kit
(Sanquin, Amsterdam, the Netherlands) according to the manufacturer’s instructions.
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Statistical analysis
Statistical analyses were performed with GraphPad Prism® software (GraphPad software Inc., La Jolla, CA, USA) using non-parametric statistical testing. Mann-Whitney U
test was used for analyzing cell culture data. To assess differences in RNA expression
between multiple groups in human samples, non-parametric Kruskal–Wallis testing with
correction for multiple comparisons (Dunn’s method) was used. Correlations were
assessed using the Spearman’s rank correlation test. P<0.05 was assumed to indicate a
significant difference.

Results

miR21, miR146a and miR155 expression by real time qPCR in TSC
Expression of miR21, miR146a and miR155 was studied using qPCR in control human cerebral cortex and in cortical tubers and perituberal cortex from TSC patients. Expression of
all three miRNAs was increased in cortical tubers compared to control cortex (Fig. 1A-C,
pairwise comparison following Kruskal-Wallis, miR21: P<0.01, miR146a: P<0.05, miR155:
P<0.05); expression in perituberal cortex (n=4) was not different compared to controls or tubers. As previously shown, there were no differences in expression between
autopsy and surgical control samples 33, 35. A positive correlation was observed between
all three miRNAs and GFAP IRS within the tuber (miR21: r=0.569, P=0.001; miR146a: r=0.47,
P=0.008; miR155: r=0.47, P=0.007). Expression of IL-1β was increased in cortical tubers
compared to control cortex (Supp. Fig. 1, P<0.001) and was positively associated with
the expression of miR21 and miR155 (miR21: r=0.668, P<0.001; miR155: r=0.371, P=0.043).
No association was found between miR21, miR146a and miR155 expression and
clinical features, including gender, age at epilepsy onset, age at surgery, pre-operative
seizure frequency or duration of epilepsy.
miR21, miR146a and miR155 expression by in situ hybridization in TSC
The cellular distribution of miR21, miR146a and miR155 in control, perituberal cortex,
Figure 2 In situ hybridization of miR21 in control, perituberal cortex, TSC cortical tuber and SEGA.
A-B: miR21, control grey (A) and white matter (B); miR21 was expressed at low levels in neurons
(arrows in A) and was undetectable in glial cells. C: perituberal cortex (peri-ctx), showing moderate miR21 expression in neurons (arrows; insert in D) and glial cells (arrowheads). D-I (cortical
tuber); miR21 was expressed in neurons (arrows, D-E), glial cells (arrowheads, D-E) and giant cells
(asterisk in E). F-I (double labeling); F: expression of miR21 in dysmorphic neurons (NeuN positive, red). G: expression of miR21 in GFAP positive cells (red). H: absence of co-localization with
HLA-DR (microglia, red). I: expression of miR21 in pS6 positive cells (red). J-M: miR21 expression in
subependymal giant cell astrocytoma (SEGA); K-M (double labeling): expression of miR21 in GFAP
positive tumor cells (red; K); absence of colocalization with HLA-DR (microglia, red; L); expression
of miR21 in pS6 positive cells (red, M). Scale bar in M: A-D: 60 µm. E-M: 40 µm.
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Figure 3 In situ hybridization of miR146a in control, perituberal cortex, TSC cortical tuber and
SEGA. A-B: miR146a, control grey (A) and white matter (B); miR146a was expressed in neurons
(arrows in A), but was undetectable in glial cells. C: perituberal cortex (peri-ctx), showing low expression of mi146a. D-G (cortical tuber), showing strong expression of miR146a within the tuber;
arrows in E indicate dysmorphic neurons (high magnification, insert a); arrowheads in E and arrows in F indicate cells with glial morphology (high magnification, insert b in E); insert c in E shows
expression in a dysmorphic neurons (NeuN positive, red); insert in F shows expression of miR146a
in a GFAP positive cell (red). G: expression in giant cells; insert in G: expression of miR146a in pS6
positive cells (red). H: mi146a expression in subependymal giant cell astrocytoma (SEGA); insert
a: expression of miR146 in GFAP positive tumor cells; insert b in H: expression of miR146a in pS6
positive cells (red). Scale bar in H: A-B: 80 µm. C-D: 160 µm E-H: 40 µm.
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tuber and SEGA specimens was investigated using ISH (Figs. 2-4). In both control and
perituberal cortex, miR21 was expressed at low levels in neuronal cells (Fig. 2A-C); only
occasionally expression was detected in glial cells in perituberal cortex (Fig. 2C). miR21
expression was more evident within the tuber; we detected miR21 expression in cells
with astroglial morphology, in dysmorphic neurons and in giant cells (Fig. 2D-I). Double
labeling confirmed miR21 expression in NeuN-, GFAP-, and pS6-positive cells, whereas no
detectable expression was observed in HLA-DR positive cells, indicating microglia and
macrophages (Fig. 2F-I). miR21 was encountered in all the SEGA specimens examined,
with moderate to strong expression in GFAP- and pS6-positive cells (Fig. 2J-M). In control cortex miR146a was expressed at low levels in neuronal cells, but was undetectable in
glial cells (Fig. 3A,B). miR146a expression was increased in the tuber (Fig. 3D-F) compared
with control and perituberal cortex (Fig. 3C). We detected miR146a expression in cells
with typical astroglial morphology, in dysmorphic neurons and giant cells (Fig. 3E-G);
double labeling confirmed miR146a expression in NeuN-, GFAP-, and pS6-positive cells,
whereas no detectable expression was observed in HLA-DR positive cells (not shown).
miR146a was encountered in all the SEGA specimens examined, with expression in GFAPand pS6-positive cells (Fig. 3H). Expression of miR155 in control and perituberal cortex
was mainly observed in neuronal cells, but was undetectable in glial cells (Fig 4A-C). In
tubers miR155 was expressed in both dysmorphic neurons, glial and giant cells (NeuNand GFAP- positive cells; Fig. 4D-H); we also observed expression of miR155 in blood
vessels (Fig. 4E-F; co-localization with CD34). Expression of miR155 was also encountered
in SEGA specimens (Fig. 4I; GFAP- and pS6-positive cells, not shown).
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miRNA target expression in TSC
Evaluation of mRNA expression levels of downstream targets of miR21 (PTEN, PDCD4,
Neurotrophin-3 and MEF2C), miR146a (IRAK1, IRAK2 and TRAF6, ERBB4 and NUMB),
and miR155 (SHIP1), showed up-regulation of IRAK2 and TRAF6 in TSC compared with
controls (data not shown; pairwise comparison following Kruskal-Wallis, IRAK1: P<0.05,
IRAK2: P<0.05, TRAF6: P<0.05, NUMB: P<0.05); only a tendency toward an increase was
detected for SHIP1 (P<0.057). Expression of miR146a correlated with the downstream
target IRAK1 (r=0.4770, P=0.0077). Since these target genes are known to be expressed
in different cell types, we evaluated the expression and cellular distribution of PDCD4,
TRAF6, IRAK1 and SHIP1 in tubers by immunohistochemistry. As previously reported 35
expression in glial cells was observed for all targets evaluated. However, we detected a
negative correlation only between the TRAF6 and IRAK1 IRS and miR146a expression
(TRAF6: r=-0.427, P=0.0, IRAK1: r=-0.377, P=0.03).
Regulation of miR21, miR146a and miR155 expression by IL-1β in cell culture
In the present study we used both human fetal astrocytes and SEGA-derived cells in culture to examine the effect of IL-1β on miR21, miR146a and miR155 expression. qPCR analysis demonstrated that exposure to IL-1β increased miR21, miR146a and miR155 expression
in both astrocytes and SEGA cells (Fig. 5A,C, miR21: P=0.0042, miR146a: P<0.0001, miR155:
P<0.0001 in fetal astrocytes and miR21: P=0.0226, miR146a: P<0.0001, miR155: P=0.0011 in
SEGA-derived cells). The induction of miR146a was prominent and was associated with
extracellular release in both cell cultures (Fig. 5B,D; P=0.0008 in fetal and P=0.0012 in
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SEGA-derived cells).
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Regulation of miR21, miR146a and miR155 expression and their targets by transfection with miRNA inhibitor or miRNA mimic
Fetal astrocytes and SEGA-derived cells in culture were used to examine the effect
of specific anti-miRNA LNA or miRNA mimic oligonucleotides upon IL-1β induction
of miR21, miR146a and miR155 (Fig. 6A-F). qPCR revealed that transfection with 50 nM
anti-miRNA LNA for 24 h could significantly and consistently reduce the IL-1β-induced
up-regulation of the corresponding miRNA in almost all cases in both cell types (miR21:
P<0.0001, miR146a: P<0.0001, miR155: P<0.0001 in fetal astrocytes and miR21: P<0.0001,
miR146a: P=0.0073, miR155: P>0.05 in SEGA-derived cells). In contrast, under basal conditions, only miR21 expression was reduced after transfection with anti-miRNA LNA (Fig.
6A,D; P<0.001 for both cell types) and miR146 levels were slightly increased compared
with control in fetal astrocytes (Fig. 6B; P<0.001) but not in SEGA cells (Fig. 6E).
After transfection with miRNA mimic, overexpression of the specific miRNA was
seen in fetal astrocytes and SEGA-derived cells under both basal and stimulated conditions (Fig. 6A-F; P<0.001 for all three miRNAs in both cell types). Although miR21 has
been shown to regulate miR155 expression by promoting the expression of IL-10, acting
as negative regulator of miR155 expression 26, 27, the levels of miR155 were not influenced
by miR21 transfection under our experimental conditions. LNA negative control and
mimic negative control did not affect the levels of miRNA expression. Cell viability was
not influenced by anti-miRNA LNA or miRNA mimic transfections and IL-1β treatment
(data not shown).
Since the transfection of small RNAs may result in complex effects on gene regulation 45,
46
we evaluated the effect of miRNA overexpression or knockdown on the expression of
specific mRNA targets.
RT-PCR analysis was performed to evaluate the effect of modulation in culture of miR21 and miR146a levels on the mRNA expression of putative targets related
to inflammatory pathways, such as the IL-1R/TLR. Transfection with miR21 mimic significantly decreased the mRNA expression level of PDCD4 under both basal and stimulated
conditions (Supp. Fig. 2A,E; P<0.0001 for both basal and stimulated conditions in fetal
astrocytes, P=0.0022 under basal and P=0.0152 under stimulated conditions in SEGAderived cells), whereas the effect of anti-miR21 LNA on PDCD4 was variable, showing no
changes under stimulated conditions and even a slight decrease of PDCD4 under basal
conditions (Supp. Fig. 2A, E; P=0.0232 for fetal astrocytes, P=0.0152 for SEGA-derived
cells).
Transfection with miR146a mimic decreased the mRNA expression level of TRAF6
(Supp. Fig. 2B,F; P=0.0007 for fetal astrocytes, P=0.0022 for SEGA-derived cells) and
IRAK1 (Supp. Fig. 2C,G; P<0.0001 for fetal astrocytes, P=0.0022 for SEGA-derived cells),
whereas transfection with anti-miR146a LNA increased the expression of these targets
under both basal and stimulated conditions in fetal astrocytes (Supp. Fig. 2B-C; TRAF6:
P<0.0001 under basal, P=0.0002 under stimulated conditions; IRAK1: P<0.0001 under
basal, P=0.0007 under stimulated conditions). In SEGA-derived cells, anti-miR146a LNA
increased the expression of TRAF6 under stimulated conditions (Supp. Fig. 2F; P=0.0152),
under basal conditions only a trend was visible (P=0.0649). No significant changes of
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Figure 4 In situ hybridization of miR155 in control, perituberal cortex and TSC cortical tuber and
SEGA. A-B: miR155, control grey (A) and white matter (B); miR155 was expressed in neurons (arrows in A), but was undetectable in glial cells. C: perituberal cortex (peri-ctx), showing low expression of miR155. D-H (cortical tuber), showing expression of miR55 within the tuber; arrows in D
indicate dysmorphic neurons, arrowheads point to a positive blood vessel, asterisks in D indicates
positive giant cells. Inserts in E show miR155 expression in GFAP (a), NeuN (b) and CD34 positive
cells (c; endothelial cells); arrows in F indicate giant cells, arrowheads point to a positive blood
vessel; arrows in D and H indicate dysmorphic neurons; arrowheads in G indicate a positive blood
vessel; arrowheads in H indicate positive glial cells. I: miR155 expression in subependymal giant cell
astrocytoma (SEGA). Scale bar in I: A-E: 80 µm. F-I: 40 µm.
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Figure 5 Effects of IL-1β stimulation on miR21, miR146a and miR155 expression in cultures. Quantitative real-time PCR of miRNA expression intracellular and release in the supernatant fraction
in human fetal astrocytes and SEGA-derived cell cultures. A and C. Expression levels of miR21,
miR146a and miR155 after 24 hours exposure to IL-1β (10 ng/ml). Stimulation with IL-1β increased
expression of all three microRNAs compared to control. B and D. Extracellular release of miR21,
miR146a and miR155 after 24 hours exposure to IL-1β. Stimulation with IL-1β increased miR146a release in the medium. Data are expressed relative to the levels observed in untreated cells and are
mean ± SEM from five (A) or three (B, C and D) experiments on cultures derived from separate
donors performed in triplicate. *p<0.05, **p<0.01, ***p<0.001 compared to control, Mann Whitney
U test. SEGA: subependymal giant cell astrocytomas.

IRAK2 mRNA expression were observed after transfection of both miR146a mimic and
anti-miR146a LNA compared with control and IL-1β stimulated fetal astrocytes (Supp.
Fig. 2D). However in SEGA-derived cells anti-miR146a LNA positively modulated the levels
of IRAK2 mRNA upon IL-1β stimulation (Supp. Fig. 2H; P=0.0152).
SHIP1 mRNA expression was not modulated by transfection with miR155 mimic
or anti-miR155 LNA under our experimental conditions (not shown). No changes of
complement factor H (CFH) mRNA expression were observed after transfection of all
three miRNA mimics.
Effects of miR21, miR146a and miR155 inhibition or overexpression on IL-1βmediated induction of IL-6 and COX-2 mRNA
We also evaluated the effect of modulation of miRNA levels in culture on IL-1βinduced expression of two major inflammatory mediators, IL-6 and cyclo-oxygenase-2
(COX-2) (Fig. 7A-L).
Transfection with miR21 mimic or anti-miR21 LNA did not affect the levels of
IL-6 and COX-2 under stimulated conditions in fetal cells (Fig. 7A,D). In SEGA-derived
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cells, inhibition of miR21 with anti-miR21 LNA increased IL-6 expression under stimulated
conditions (Fig. 7G; P=0.0087) and a similar trend can be seen for COX-2 in fetal and
SEGA (Fig. 7D,J). In fetal astrocytes a modest decrease of IL-6 and increase of COX-2 was
observed after miR21 mimic transfection under basal conditions (Fig. 7A,D; P=0.0011 and
P=0.0001, respectively).
Transfection with miR146a mimic down-regulated IL-1β-induced IL-6 mRNA levels in both human fetal astrocytes and SEGA cells (Fig. 7B,H; P=0.0089 and P=0.0043,
respectively); decreased expression of IL-6 was also detected under basal conditions
in fetal astrocytes (Fig. 7B; P<0.0001). In contrast, anti-miR146a LNA transfection significantly increased the levels of IL-6 induced by IL-1β in SEGA cells (Fig. 7H; P=0.0411).
COX-2 mRNA levels were decreased by miR146a mimic under basal condition in fetal
astrocytes (Fig. 7E; P=0.0015) and a tendency toward a decreased expression was also
detected under stimulated conditions in both cell types (Fig. 7E,K). In contrast, antimiR146a LNA transfection significantly increased the levels of COX-2 under basal conditions in both fetal and SEGA cells (Fig. 7E,K; P<0.0001 and P=0.0022, respectively).
Further, inhibition of miR146a increased the levels of COX-2 induced by IL-1β in SEGA
cells (Fig. 7K; P=0.0411), and a similar trend can be seen in fetal astrocytes (Fig. 7E).
Transfection with miR155 mimic up-regulated IL-1β-induced IL-6 and COX-2
mRNA levels, in both human fetal astrocytes and SEGA cells (Fig. 7C,F,I,L; IL-6: P=0.0355,
COX-2: P=0.0015 in fetal astrocytes and IL-6: P=0.026, COX-2: P=0.026 in SEGA-derived
cells). Increased expression of IL-6 and COX-2 was also detected under basal conditions
(P<0.0001 for both in fetal astrocytes and P=0.0022 for both in SEGA-derived cells). AntimiR155 LNA transfection increased the levels of COX-2 mRNA only under basal conditions in fetal astrocytes (Fig. 7F; P<0.0001), but not in the other experimental conditions.
Co-transfection with miR146a mimic and anti-miR155 LNA resulted in additional decrease
of IL-1β-induced IL-6 and COX-2 mRNA levels fetal cells (P=0.0339 and P<0.0001, respectively), and on COX-2 mRNA levels in SEGA cultures (P=0.0106) compared with miR146a
mimic transfection alone (Supp. Fig. 3).
We also evaluated the release of IL-6 in response to IL-1β stimulation by ELISA.
Transfection with the miR146a mimic (but not miR21 or miR155) reduced the release
induced by IL-1β in fetal astrocytes (P=0.0294; data not shown).
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Discussion

This study provides supportive evidence of the induction of inflammation-related miRNAs associated with the activation of the IL-1R/TLR pathway in TSC brain lesions, highlighting the differential role of these microRNAs in the regulation of the glia mediated
inflammatory response. The cell-specific distribution of miR21, miR146a, and miR155 in
TSC brain lesions (tuber and SEGA), as well as the effects of their modulation upon
IL-1β-mediated glial inflammatory and possible contribution to astrogliopathology in
TSC, are discussed in the following paragraphs.
Inflammation-related microRNAs in TSC brain lesions
In the present study we observed in a large cohort of TSC specimens, increased expression of three inflammation-related miRNAs, miR21, miR146a and miR155. ISH showed
expression in dysmorphic neurons, giant cells and reactive astrocytes within the tuber,
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which is in agreement with previous studies 34, 35, 47-49. Expression of miR155 was also
detected in endothelial cells. In line with this, miR155 expression in blood vessels has
been reported in GG 35 and this miRNA has been shown to be implicated in endothelial
cell functions and angiogenesis 50-53.
The positive correlation observed between miR21, miR146a and miR155 and the
expression of GFAP in tubers supports the role of astrocytes as source and targets of
regulation of these miRNAs. Accordingly, miR21, miR146a 34 and miR155 (unpublished
observations) are prominently upregulated in the hippocampus after induction of status
epilepticus (SE) during the latent period preceding the onset of seizures which is associated with prominent astrogliosis and increased levels of pro-inflammatory cytokines,
such as IL-1β 54, 55. Up-regulation of miRNA146a in astrocytes has also been detected in
hippocampal specimens of patients with temporal lobe epilepsy (TLE) in regions with
astrogliosis 54, 56. In addition, we recently reported expression of miRNA155 in ganglioglioma (GG) with increased expression in peritumoral tissue (also in reactive astrocytes)
compared with the tumor 35.
Strong expression of these miRNAs was also detected in SEGAs, which are lowgrade, slow-growing glial tumors that usually develop in children and adolescents with
TSC and represent a major cause of morbidity and mortality 57, 58. miR21 recently emerged
as one of the important dysregulated miRNAs in gliomas, possibly involved in the regulation of migration and survival of glioma cells 59-62. Increasing evidence supports the key
role of miR155 in both inflammation and oncogenesis (for review see 26, 63-65), as well as
in inflammation-induced oncogenesis 66. miR146a has also been recently suggested to
modulate glial cells proliferation and differentiation 67. Thus, further studies are needed
to determine whether the expression levels of these miRNA would influence SEGA cells
proliferation and differentiation, as well as tumor recurrence.
Regulation of astrocyte-mediated inflammatory response
Our in vitro findings support the role of IL-1β as major inducer of these miRNAs in both
human astrocytes and SEGA cells 33, 35; present data). Moreover a positive correlation was
observed between these miRNAs and IL-1β in both tumor and peritumoral cortex in GG
35
and in TSC specimens (miR21 and miR155, present data).
Previous studies have shown that miR21 can be induced by NF-κB and may act
as negative-feedback regulator of Toll-like receptor signaling via targeting of the pro-inflammatory tumor suppressor PDCD4 27, 28, 61, 68, 69. In the present study we confirmed the
intracellular induction of this microRNA by IL-1β in both astrocytes and SEGA cells. This
observation is also supported by the positive correlation detected in cortical tubers
between miR21 levels and the expression of IL-1β. Several studies indicate a complex role
for miR21 in the modulation of inflammation with both positive and negative regulatory
effects 64 The anti-inflammatory effects of miR21 have been attributed to the targeting
of PCDC4 which results in an increase of the anti-inflammatory cytokine interleukin-10 64,
70
. However, in our study, although transfection with miR21 mimic decreased the mRNA
expression level of PDCD4 in both astrocytes and SEGA cells, the increased level of this
microRNA did not interfere with IL-1β-mediated induction of IL-6 or COX-2. Moreover,
we did not detect any significant correlation between miR21 expression in cortical tubers
and its targets PDCD4, PTEN, Neurotrophin-3 and MEF2C.
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Figure 6 miRNA expression levels after modulation in cultures. Quantitative real-time PCR of
miR21 (A and D), miR146a (B and E) and miR155 (C and F) expression in human fetal astrocytes and
SEGA-derived cell cultures after transfection with either mimic or inhibitor for the corresponding
miRNA. Cultures were transfected during 24 hours, followed by 24 hours exposure to IL-1β (10
ng/ml). Transfection with miR21, miR146a and miR155 mimic increased the expression levels of the
corresponding miRNAs substantially compared to control, both in cells exposed to IL-1β (10 ng/
ml) and in unstimulated cells. Transfection with miR21, miR146a or miR155 inhibitors 24 hours before IL-1β exposure prevented the IL-1β-induced increased expression of the three miRNAs. Data
are expressed relative to the levels observed in untreated cells and are mean ± SEM from five fetal
and four SEGA experiments on cultures derived from separate donors performed in triplicate.
*p<0.05, **p<0.01, ***p<0.001 compared to control; ##p<0.01, ###p<0.001 between experimental
samples, Mann Whitney U test. SEGA: subependymal giant cell astrocytomas.

In the present study we provide evidence of both induction and release of
miR146a upon stimulation with IL-1β in both cell types. Extracellular release of miRNAs
has been shown to take place through different processes, including passive leakage
from dying cells, as well as active secretion via microvesicles or using a microvesicle-free
pathway 71, 72. However, under our experimental conditions cell viability was not influenced by IL-1β stimulation or treatment with miRNA mimic, making passive release
from dying cells less likely. Extracellular miRNAs, may represent a new form of intercellular communication, acting as signaling molecules 72-74 and a promising class of biomarkers
in different neurological conditions, including epilepsy 75. Interestingly, increased miR146a
plasma levels have been reported in a rat model of TLE 34, as well as in a large cohort of
epilepsy patients compared with controls 76. Emerging evidence indicates that the level
of miR146a may influence seizure activity in experimental models, through modulation
of the inflammatory response (77, 78; unpublished observation). Accordingly, miRNA146a
has been identified as key negative-feedback regulator of the astrocyte-mediated inflammatory response (for reviews see 27, 28, 33. In the present study, we confirm the ability of
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Figure 7 IL-6 and COX-2 expression levels after miRNA modulation and IL-1β stimulation. Quantitative real-time PCR of IL-6 (A-C and G-I) and COX-2 (D-F and J-L) expression in human fetal
astrocytes (A-F) and SEGA-derived cell cultures (G-L) after transfection with either mimic or
inhibitor of miR21 (A, D, G, J), miR146a (B, E, H, K) and miR155 (C, F, I, L). Data are expressed relative to the levels observed in untreated cells and are mean ± SEM from five fetal and four SEGA
experiments on cultures derived from separate donors performed in duplicate. *p<0.05, **p<0.01,
***p<0.001 compared to control; #p<0.05, ##p<0.01, ###p<0.001 between experimental samples, Mann Whitney U test. SEGA: subependymal giant cell astrocytomas.

miR146a to modulate the IL-1R/TLR pathway, targeting downstream signaling molecules;
26, 36-38
. In both human astrocytes and SEGA cell cultures transfection with miR146a mimic
reduced IRAK1 and TRAF6 mRNA after stimulation with IL-1β and modulation of IRAK2
was also detected in SEGA cells. Another potential target of both miR146a and miR155 is
complement factor H (CFH), which is a major negative regulator of the innate immune
and inflammatory response 79, 80. Thus, the possible repression of CFH, has to be taken
into account with respect to the interpretation of the ultimate effects of changes in the
expression of miR146a. However, under our experimental conditions and in both cell
types used, we did not detect significant changes in the expression of CFH after overex-
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pression or knockdown experiments targeting all three miRNAs.
To study the effects of miR146a modulation on the IL-1β-mediated inflammatory response we evaluated the levels of IL-6 and COX-2, which have been reported to be
associated with astrogliosis in different pathological conditions (for reviews see 81-84) and
are prominently induced by IL-1β in human astrocytes, as well as in SEGA cells (33; present data). The in vitro experiments confirmed in both fetal astrocytes and SEGA cells
the negative regulation by miR146a of IL-1β-induced IL-6 mRNA expression. Moreover,
COX-2 mRNA levels were decreased by miR146a in unstimulated astrocytes and a tendency toward a decreased IL-1β-induced COX-2 mRNA expression was detected in both
cell types. The anti-inflammatory role of miR146a is also supported by its ability to regulate the IL-1β induced release of several other proinflammatory factors, such as HMGB133.
miR155 expression has been shown to be up-regulated in human astrocytes in
culture in response to cytokines and TLR ligands 35, 85. In the present study we confirmed
the induction of miR155 in response to IL-1β in human fetal astrocytes and in SEGA
cells. Similar to miR21, a complex role for this miRNA has been reported in inflammation
with both positive and negative regulatory effects on the NF-κB signaling pathway 86;
reviewed in 26, 27, although in vitro studies support the positive role in the induction of
proinflammatory genes in human astrocytes 85. We show that transfection with miR155
mimic further up-regulated IL-1β-induced IL-6 and COX-2 mRNA levels, in both human
fetal astrocytes and SEGA cells, supporting the pro-inflammatory action of this miRNA
in astrocytes. Thus, since IL-1β also increased the levels of miR155, its induction may
potentially counteract the anti-inflammatory function of miR146. Indeed, cotransfection
with miR146a mimic and miR155 inhibitor resulted in additional negative regulation of
IL-1β-mediated response. However, the mRNA levels of the miR155 targets, SHIP1 and
CFH, which have been suggested to mediate the miR155 proinflammatory effects 79, 87
were not modulated under our experimental conditions and we failed (in contrast to
GG 35) to detect a significant negative correlation between miR155 expression and SHIP1
protein expression in tubers. Thus, considering the large number of potential miR155 targets recently detected and validated, further investigation of these target genes will be
required to elucidate the specific mechanisms and functions of miR155 on the regulation
of the astrocyte-mediated inflammatory response as well as on glial cell proliferation.
A recent study also suggests a key role of this miRNA in inflammation-induced
neurogenic deficits via microglial activation and induction of IL-6 88. This is particularly
interesting in view of the possible contribution of immunological dysfunctions and
microglial activation, occurring early during development, to the pathogenesis of neurobehavioral disabilities, which are common in TSC patients (for reviews see 89-92). Moreover,
miR155 has been shown to play a key role in autophagy targeting multiple players in the
mTOR pathway 93. Thus the consequences of miRNA deregulation on both neuronal and
glial function via a regulation of the mTOR pathway deserves further investigation.
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Inflammation and inflammation-related microRNAs in the astrogliopathology
of TSC brain
Our observations point to a deregulation of the inflammatory response in glial cells,
which is in line with other studies showing a deregulation of inflammation-related
microRNAs in different epilepsy associated pathologies in which gliosis is prominent 24, 25,
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. In particular, significant up-regulation of IL-1R/TLR pathway-related microRNAs such
as miR21, miR146a and miR155 has been reported during epileptogenesis in experimental
temporal lobe epilepsy 34, as well in focal cortical dysplasia (FCD) tissue samples 94 and in
glioneuronal tumors 35.
Morphological and functional astrocytic abnormalities, with a prominent
population of reactive astrocytes, represent a major feature of TSC brain pathology.
Furthermore,evidence is emerging supporting the potential of astrogliosis to play a primary or contributing role to neurologic dysfunction in TSC (for reviews, see 29, 95). In
particular, few recent studies described in details the morphological and immunophenotypical features of astrogliosis in TSC, providing evidence of mTOR activation in reactive
astrocytes within the tuber, as well as in epileptogenic perituberal cortex 96-98. These
observations suggest that up-regulation of the mTOR pathway could contribute to neurologic dysfunction in TSC by directly affecting not only neurons but also astrocytes
29, 95, 99
. Accordingly, astroglial abnormalities have been reported in several mouse TSC
models, including the TSC1 conditional knockout mice, in which glia abnormalities are
partial rescued by the mTOR inhibitor rapamycin 100.
Since experimentally induced seizures in rodents trigger astrogliosis and production of cytokines, such as IL-1β 29, 30 it is still an open issue whether the dysregulation
of astrocyte immune-inflammatory responses, involving also the induction of inflammation-related microRNAs, could simply represent the consequence of recurrent seizures.
However, the observation of prenatal activation of the IL-1R/TLR signaling in TSC brain
17, 18
suggests that the induction of these signaling pathways could be intrinsic to the
developmental lesion and linked to the deregulation of the mTOR pathway. In line with
this, a recent study shows over-activation of IL-1β signaling pathway in astrocytes before
epilepsy onset in a mouse model of TSC 19.
In contrast, it is likely that pro-inflammatory cytokines, such as IL-1β, may further activate astrocytes within tubers, inducing NF-κB-sensitive microRNAs, as supported by
our in vitro data. It is likely that expression of miR146a in astrocytes may represent an
attempt to regulate the inflammatory response triggered by IL-1β and counteract other
co-induced pro-inflammatory miRNAs, as suggested by our observations. This might be
particularly interesting, considering that activation of astrocyte-mediated inflammatory
response may alter neural network excitability 29, 30, 101, 102. Whether induction of NF-κBsensitive microRNAs may also influence astrocyte proliferation and/or modulate the
mTOR pathway deserves further investigation.
The use of fixed material, representing the chronic stage of the human disease,
cannot give information on the timecourse of the inflammation-related microRNAs
during epileptogenesis in TSC. Thus mouse TSC models may be useful to provide this
information and to further study the consequences of their modulation in vivo on TSC
astroglial abnormalities and epileptogenesis. Recent evidence about developmental regulation of miRNAs, including NF-κB-sensitive microRNAs, in human astrocytes 103, open
the question whether dysregulation inflammation-related microRNAs in fetal brain may
also contribute to neurobehavioral abnormalities in TSC 89, 90.
31-33
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Conclusion
This study provides supportive evidence of the role of inflammation-related microRNAs
in TSC brain, emphasizing the prominent role of astrocytes as source of these microRNA
and targets of regulation by IL-1β. In particular, miR146a and miR155 appear to be key
players in the regulation of astrocyte-mediated inflammatory response, displaying opposite, but interrelated functions. Thus the relationship between activation of the IL-1R/
TLR signaling and the dynamic changes in the ratio between these two miRNAs, involving
also noncell autonomous regulation via secreted miRNAs, seem to play a critical role
in modulating the immune response in TSC brain. Although IL-1β increased miR146a
levels, these levels were not sufficient to reduce IL-1R/TLR signaling. An overexpression
of miR146a is required to counteract other coinduced pro-inflammatory miRNAs, such
as miR155. Thus, miR146a represents an attractive target for further preclinical studies
in neurological disorders, including TSC, associated with a chronic deregulation of the
inflammatory response.
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Supplementary Figure 1 Expression levels of IL-1β mRNA in cortical tubers. Quantitative realtime PCR of IL-1β mRNA expression in TSC and control samples, expressed as IL-1β/EF-1a relative
amount; white column represent control samples, black column represent tuber samples (n= 15),
grey column represent perituberal tissue samples (n=4), *p<0.05, compared to control (n=10).
Kruskal-Wallis test followed by Dunn’s multiple comparison test.
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Supplementary Figure 2 Expression levels of miRNA targets after miRNA modulation.
Quantitative real-time PCR of PDCD4 (A and E), TRAF6 (B and F), IRAK1 (C and G) and IRAK2
(D and H) expression in human fetal astrocytes (A-D) and SEGA-derived cell cultures (E-H) after
transfection with either mimic or inhibitor of miRNA21 (A and E, PDCD4) and miRNA 146a (B-D;
F-H, TRAF6, IRAK1-2). Data are expressed relative to the levels observed in untreated cells and are
mean ± SEM from five separate experiments performed in duplicate. *p < 0.05, **p < 0.01, ***p <
0.001 compared to control; #p < 0.05, ##p < 0.01, ###p<0.001 between experimental samples,
Mann-Whitney U test. SEGA: subependymal giant cell astrocytomas.
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Supplementary Figure 3 IL-6 and COX2 expression levels after co-transfection with miRNA146a
and anti-miRNA155 and IL-1β stimulation. Quantitative real-time PCR of IL-6 (A, C) and COX2 (B,
D) expression in human fetal astrocytes (A, B) and SEGA-derived cell cultures (C, D) after either
separate or simultaneous transfection with mimic of miRNA146a and anti-miRNA155 LNA. Data
are expressed relative to the levels observed in untreated cells and are mean ± SEM of qPCR
performed in triplicate from one representative fetal and one representative SEGA culture experiment performed in triplicate. ***p < 0.001 compared to control; #p < 0.05, ### p <0.001 between
experimental samples, Mann-Whitney U test. SEGA: subependymal giant cell astrocytomas.

139

Supplementary Table 1 Antisense LNA and mimic pre-miRNA sequences.
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miRNA

Sequence

Hybridization
temperature

Anti-hsa-miR-21-5p

5’DIG-lTmCmAlAmCmAlTmCmAlGmUmClTmGmAlTmAmAlGmCmUlA-DIG

53

Anti-hsa-miR-146a-5p

5’FAM-lAmAmClCmCmAlTmGmGlAmAmUlTmCmAlGmUmUlCmUmClA

56

Anti-hsa-miR-155-5p

5’DIG- lAmCmClCmCmUlAmUmClAmCmGlAmUmUlAmGmClAmUmUmAlA-DIG

56

hsa-miR-21-5p

UAGCUUAUCAGACUGAUGUUGA

-

hsa-miR-146a-5p mimic

UGAGAACUGAAUUCCAUGGGUU

-

hsa-miR-155-5p

UUAAUGCUAAUCGUGAUAGGGGU

-

mimic

mimic

l (small letter L) = LNA modification; m = 2-o-methyl modification; DIG = digoxygenin label; FAM
= fluorescein.

Supplementary Table 2 Primer sequences.
Gene

Forward primer

Reverse primer

IL-1β

gcatccagctacgaatctcc

gaaccagcatcttcctcagc

99

gcccgaggagtacatcaaga

ctctgaccagccaaggtctc

93

IRAK1

140

Amplicon size (nt)

IRAK2

cctcctctgaggcctgtgt

tgatctcaatttgccacgaa

72

TRAF6

tggcattacgagaagcagtg

tggacatttgtgacctgcat

95

PDCD4

tggaaagcgtaaagatagtgtgtg

ttctttcagcagcatatcaatctc

91

SHIP1

gtccaaggatggttctgagg

gtgacttaatgagctgcaggatt

65

ERBB4

aggagtgaaattggacacagc

tctcggtatacaaactggtttcc

71

MEF2C

tgatcagcaggcaaagattg

tggacactgggatggagact

72

NTF3

aaaaacggttgcaggggtat

ggtttgggatgttttgcact

63

PTEN

gcacaagaggccctagatttc

cgcctctgactgggaatagt

77

NUMB

gttgtcatgggggaggtg

ttgcttaagcctcaaatctgc

105

CFH

cctgacctcccaatatgtaaaga

ttccttaacattcccattgagg

78

EF1A

atccacctttgggtcgcttt

ccgcaactgtctgtctcatatcac
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Abstract
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Astrocytes are important mediators of inflammatory processes in the brain and seem
to play an important role in several neurological disorders, including epilepsy. Recent
studies show that astrocytes produce several microRNAs, which may function as crucial
regulators of inflammatory pathways and could be used as therapeutic target. We aim
to study which miRNAs are produced by astrocytes during IL-1β mediated inflammatory
conditions in vitro, as well as their functional role and to validate these findings in human
epileptogenic brain tissue.
Sequencing was used to assess miRNA and mRNA expression in IL-1β-stimulated
human fetal astrocyte cultures. miRNAs were overexpressed in cell cultures using miRNA
mimics. Expression of miRNAs in resected brain tissue from patients with tuberous sclerosis complex or temporal lobe epilepsy with hippocampal sclerosis was examined using
in situ hybridization.
Two differentially expressed miRNAs were found: miR146a and miR147b, which
were associated with increased expression of genes related to the immune/inflammatory
response. As previously reported for miR146a, overexpression of miR147b reduced the
expression of the pro-inflammatory mediators IL-6 and COX-2 after IL-1β stimulation in
both astrocyte and tuberous sclerosis complex cell cultures. miR146a and miR147b overexpression decreased proliferation of astrocytes and promoted neuronal differentiation
of human neural stem cells. Similarly to previous evidence for miR146a, miR147b was
increased expressed in astrocytes in epileptogenic brain.
Due to their anti-inflammatory effects, ability to restore aberrant astrocytic proliferation and promote neuronal differentiation, miR146a and miR147b deserve further
investigation as potential therapeutic targets in neurological disorders associated with
inflammation, such as epilepsy.
Key words: microRNA; inflammation; astrocytes; interleukin 1 beta; tuberous sclerosis
complex; temporal lobe epilepsy.
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Introduction

A dysregulated inflammatory response is present in various pathologies of the central
nervous system (CNS), including epilepsy, which is one of the most common chronic
neurological disorders, affecting more than 50 million people worldwide. In the epileptogenic brain, astrocytes, which are abundantly present, are considered one of the
most important type of glial cells contributing to the neuroinflammatory response 1, 2.
Astrocytes can produce various pro-inflammatory mediators, including cytokines and
chemokines, which leads to activation of the innate and adaptive immune response 1, 3, 4.
Reactive gliosis in epilepsy is also characterized by increased proliferation and aberrant
generation of astrocytes from progenitor cells 5, 6. In vitro, this increased proliferation
can be induced by treatment with the pro-inflammatory cytokine interleukin-1β (IL-1β) 7,
which is a key player in neuroinflammation, and is mainly produced by activated astroglial
cells in response to tissue damage, increased neuronal activity 8 or cellular stress 9-11. IL-1β
is also highly expressed both in experimental rodent models of epilepsy and in human
epileptogenic brain and contributes to seizure generation and epileptogenesis in animal
models 1. Among its cellular targets, IL-1β acts on astrocytes by activating the IL-1 receptor (IL-1R1), thus leading to NF-κB-mediated transcription of growth factors and various
immune-related molecules including cytokines and danger signals 12, 13.
Previous studies indicate that astrocytes also produce a family of microRNAs
(miRNAs), small non-coding RNAs that are post-transcriptional regulators of gene
expression, which are crucial modulators of inflammatory pathways linked to various
neurological disorders, including epilepsy 14. The expression of several miRNAs, including
those associated with neuroinflammatory signals, has been shown to change in human
epilepsy and experimental models of epilepsy, providing either targets for treatment or
valuable disease biomarkers 15, 16. For example, it was previously reported that miR146a,
which is associated with modulation of IL-1R/Toll like receptor 4 signaling, is up-regulated in several CNS pathologies including epilepsy, and serves as an important feedback
inhibitor of inflammation in astrocytes 17-19. Recently, it has been shown that administration of miR146a in mice developing epilepsy prevented disease progression and reduced
seizures 20, indicating that miRNAs related to neuroinflammation could have therapeutic
value in epilepsy.
Besides miR146a, there may be other miRNAs that could have therapeutic
potential. In order to identify these miRNAs, high throughput, transcriptome wide studies are required. To the best of our knowledge no such study has been performed yet in
human astrocytes. Therefore, we studied which miRNAs are produced by fetal human
astrocytes during inflammatory conditions in vitro and validated these findings in human
epileptogenic brain tissues, in two different epilepsy associated pathologies: Tuberous
Sclerosis Complex (TSC; a genetic disorder with focal developmental malformations of
the cerebral cortex) and Temporal Lobe Epilepsy with hippocampal sclerosis (TLE-HS;
the most common type of symptomatic epilepsy in adults). In addition, we investigated
the functional role of two miRNAs, which were differentially expressed by astrocytes
upon IL-1β/IL-1R1 activation, on the expression of inflammatory mediators, proliferation
and differentiation of fetal human astrocytes and neural stem cells in culture.
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Materials and methods
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Astrocyte and tuberous sclerosis complex cell cultures
Primary fetal astrocyte-enriched cell cultures were obtained from human fetal brain
tissue (cortex, 14-19 gestational weeks) obtained from medically induced abortions. All
material has been collected from donors from whom a written informed consent for the
use of the material for research purposes had been obtained by the Bloemenhove clinic.
Tissue was obtained in accordance with the Declaration of Helsinki and the Academic
Medical Center (AMC) Research Code provided by the Medical Ethics Committee of
the AMC. Cell isolation was performed as described previously (17 see supplementary
material). TSC cell cultures were derived from surgical brain specimens obtained from
2 patients (age at surgery: 2.5 and 2 years; gender: male; mutation: TSC2) undergoing
epilepsy surgery at the Wilhelmina Children’s Hospital of the University Medical Center
Utrecht (UMCU, Utrecht, The Netherlands). TSC cultures were established in the same
manner as fetal cultures.

Neural stem cell cultures
Neural stem cells (NSCs) were obtained from fetal brain (14-16 gestational weeks).
Tissue was enzymatically digested by incubating at 37˚C for 30 minutes with 0.3% trypsin (Sigma-Aldrich; St. Louis, MO, USA). The reaction was stopped by the addition of
fetal calf serum (FCS). Cells were washed and taken up in complete deficient medium
(dDMEM; DMEM without phenol with 10% FCS and 1% P/S) and triturated through a 70
µm mesh filter. NSCs were selected by a five-step discontinuous density gradient separation. 100% standard isotonic Percoll (SIP, 9 parts Percoll, GE Healthcare, Auckland, New
Zealand, with 1 part 10x PBS pH 4.6) was diluted to 50, 40, 30, 20 and 10% with dDMEM
and these dilutions were layered starting with the highest concentration at the bottom
and the cells on top. After centrifugation, the cells at the 30/40% SIP interphase were
collected and grown at 37˚C, 5% CO2 in proliferative medium (DMEM/HAM F10 (1:1)
supplemented with 2% B27 (50x), 20 ng/ml EGF, 20 ng/ml bFGF (all from Gibco, Thermo
Fisher Scientific, Waltham, MA, USA), 1% P/S). Medium with EGF and bFGF was refreshed
every 2-3 days. For transfection and differentiation experiments, NSCs were re-plated
on laminin (10 µg/ml, Sigma-Aldrich). For differentiation of NSCs, medium was replaced
by DMEM/HAM F10 (1:1) with 1% P/S and 5% FCS. To quantify differentiation, βIII-tubulin
positive cells were counted , and the number of 4’,6-diamidino-2-phenylindole (DAPI)
positive nuclei was determined with particle analysis (both with ImageJ 1.44p, National
Institutes of Health, Bethesda, MD, USA).
Transfection and stimulation of cell cultures
Cells were transfected with mimic pre-miRNA for miR146a or miR147b (mirVana miRNA
mimics, Applied Biosystems, Carlsbad, CA, USA) for 24 hours as described previously
17
. Astrocyte cultures were stimulated with human recombinant (r)IL-1 β (10 ng/ml;
Peprotech, Rocky Hill, NJ, USA) or lipopolysaccharide (LPS; 100 ng/ml; Sigma, St. Louis,
MO, USA) for 24 hours. Viability of human cell cultures was not influenced by the treatments (as shown previously; 21). To examine the effect of the IκB kinase-2 (IKK-2) inhibitor TPCA-1 in astrocyte cultures, treatment with 1 or 5 µM TPCA-1 (Selleck Chemicals,
Munich, Germany) in DMSO (0.05% final DMSO concentration) was started 1 hour before

146

MIR147B: A NOVEL KEY REGULATOR OF IL-1β-MEDIATED INFLAMMATION IN ASTROCYTES

stimulation with IL-1β was initialized, and treatment was continued during stimulation.
RNA isolation
For RNA isolation, cell culture or fresh brain tissue was homogenized in Qiazol Lysis
Reagent (Qiagen Benelux, Venlo, The Netherlands). Total RNA was isolated using the
miRNeasy Mini kit (Qiagen Benelux, Venlo, The Netherlands) according to manufacturer’s instructions. The concentration and purity of RNA were determined at 260/280 nm
using a NanoDrop 2000 spectrophotometer (Ocean Optics, Dunedin, FL, USA).
RNA-Sequencing
RNA-Sequencing (RNA-Seq) was performed on control and IL-1β stimulated fetal astrocytes (n = 5 donors). Two different RNA-Seq techniques were used; mRNA-Seq to identify transcripts of ~180 nucleotides in length and longer, and small RNA-Seq to identify
transcripts shorter than ~50 nucleotides. Library preparation and sequencing was completed by GenomeScan (Leiden, the Netherlands) as described previously 22.
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Bioinformatics analysis of small RNA and mRNA-Seq data
mRNA-Seq data was analyzed as previously described 22. For small RNA-Seq, read quality
was assessed using FastQC v0.11.2 software (Babraham Institute, Cambridgeshire, UK)
and Trimmomatic v0.36 was used to filter reads of low quality 23. See supplementary
material for details.
Gene ontology and pathway enrichment analysis
The Database for Annotation, Visualization and Integrated Discovery (DAVID) version
6.8 (http://david-d.ncifcrf.gov) was used to test DEGs for gene ontology (GO) and pathway enrichment 24. GO terms and pathways with a Benjamini-Hochberg corrected
p-value<0.05 were considered enriched. The enriched pathway list produced by DAVID
was processed using Cytoscape (http://www.cytoscape.org/) to produce a visual output
of the text-based pathway list 25.
Real-time quantitative PCR and ELISA
Expression of miR146a, miR147b, and the reference genes miR23a (for extracellular
miRNA) and the small-nucleolar RNAs RNU6B and RNU44 (for cellular miRNA) was analyzed using Taqman MicroRNA assays (Applied Biosystems, Foster City, CA, USA). cDNA
was generated using Taqman MicroRNA reverse transcription kit (Applied Biosystems,
Foster City, CA, USA). mRNA expression was evaluated as described previously 17, using
EF1A and C1orf43 as reference genes.
Levels of IL-6 were measured in culture supernatants using the PeliKine
CompactTM IL-6 ELISA kit (Sanquin, Amsterdam, the Netherlands) according to the manufacturer’s instructions.
Immunocytochemistry
Immunocytochemistry on cells was performed as described previously 21 using the
following primary antibodies: Ki67 (clone MIB-1, monoclonal mouse, DAKO, Glostrup,
Denmark, 1:200); βIII-tubulin/Tuj1 (monoclonal mouse, Neuromics, Edina, MN, USA,
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1:6000); Glial fibrillary acidic protein (GFAP, polyclonal rabbit, DAKO, 1:2000); SRY (sex
determining region Y)-box 2 (SOX2, polyclonal rabbit, Millipore, Darmstadt, Germany,
1:1000); Nestin (monoclonal mouse, R&D, Minneapolis, MN, USA, 1:500) and the following secondary antibodies or counterstaining: Alexa Fluor® 488 donkey-anti-mouse antibody (Invitrogen, Eugene, OR, USA, 1:200); Alexa Fluor® 568 goat-anti-rabbit antibody
(Invitrogen, 1:200); Alexa Fluor® 594 Phalloidin (Life Technologies, 1:200, Eugene, OR,
USA). Coverslips were mounted with Vectashield with DAPI (H-1200, Vector Laboratories
Inc., Burlingame, CA, USA). Fluorescent microscopy was performed using Leica Confocal
Microscope TCS SP-8X (Leica, Son, the Netherlands).
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Proliferation assay
Proliferation of cell cultures was determined 72 hours after start of transfection by cell
cycle flow cytometric analysis and Ki67 staining. Ki67 positive cells and the total number
of DAPI-stained nuclei were manually counted with ImageJ (1.44p, National Institutes of
Health, Bethesda, MD, USA). For each culture, conditions were plated in triplicate and
fifteen fields per coverslip, with on average 1100-1300 cells per condition, were counted
using a 20x magnification objective. Staining was evaluated with a Leica DM5000B fluorescence microscope equipped with a Leica DFC 500 camera and Leica Application
Suite X software (Leica Microsystems CMS GmbH, version 1.5.1, Wetzlar, Germany). The
number of Ki67 positive cells was compared with the number of DAPI nuclei to determine the percentage of proliferating cells.
For flow cytometric cell cycle analysis, cells were suspended in PBS/1% BSA and
stained with Fixable Viability Dye eFluor® 780 (eBioscience, San Diego, CA, USA) on ice
for 30 minutes. After fixation with 100% ethanol, cells were incubated with Propidium
Iodide (1:100, Life Technologies) and RNAse A (1 g/ml used 1:1000, Sigma-Aldrich) in
PBS for 10 minutes at 37˚C. Flow cytometric analysis of stained cells was performed
using a FACSCanto Flow Cytometer equipped with FACSDiva software (BD Biosciences,
San Jose, CA, USA) and data analysis was performed using FlowJo 7.6 (FlowJo LLC,
Ashland, OR, USA). Viable cells showing a DNA content between G1 and G2 (S-phase)
were selected as proliferative population.
Human material
The cases included in this study were obtained from the archives of the departments
of neuropathology of the AMC, the UMCU, VU Medical Center Amsterdam (The
Netherlands), Motol University Hospital (Prague, Czech Republic) and Medical University
Vienna (Austria). We evaluated 22 TSC and 16 TLE-HS patients from whom we obtained
anatomically well preserved epileptogenic brain tissue and sufficient clinical data (TSC:
19 surgical specimens and 3 autopsy specimens; mean age at resection = 16.7 years; standard deviation (SD)= ± 14.46 years; range = 0.83-47 years; localization: 15 frontal, 6 temporal, 1 parietal; 12 males, 10 females; TSC1/TSC2 mutation status 5/17; mean duration of
epilepsy: 13.7 ± 12.7 years; seizures >5/day. TLE-HS: 16 surgical specimens, mean age at
resection = 39 years ± 12 years; range = 24-66 years; localization: hippocampal; 9 males,
7 females; mean duration of epilepsy: 20 ± 12 years; seizures: 13/month). The age- and
localization-matched control group consisted of 31 autopsy cases of which 17 cortex
(male/female: 7/10; years/range: 0.2-48; frontal:/temporal/parietal: 9/7/1) and 14 hippocam-
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pal (male/female: 9/5; years/range: 25-86). None of these patients had a history of seizures
or other neurological diseases. Tissue was obtained and used in accordance with the
Declaration of Helsinki and the AMC Research Code provided by the Medical Ethics
Committee. The local ethical committees of all participating centers gave permission to
undertake the study.
In situ hybridization
In situ hybridization (ISH) for miR147b was performed on 5 µm thick tissue sections using
a double digoxygenin (DIG)-labeled probe (with LNA modification every third nucleotide, Exiqon, Vedbaek, Denmark) as described previously 17.
Statistical analysis
Statistical analysis of cell culture experiments was performed with GraphPad Prism®
software (Graphpad software Inc., La Jolla, CA, USA) using the non-parametric MannWhitney U test or, for multiple groups, the non-parametric Kruskall-Wallis test with
correction for multiple comparisons (Dunn’s method). Correlations were assessed with
SPSS (IBM Corp., Armonk, NY, USA) using the Spearman’s rank correlation test. P<0.05
was assumed to indicate a significant difference.
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Results

Small RNA-Sequencing
To explore changes in small non-coding RNA expression in astrocytes after IL-1βstimulation, small RNA-Seq was carried out on control and IL-1β stimulated fetal astrocyte cultures. Each sequencing run produced ~11 million paired-end reads per sample.
After quality assessment and filtering, ~7.5 million paired-end reads remained for each
sample, of which ~65% were mapped to the genomic locations of various small RNA
species. The expression of 881 small RNAs species across the control and IL-1β stimulated cultures was detected, this included 518 miRNAs and 295 small nucleolar RNAs. Of
these 881 small RNAs, two miRNAs, miR147b and miR146a, were identified as differentially
expressed and up-regulated 3.78-fold (adjusted p-value<0.033) and 5.35-fold (adjusted
p-value<0.0008), respectively, in IL-1β stimulated cultures (Fig 1A).
mRNA-Sequencing
mRNA-Seq was carried out on the same set of samples that underwent small RNASeq. Each sample was sequenced to the depth of ~21 million paired-end reads. Overall
~16 million passed quality assessment and filtering, of which ~84% were concordantly
mapped to the human reference genome GRCh38. Overall, there were 79 differentially expressed genes (DEGs); 71 genes were up-regulated in IL-1β stimulated cultures
(adjusted p-value<0.05), while 8 were down-regulated after IL-1β stimulation (adjusted
p-value<0.05, Fig 1B, Supp. Table 2).
A GO enrichment analysis of the 79 DEGs revealed 16 significantly enriched GO
terms (adjusted p-value<0.05) across the categories biological process, cellular compartment and molecular function (Fig 1C, Table 1). The subsequent pathway enrichment
analysis identified enriched pathways related to immune response and inflammation,
including cytokine-cytokine receptor interaction and numerous viral infection pathways
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Figure 1. Differentially expressed small RNAs and mRNAs as identified from RNA-Seq. A Volcano plot of differentially expressed small RNAs as identified from small RNA-Seq. Across both
the controls and IL-1β stimulated fetal human astrocyte cultures there were 881 expressed small
RNAs. Of these only miR146a-5p and miR147b were differentially expressed. miR147b was up-regulated 3.78-fold in the IL-1β stimulated cultures (adjusted p-value<0.033), while miR146a-5p was
up-regulated 5.35-fold in the IL-1β stimulated cultures (adjusted p-value<0.0008). B Volcano plot
of differentially expressed mRNAs as identified from mRNA-Seq. Volcano plot showing the differential expressed genes between the control cultures and IL-1β stimulated cultures. 71 genes
were up-regulated in the IL-1β stimulated cultures (adjusted p-value<0.05, fold-change>2), and 8
genes were down-regulated (adjusted p-value<0.05, fold-change<-2). C Enriched gene ontology
terms derived from the differentially expressed gene lists. 16 GO terms were identified as enriched
(Benjamini-Hochberg corrected p-value<0.05). Each enriched GO term is listed on the y-axis, the
x-axis is the log10(1/adjusted p-value), n is equal to the number of the DEGs in each gene ontology terms. D Enrichment map of enriched pathways derived from the differentially expressed
gene lists. 12 pathways were considered enriched (Benjamini-Hochberg corrected p-value<0.05).
Each node represents a pathway, the size of the node reflects the statistical significance of each
pathway. The larger the node the smaller the adjusted p-value e.g. TNF signaling pathway was
statistically more significant than the retinoic acid-inducible gene I (RIG-I)-like receptor signaling
pathway. The edge connection between nodes represents the similarity between the genes list of
each pathway, the thicker the edge the more similar the gene lists.
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(Fig 1D, Table 2).
Positive and negative correlations were calculated between miR147b and the
DEGs. The strongest correlation seen was between the expression of miR147b and the
expression of C15orf48 (ρ = 0.96, p<0.0001, Supp. Fig 1). On closer inspection of the
C15orf48 locus, it was found that the pre-miRNA of miR147b is transcribed from a region
within the 3’ UTR of C15orf48. C15orf48 was up-regulated 30-fold in IL-1β stimulated cultures (adjusted p-value<0.02).
miR147b and inflammatory mediators in fetal astrocyte cell cultures
In order to validate miRNA sequencing results, fetal astrocyte cultures were stimulated
with IL-1β, and miR147b expression was evaluated at different time points. miR147b was
up-regulated after IL-1β stimulation with peak expression at 30 hours (p<0.0001, Fig
2A), but not after stimulation with LPS. miR147b could not be detected extracellularly.
Previously, we showed that miR146a expression was increased after IL-1β stimulation
17
. Pre-treatment with TPCA-1 dose-dependently reversed the up-regulation of miR146a
(p<0.0001 for both 1 and 5 µM TPCA-1) and miR147b (p=0.0315 for 5 µM TPCA-1) after
IL-1β stimulation (Fig 2B).
In order to examine the functional role of miR147b in astrocytes, cells were transfected with miR147b mimic, which led to an increase of expression as determined with
qPCR (p<0.0001). miR147b overexpression led to reduced interleukin 6 (IL-6) and cyclooxygenase-2 (COX-2) mRNA expression levels after IL-1β stimulation by approximately
71 and 79%, respectively (p=0.0002 and p<0.0001 respectively, Fig 2C). IL-6 mRNA levels
were also reduced by miR147b mimic under basal conditions, without IL-1β stimulation
(p=0.0002). Transfection with miR147b mimic also reduced complement component 3
(C3) by approximately 35% (p<0.0001). Enzyme-Linked Immuno Sorbent Assay (ELISA)
showed reduced IL-6 on protein level after transfection with miR147b mimic, both under
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Table 1. Enriched gene ontology (GO) terms and associated differential expressed mRNAs as
determined by mRNA-sequencing of control and IL-1β stimulated human astrocyte cultures.
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Gene
ontology
category

Term ID

Gene ontology term

Gene
count

Genes

Biological
Process

GO:0060337

type I interferon signaling pathway

9

IRF1, IFI6, OAS2, OAS3, IFI35, MX1,
ISG15, GBP2, OAS1

Biological
Process

GO:0051607

defense response to
virus

10

IRF1, PLSCR1, OAS2, IFI44L, DDX60,
OAS3, MX1, ISG15, IL6, OAS1

Biological
Process

GO:0006954

inflammatory response

13

CCL20, C3, PLA2G4C, NFKBIZ, TNIP1,
RELB, CSF1, PTX3, IL6, NFKB2, CXCL8,
TNFAIP6, TNFAIP3

Biological
Process

GO:0006955

immune response

13

IL32, CCL20, IFI6, OAS2, LIF, OAS3, C1R,
IL6, GBP2, CXCL8, C3, IL7R, OAS1

Biological
Process

GO:0045071

negative regulation
of viral genome replication

6

TNIP1, PLSCR1, OAS3, MX1ISG15, OAS1

Biological
Process

GO:0009615

response to virus

7

OAS2, DDX60, IFI44, OAS3, MX1, IFIH1,
OAS1

Biological
Process

GO:0060333

interferon-gamma-mediated signaling pathway

6

IRF1, OAS2, OAS3, VCAM1, GBP2, OAS1

Biological
Process

GO:0032480

negative regulation of
type I interferon production

4

UBE2L6, IFIH1, ISG15, TNFAIP3

Biological
Process

GO:0045087

innate immune response

9

DDX60, RELB, CSF1, C1R, APOL1, MX1,
IFIH1, NFKB2, PTX3

Biological
Process

GO:0045944

positive regulation
of transcription from
RNA polymerase II
promoter

13

NFKBIA, IRF1, POU2F2, HELZ2, TNIP1,
PARK2, PLSCR1, LIF, IL11, RELB, NAMPT,
NFKB2, IL6

Biological
Process

GO:0046888

negative regulation of
hormone secretion

3

LIF, IL11, IL6

Cellular
Compartment

GO:0005615

extracellular space

21

IL32, AKR1B1, CCL20, LIF, IL11, CHI3L2,
OAS3, NAMPT, ABI3BP, C1QTNF1, C3,
PAPPA, TNFAIP2, VCAM1, CSF1, APOL1,
STC1, IL6, PTX3, CXCL8, TNFAIP6

Cellular
Compartment

GO:0005829

cytosol

25

NFKBIA, AKR1B1, IL32, PLSCR1, UBE2L6,
PARK2, OAS2, OAS3, AMPD3, NAMPT,
ISG15, GBP2, OAS1, IRF1, PLA2G4C,
HERC6, BIRC3, IFI35, FHIT, GRIP1, RELB,
MX1, IFIH1, NFKB2, TNFAIP3

Molecular
Function

GO:0001730

2’-5’-oligoadenylate
synthetase activity

3

OAS2, OAS3, OAS1

Molecular
Function

GO:0003725

double-stranded RNA
binding

5

OAS2, DDX60, OAS3, IFIH1, OAS1

Molecular
Function

GO:0005125

cytokine activity

6

IL32, LIF, CSF1, NAMPT, IL6
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basal conditions and after stimulation with IL-1β (p<0.0001, Fig 2D). After consultation
of the online databases mirDB, targetScan and DIANA tools and based on previous literature 26, disintegrin and metalloproteinase domain-containing protein 15 (ADAM15), DEP
domain-containing mTOR-interacting protein (DEPTOR) and interleukin 32 (IL-32) were
selected as potential targets for further investigation. Of both DEPTOR and ADAM15
mRNA levels were reduced after miR147b overexpression (p<0.0001 and p=0.0004
respectively, Fig 2E), both under basal and inflammatory conditions. IL-32 showed a trend
towards reduced expression (data not shown).
Altered proliferation rate after miRNA mimic transfection
Fetal astrocyte proliferation was decreased after transfection with miR146a (p=0.0022)
and miR147b mimics (p=0.0022), as determined by Ki67 staining (Fig 3 A and B). Flow
cytometric analysis of PI staining confirmed these results, as the percentage of cells in
the S-phase was decreased after transfection with either miR146a (p=0.0043) or miR147b
mimic (p=0.015, Fig 3C).
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Table 2. Enriched pathway terms and associated differential expressed mRNAs as determined
by mRNA-sequencing of control and IL-1β stimulated human astrocyte cultures.
Pathway

Gene
count

Genes

P value

Adjusted
p-valuea

hsa04668: TNF signaling
pathway

8

NFKBIA, BIRC3, CCL20, LIF, CSF1,
VCAM1, IL6, TNFAIP3

7.74E-07

7.97E-05

hsa04064: NF-kappa B
signaling pathway

7

NFKBIA, BIRC3, RELB, VCAM1,
NFKB2, CXCL8, TNFAIP3

4.05E-06

1.39E-04

hsa05162: Measles

8

NFKBIA, OAS2, OAS3, MX1, IFIH1,
IL6, TNFAIP3, OAS1

3.58E-06

1.85E-04

hsa05164: Influenza A

8

NFKBIA, OAS2, OAS3, MX1, IFIH1,
IL6, CXCL8, OAS1

2.11E-05

5.43E-04

hsa05160: Hepatitis C

7

NFKBIA, IRF1, OAS2, OAS3,
CLDN1, CXCL8, OAS1

4.66E-05

9.59E-04

hsa04621: NOD-like
receptor signaling pathway

5

NFKBIA, BIRC3, IL6, CXCL8,
TNFAIP3

1.57E-04

0.00230227

hsa05134: Legionellosis

5

NFKBIA, NFKB2, IL6, CXCL8, C3

1.46E-04

0.00249934

hsa05168: Herpes simplex
infection

7

NFKBIA, OAS2, OAS3, IFIH1, IL6,
C3, OAS1

2.72E-04

0.00349796

hsa05133: Pertussis

5

IRF1, C1R, IL6, CXCL8, C3

5.20E-04

0.00592968

hsa05323: Rheumatoid
arthritis

5

CCL20, IL11, CSF1, IL6, CXCL8

9.51E-04

0.00887256

hsa04060: Cytokinecytokine receptor
interaction

7

CCL20, LIF, CSF1, IL6, CSCL8,
IL7R

9.20E-04

0.00943084

hsa04622: RIG-I-like
receptor signaling pathway

4

NFKBIA, IFIH1, ISG15, CXCL8

0.00516713

0.04349202

Benjamini-Hochberg adjusted p-value.

a
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Figure 2. miR147b decreases inflammation in astrocytes. Quantitative real-time PCR of miRNA
or mRNA expression (A-C, E) and ELISA analysis of protein levels (D) in fetal human astrocyte
cultures. A Astrocytes were treated with IL-1β (10 ng/ml) or LPS (100 ng/ml) for 1, 6, 24, 30 and
48 hours. miR147b was up-regulated after stimulation with IL-1β with peak expression at 30 hours.
B TPCA-1 decreased both miR146a and miR147b expression. C-E Astrocytes were transfected for
24 hours with miR147b mimic (50 nM) followed by 24 hours of IL-1β stimulation. miR147b mimic
decreased the mRNA levels of pro-inflammatory markers IL-6 and COX-2 and reactivity marker C3
(C), and the level of IL-6 in culture supernatants (D). E miR147b mimic decreased the mRNA levels
of predicted targets DEPTOR and ADAM15. Experiments were performed in triplicate and data
are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 compared to control, Kruskall-Wallis with Dunn’s
post-hoc test (A) and Mann Whitney U test (B-E).

Altered neural stem cell differentiation after miRNA transfection
NSCs were grown in floating conditions and secondary cultures could be generated
after dissociation (Fig 4 A and B). NSCs were positive for stem cell markers Nestin and
SOX-2 and gained positivity for neuronal or astrocytic markers (βIII-tubulin and GFAP,
respectively) after differentiation for 7 or 14 days (Fig 4 C-O).
The effects of miR146a and miR147b on neuronal versus astroglial cell fate dif-
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Figure 3. Proliferation of astrocytes after transfection with miR146a and miR147b mimics. Fetal
human astrocytes were transfected for 24 hours with miRNA mimic (50 nM) and after a total of
three days stained with anti-Ki67 antibody (A and B) or propidium iodine (PI, C). A Representative
Ki67 staining in control cells and cells treated with miR146a or miR147b mimic. B Quantification
of Ki67 staining showed decreased proliferation after miR146a and miR147b mimic transfection
compared to control. C Both miR146a and miR147b mimic transfected cells showed lesser cells in
the S-phase compared to control cells. Data are expressed relative to the levels observed in cells
treated with transfection reagent only and are mean ± SEM of two experiments from two donors
performed in triplicate. Cells in A were counterstained with phalloidin (actin filaments; red) and
diamidino-2-phenylindole, DAPI (nuclei; blue). Scale bar in A: 50 µM. *p<0.05, **p<0.01 compared
to control, Mann Whitney U test.
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Figure 4. Culturing and differentiation of fetal neural stem cells (NSCs). Phase contrast pictures
of live cells in culture and confocal images of fixed and immunostained cells. A and B NSCs were
grown in floating conditions where they formed clusters of cells (A) and secondary cultures
could be formed after dissociation and re-plating (B). C NSCs expressed stem cell markers Nestin
and SOX2. D-G Expression of GFAP and βIII-tubulin was low in NSCs. H-O After differentiation
with 5% FCS for 7 or 14 days, strong immunoreactivity for βIII-tubulin and GFAP was visible. Scale
bar in B: 100 µm (A-B); scale bar in C, N, O: 50 µm (C-O).

ferentiation in NSCs was investigated using staining for βIII-tubulin and GFAP. The βIIItubulin/total cell count ratio was increased after transfection with miR146a (p=0.0043)
and miR147b mimics (p=0.0022, Fig 5 A-M). In order to elucidate possible mechanisms, mRNA expression levels of several potential targets were examined (Fig 5 N-O).
Transfection with miR146a mimic led to decreased expression of Notch homolog 1, translocation-associated protein (NOTCH1, p=0.0260), miR147b mimic transfection decreased
the expression of both NOTCH1 (p=0.0152) and Janus kinase 2 (JAK2, p=0.0173). We also
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examined expression levels of the pro-neurogenesis signaling components brain-derived
neurotrophic factor, paired box protein Pax-6 and sex determining region Y-box 4, which
were predicted to be regulated by miR147b. However, the expression of these genes was
not altered (data not shown).
miR147b expression in tuberous sclerosis complex cortical tubers and temporal
lobe epilepsy with hippocampal sclerosis
Expression and localization of miR147b in TSC and TLE-HS brain tissue was examined
with qPCR of fresh brain tissue and ISH (Fig 6 A-H), respectively. miR147b expression was
increased 3.5-fold in TLE-HS (p<0.0001, Supp. Fig 2), and in a subset of TSC tuber homogenates (n=4 out of 16, ranging from 2.1-4.2-fold increase, Supp. Fig 2). ISH showed neuronal expression of miR147b in control cortex and hippocampus. In TSC cortex miR147b
expression was localized in dysmorphic neurons, giant cells and astrocytes in the tuber
(co-localization with GFAP is depicted in inset in D), and in perituberal neurons. miR147b
expression was evident in TSC white matter astrocytes and giant cells whereas in control
white matter miR147b was not detected. In TLE-HS hippocampus, increased expression
of miR147b was observed in remaining neurons and reactive astrocytes (co-localization
with GFAP is depicted in inset in H) within sclerotic areas with gliosis.
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miR147b and inflammatory mediators in tuberous sclerosis complex cortical
tuber cell cultures
To validate the findings from fetal astrocytes, TSC cell cultures were transfected with
miR147b mimic. miR147b overexpression during IL-1β stimulation led to reduced IL-6 and
COX-2 mRNA expression levels by approximately 31 and 28%, respectively (p=0.0022 and
p<0.0043 respectively, Fig 6 I-J). There was a trend towards reduced C3 expression after
transfection with miR147b mimic (p=0.0931, Fig 6K).

Discussion

We aimed to identify which miRNAs are produced by fetal human astrocytes during
inflammatory conditions in vitro, in order to find miRNAs that could be a therapeutic
target. We identified miR146a and miR147b to be differentially expressed in fetal astrocytes after IL-1β stimulation, which was associated with increased expression of genes
related to immune response and inflammation. Overexpression of miR147b reduced the
expression of the pro-inflammatory mediators IL-6 and COX-2 after IL-1β stimulation.
Transfection of cell cultures with miR146a and miR147b mimics decreased proliferation
of fetal astrocytes and promoted neuronal differentiation of NSCs. ISH showed increased
expression of miR147b in astrocytes in resected brain tissue from patients with TLE-HS
and TSC, as compared to controls.
Increased expression of miR146a and miR147b in fetal astrocytes after IL-1β
stimulation
Sequencing analysis identified miR146a and miR147b as the two main miRNAs involved
in IL-1β mediated inflammation in fetal astrocytes. miR146a was previously described
in relation to epilepsy and inflammation in astrocytes 16-19. miR147b, however, has been
described in endothelial cells 26, macrophages 27 and different types of cancer 28-30, but
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Figure 5. Differentiation of fetal neural stem cells (NSCs) after transfection with miR146a and
miR147b mimics. NSCs were transfected with miRNA mimic (50 nM) for 24 hours, followed by
7 days of differentiation. A-L Confocal images of fixed and immunostained cells and phase contrast pictures of live cells in culture. Cells were stained for βIII-tubulin, GFAP and counterstained
with DAPI. The βIII-tubulin-positive cells and DAPI nuclei were quantified. M The βIII-tubulin/DAPI
ratio was increased after transfection with miR146a or miR147b mimics. N and O Quantitative
real-time PCR of target mRNA expression in NSC cultures 48 hours after initiation of differentiation. N NOTCH1 expression was decreased after transfection with miR146a or miR147b mimics. O
miR147b mimic decreased the expression of JAK2. Scale bar in K and L: 50 µM. Experiments were
performed in triplicate in cultures from three separate donors and data are mean ± SEM. *p<0.05,
**p<0.01 compared to control, Mann Whitney U test.
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has not been described in the epileptogenic brain. mRNA-sequencing identified several GO terms enriched after IL-1β stimulation of fetal astrocytes, related to immune
response and inflammatory signaling. Correspondingly, the pathway enrichment analysis
showed up-regulation of specific pathways related to inflammation like the NF-κB and
TNF signaling pathway, confirming the activation of the targeted pathways by IL-1β stimulation. By inhibiting the NF-κB pathway in these cultures using TPCA-1, an inhibitor of
both the IκB kinase-2 (IKK-2), which plays a crucial role NF-κB-regulated production of
pro-inflammatory molecules 31, and STAT3, which is also implicated in regulation of IL-6
and COX-2 transcripts 32, we confirmed the specific involvement of this pathway in the
up-regulation of miR146a and miR147b after stimulation with IL-1β. Finally, mRNA-seq
analysis also showed a strong positive correlation between the expression of miR147b
and the expression of C15orf48, which is also known as NMES1 27. The pre-miRNA of
miR147b is transcribed from a region within the 3’ UTR of C15orf48, and since little is
known about C15orf48, its strong up-regulation, co-expression and relation to miR147b
may warrant further investigation for its role in inflammation.
miR147b mimic acts both under inflammatory and basal conditions on a disintegrin and metalloproteinase15 (ADAM15), which contributes to blood-brain barrier
dysfunction and inflammation by increasing vascular permeability and leukocyte migration 33. It was previously shown that ADAM15 was targeted by miR147b in human vascular
endothelial cells, hereby attenuating albumin passage across endothelial monolayers in
vitro 26. Thus, the upregulation of miR147b under inflammatory conditions may serve
as protective mechanism restoring blood-brain barrier dysfunction. This may be highly
beneficial in the epileptogenic brain, as blood-brain barrier dysfunction may contribute
to progression of epilepsy 34.
miR147b overexpression decreased the level of DEPTOR, a mTOR-interacting
protein 35, which is activated in both human and experimental epileptogenic brain 36-38.
Interestingly, DEPTOR is involved in negative regulation of the mTOR pathway, by inhibiting mTORC1 signaling 35. In the same study, reduction of DEPTOR was also associated
with apoptosis and activation of PI3K signaling leading to increased proliferation, however, under our experimental conditions, we did not observe any of these effects. Recent
studies suggest also direct inhibitory effects of miR147b on Akt and mTOR activation 28,
29
that deservers further investigation.
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miR147b reduces pro-inflammatory mediators
We found that artificial overexpression of miR147b during inflammatory conditions in
fetal astrocyte and TSC cell cultures led to decreased expression of pro-inflammatory
cytokines IL-6 and COX-2 and complement component 3 (C3). IL-6 and COX-2 have
been reported to be associated with astrogliosis in different pathological conditions 39
and are highly up-regulated in astrocytes after stimulation with IL-1β 19. C3 was recently
indicated as one of the most characteristic and highly up-regulated genes in human A1
astrocytes, which are defined as harmful reactive astrocytes that up-regulate classical
complement cascade genes and are often found in brain regions associated with disease
40
. Downregulation of C3 might indicate either a decrease in reactivity of the astrocytes
or a shift towards the more protective A2 type astrocyte 40. Thus, miR147b seems to
act like a negative regulator of IL-1β induced inflammation, similar to what has been

159

observed for miR146a 17. In mouse macrophages, it was reported that miR147, the murine
homolog for miR147b, was up-regulated after Toll-like receptor 4 (TLR4) activation by
LPS, acting as a negative regulator of the macrophage inflammatory response 27. In these
cultures, miR147b mimic transfection decreased levels of TNF-α and IL-6 under inflammatory conditions, indicating similar functions of this miRNA in various cell types.
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miR146a and miR147b decrease proliferation and promote neuronal
differentiation
Other than expressing inflammatory cytokines, severe reactive astrogliosis is also associated with other classical hallmarks like increased proliferation and aberrant generation
of astrocytes 5. This is found in the human epileptogenic brain as well as in experimental
epilepsy models. This is illustrated in an astrocyte-specific conditional TSC1 knockout
mouse model with spontaneous seizures in which the onset of seizures is concordant
with increased astrocytic proliferation 41, 42. Also, in vitro astrocyte proliferation was
found to be increased after treatment with IL-1β 7. We found that miR146a and miR147b
overexpression decreased the proliferation rate of fetal astrocyte cultures. Our results
for miR146a are in line with previous studies showing that infection of murine astrocytes
with miR146a-overexpressing lentivirus inhibited proliferation 43, 44. For miR147b, similar
effects are observed in colon cancer cells 29 and in a human breast adenocarcinoma cell
line, in which overexpression of miR147 led to suppression of proliferation by inhibition
of Akt/mTOR signaling 28.
Astrocytes are generated from NSCs, where tight regulation of differentiation
is critical for the generation of a balanced number of astrocytes and neurons 45. It was
recently reported that neuronal hyperexcitability as seen in epilepsy increases the aberrant generation of astrocytes from NSCs 6. We found that overexpression of miR147b or
miR146a induced neuronal differentiation of NSCs derived from fetal brain. Therefore,
miR146a and miR147b might have beneficial effects in astrogliosis and scar formation in
several pathologies. In order to find targets concerning NSC cell fate decision, we examined multiple targets in two important signaling pathways that instruct astrogenesis: the
Figure 6. miR147b expression in tuberous sclerosis complex (TSC) cortical tubers and temporal
lobe epilepsy with hippocampal sclerosis (TLE-HS), and modulation of inflammation by miR147b
in TSC cortical tuber cell cultures. A-H In situ hybridization of miR147b expression in TSC, TLE-HS
and control brain tissue. In control cortex, miR147b expression is only visible in neurons in the gray
matter (GM, arrows in A), with no expression in the white matter (WM, C). In TSC tubers, besides
expression in dysmorphic neurons and giant cells (arrows in B and D), miR147b is also visible in
astrocytes (arrow heads, B and D). Inset in D shows co-localization of miR147b with GFAP in
the tuber. In control hippocampus, miR147b is expressed by neurons (E, G), whereas in TLE-HS
expression is also localized in astrocytes (arrowheads in F and H) besides neurons (arrows in
F and H). Inset in H shows co-localization of miR147b with GFAP in the hilus. I-K Quantitative
real-time PCR of mRNA expression in TSC cell cultures. TSC cells were transfected for 24 hours
with miR147b mimic (50 nM) followed by 24 hours of IL-1β stimulation (10 ng/ml). miR147b mimic
decreased the mRNA levels of pro-inflammatory cytokines IL-6 (I) and COX-2 (J), complement
component 3 (C3) showed a trend towards decreased expression (K). Scale bar in H: 100 µm,
in inset: 25 µm. ***p<0.001 compared to control, Mann Whitney U test. Experiments in I-K were
performed in triplicate in cultures from two separate donors and data are mean ± SEM. **p<0.01,
Mann Whitney U test.
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JAK/STAT pathway and Notch signaling. Inhibition of these pathways would inhibit astrogenesis and promote neurogenesis 45, and indeed, we found targeting of Notch signaling
by both miR146a and miR147b, by modulation of NOTCH1. NOTCH1 targeting by miR146a
was previously reported in human glioma development and neural stem cell proliferation and differentiation 44. miR147b was not predicted to target NOTCH1 by prediction
models, however the sequence of miR147b maps on the 3’ untranslated region (UTR) of
NOTCH1 (miR147b nucleotide 1-7 maps on NOTCH1 nucleotide 52-58, and nucleotide
miR147b nucleotide 3-10 maps to NOTCH1 nucleotide 569-562). miR147b also decreased
JAK2, hereby also targeting the JAK/STAT pathway. This could explain why the neuronal fraction is even more increased in differentiated cultures transfected with miR147b
mimic.
six

miR146a and miR147b are expressed in astrocytes in tuberous sclerosis complex
and temporal lobe epilepsy
The expression and localization of miR146a has been investigated in our previous studies
in TSC 17, a developmental dysregulation of cortical development, and in TLE-HS 18, in
which increased expression of various inflammatory mediators, including IL-1β and gliosis are evident 1. These studies showed that miR146a was up-regulated in epileptogenic
areas where gliosis occurred, and expression was mainly found in reactive astrocytes.
We investigated the expression of miR147b in TSC and TLE-HS, and in both pathologies
an astrocyte-specific up-regulation of miR147b was observed, confirming the findings in
fetal astrocytes after IL-1β stimulation. Expression was also found in giant cells in TSC
tubers, which are involved in induction of inflammation in TSC 46. Moreover, we cannot
exclude that miR147b expression could contribute to the mixed glioneuronal phenotype
of these cells. The fact that the expression of miR147 was increased in two different
pathologies, both associated with epilepsy, suggests that the occurrence of seizures is a
critical factor. However, this needs to be further investigated. Both in control and epileptogenic brain, miR147b was expressed in neurons, indicating possible roles in metabolism,
cell growth and synaptic development. Further research would be needed in order to
clarify this.
miR147b as possible therapeutic target
Recently, the potential of miR146a to inhibit inflammation in astrocytes was tested in vivo
20
. In this study, miR146a mimic injections in the kainic acid mouse model of TLE inhibited
IL-1R1/TLR4 signaling, resulting in arrest of epilepsy progression and an 80% reduction in
spontaneous chronic seizures. This is particularly interesting, since this indicates disease
modification in epilepsy using a transiently applied miRNA treatment after disease onset.
Since miR147b shows a comparable expression pattern in human epileptogenic brain as
well as functional effects in vitro, and even a more effective modulation of neural stem
cell fate decision targeting both NOTCH1 and JAK2, it is worthwhile to investigate the
effects of miR147b administration in vivo in a similar experimental setup. So far, current
antiepileptic drugs provide only symptomatic control of seizures and do not modify
epileptogenesis 47. Administrating miR147b may be a novel approach to modulate inflammatory pathways underlying epileptogenic pathologies and decrease the generation of
reactive astrocytes, hereby targeting mechanisms underlying disease development.
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Figure 7. Summary of the current findings.

Conclusion

Taken together, using small RNA-sequencing, we found miR147b and miR146a as main
miRNAs involved in IL-1β-associated inflammation in fetal human astrocyte cultures and
both are up-regulated under inflammatory conditions in astrocyte cultures, as well as in
the human epileptogenic brain (Fig 7). Since miR147b is capable of providing negative
feedback on inflammatory signaling and reducing aberrant proliferation and generation
of astrocytes, miR147b deserves further investigation as potential therapeutic agent in
neurological disorders associated with inflammation, such as TLE-HS and TSC.
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Supplementary Table 1 Primer sequences.
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Forward primer (5’-3’)

Reverse primer (5’-3’)

ctcagccctgagaaaggaga

tttcagccatctttggaagg

COX-2

gaatggggtgatgagcagtt

gccactcaagtgttgcacat

DEPTOR

tgagaggacagaggctatatgaaa

tgaaggtgcgctcatacttg

ADAM15

ggcatggccattcagaac

aggatgctggtggagtggt

IL-32

ctctgtctctctcggctgagtat

cggccaaaagttcaagga

EF1A

atccacctttgggtcgcttt

ccgcaactgtctgtctcatatcac

C1orf43

gatttccctgggtttccagt

attcgactctccagggttca

NOTCH1

ctgcctgtctgaggtcaatg

tcacagtcgcacttgtaccc

JAK2

caaaaaccaggcgctgaact

tgccactgcaataccaacga

C3

cctgaagatagagggtgacca

ccaccacgtcccagatctta
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Supplementary Table 2 Complete list of differentially expressed mRNAs as determined by
mRNA-sequencing of control and IL-1β stimulated human astrocyte cultures.
Gene

Description

Location

CCL20

C-C motif chemokine ligand 20

chr2:227813841227817564

OAS2

2’-5’-oligoadenylate
synthetase 2

OAS1

Control
FPKM

IL-1β Log2(Fold
Change)
FPKM

p-value

Adjusted
p-valuea

0

51.2757

inf

5.00E-05

0.0124559

chr12:112906776113017751

0.146736

13.1993

6.4911

0.00015

0.0310521

2’-5’-oligoadenylate
synthetase 1

chr12:112906776113017751

0.153149

25.2314

7.36414

5.00E-05

0.0124559

FCRLA

Fc receptor like A

chr1:161706971161714352

0.309749

1.20955

1.9653

0.00025

0.0453642

C3

complement C3

chr19:66777036737603

0.310427

20.0424

6.01266

5.00E-05

0.0124559

APOL1

apolipoprotein L1

chr22:3625300936267530

0.384288

3.53226

3.20033

5.00E-05

0.0124559

MCTP1

multiple C2 and
transmembrane
domain containing 1

chr5:9415296595284575

0.418875

1.89586

2.17826

5.00E-05

0.0124559

LUCAT1

lung cancer associated transcript
1 (non-protein
coding)

chr5:9130203091314484

0.602348

6.1486

3.35159

5.00E-05

0.0124559

IFI44L

interferon induced
protein 44 like

chr1:7861992178647788

0.798437

44.5501

5.80211

5.00E-05

0.0124559

BIRC3

baculoviral IAP
chr11:102317449repeat containing 3 102339403

0.881077

21.8314

4.63099

5.00E-05

0.0124559

HERC6

HECT and RLD
domain containing
E3 ubiquitin protein ligase family
member 6

chr4:8837869888443111

0.948065

14.3077

3.91566

5.00E-05

0.0124559

IFIH1

interferon induced
with helicase C
domain 1

chr2:162267078162318703

1.08361

10.076

3.21699

0.00025

0.0453642

SLC7A2

solute carrier
family 7 member 2

chr8:1749436717570573

1.1903

39.438

5.05018

5.00E-05

0.0124559

MX1

MX dynamin like
GTPase 1

chr21:4142030341459214

1.20825

53.308

5.46336

5.00E-05

0.0124559

IL6

interleukin 6

chr7:2272539422732002

1.50528

236.633

7.29648

5.00E-05

0.0124559

OAS3

2’-5’-oligoadenylate
synthetase 3

chr12:112906776113017751

1.54914

27.6823

4.15943

5.00E-05

0.0124559

RAB27B

RAB27B, member
RAS oncogene
family

chr18:5471785954898083

1.61661

7.16462

2.14792

0.00025

0.0453642

CHI3L2

chitinase 3 like 2

chr1:111186326111243440

1.63045

19.0502

3.54646

5.00E-05

0.0124559

DDX60

DExD/H-box helicase 60

chr4:168216292168318807

1.70224

9.23533

2.43973

5.00E-05

0.0124559
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TNFAIP2

TNF alpha induced
protein 2

chr14:103123441103137440

1.73929

85.6917

5.62258

5.00E-05

0.0124559

CXCL8

C-X-C motif chemokine ligand 8

chr4:7374050573743716

2.03126

2393.87

10.2028

5.00E-05

0.0124559

HELZ2

helicase with zinc
finger 2

chr20:6355808563574239

2.05428

8.68881

2.08053

0.0002

0.0397243

PLA2G4C

phospholipase A2
group IVC

chr19:4804784248110824

2.11715

5.64599

1.4151

0.0001

0.0219373

C1QTNF1

C1q and tumor
necrosis factor
related protein 1

chr17:7901920879049788

2.2431

68.3922

4.93026

5.00E-05

0.0124559

POU2F2

POU class 2 homeobox 2

chr19:4208610742196585

2.26248

14.6095

2.69093

0.0001

0.0219373

RRAD

RRAD, Ras related
glycolysis inhibitor
and calcium channel regulator

chr16:6692167866925644

2.33152

15.3715

2.72092

0.00015

0.0310521

ERG

ERG, ETS transcription factor

chr21:3837993638661780

2.50476

0.260025

-3.26795

5.00E-05

0.0124559

ZC3H12A

zinc finger
CCCH-type containing 12A

chr1:3747448337484379

2.5178

27.5319

3.45087

5.00E-05

0.0124559

GRIP1

glutamate receptor interacting
protein 1

chr12:6630244466804186

2.86211

0.714187

-2.0027

5.00E-05

0.0124559

TNFAIP6

TNF alpha induced
protein 6

chr2:151357591151380048

3.10017

23.6116

2.92907

5.00E-05

0.0124559

RELB

RELB proto-oncogene, NF-kB
subunit

chr19:4500142945038194

3.24664

20.529

2.66064

0.0002

0.0397243

C15orf48

chromosome
15 open reading
frame 48

chr15:4543052845586304

3.46722

105.565

4.92821

5.00E-05

0.0124559

PARP12

poly(ADP-ribose)
polymerase family
member 12

chr7:140023743140063721

3.60355

13.8702

1.94449

0.0001

0.0219373

TNFAIP3

TNF alpha induced
protein 3

chr6:137823672137883312

4.14814

70.1543

4.08

5.00E-05

0.0124559

AMPD3

adenosine monophosphate deaminase 3

chr11:1030831210507579

4.21017

26.2652

2.6412

5.00E-05

0.0124559

IL7R

interleukin 7 receptor

chr5:3585269435879603

4.50659

17.1924

1.93166

5.00E-05

0.0124559

PARK2

parkin RBR E3
ubiquitin protein
ligase

chr6:161347419163315492

4.96004

0.355266

-3.80338

5.00E-05

0.0124559

IL32

interleukin 32

chr16:30652963087100

5.05667

70.016

3.79143

5.00E-05

0.0124559

PARP14

poly(ADP-ribose)
polymerase family
member 14

chr3:122680617122730840

5.07642

22.7363

2.16311

5.00E-05

0.0124559
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IFI44

interferon induced
protein 44

chr1:7864979578664120

5.08599

46.6088

3.196

5.00E-05

0.0124559

GBP2

guanylate binding
protein 2

chr1:8910613189176040

5.13141

22.3103

2.12028

5.00E-05

0.0124559

IFI35

interferon induced
protein 35

chr17:4300672443014456

5.17351

28.7573

2.47471

0.00015

0.0310521

IRF1

interferon regulatory factor 1

chr5:132481608132490798

6.28649

27.3311

2.12021

5.00E-05

0.0124559

CSF1

colony stimulating
factor 1

chr1:109910241109930993

6.46701

32.9044

2.34711

5.00E-05

0.0124559

PDPN

podoplanin

chr1:1358346413617957

7.39325

54.5508

2.88332

5.00E-05

0.0124559

ABI3BP

ABI family member
3 binding protein

chr3:100749101100993515

7.47862

44.1101

2.56027

5.00E-05

0.0124559

SLC43A3

solute carrier family 43 member 3

chr11:5738679357427580

7.4997

31.6702

2.07822

0.0001

0.0219373

STC1

stanniocalcin 1

chr8:2384191423854807

7.71336

36.4453

2.2403

0.0001

0.0219373

VCAM1

vascular cell adhesion molecule 1

chr1:100719741100739045

8.47649

108.738

3.68125

5.00E-05

0.0124559

NFKB2

nuclear factor
kappa B subunit 2

chr10:102394109102402529

8.71398

39.1334

2.167

5.00E-05

0.0124559

PAPPA

pappalysin 1

chr9:116153772116402322

9.99727

36.9252

1.885

0.0001

0.0219373

CLDN1

claudin 1

chr3:190305700190412143

10.022

66.4346

2.72876

0.00015

0.0310521

FHIT

fragile histidine
triad

chr3:5974930961251459

10.0362

0.959353

-3.38701

5.00E-05

0.0124559

PLSCR1

phospholipid
scramblase 1

chr3:146513172146544864

10.0403

33.624

1.7437

0.00025

0.0453642

MAN1A1

mannosidase alpha
class 1A member 1

chr6:119177208119349761

10.6771

40.7582

1.93258

5.00E-05

0.0124559

NAMPT

nicotinamide
phosphoribosyltransferase

chr7:106248284106286326

11.1375

70.6468

2.6652

5.00E-05

0.0124559

NAMPTL

nicotinamide
Phosphoribosyltransferase Pseudogene 1

chr10:3652172036524234

11.1467

50.7209

2.18596

5.00E-05

0.0124559

NFKBIA

NFKB inhibitor
alpha

chr14:3540151035404749

11.7044

92.9857

2.98996

5.00E-05

0.0124559

IL11

interleukin 11

chr19:5536435955370463

11.7916

137.573

3.54437

5.00E-05

0.0124559

UBE2L6

ubiquitin conjugating enzyme E2 L6

chr11:5755165557568284

12.5631

47.4698

1.91782

0.00025

0.0453642

ST7

suppression of
tumorigenicity 7

chr7:116952445117230103

13.0018

219.761

4.07915

5.00E-05

0.0124559

TFPI2

tissue factor pathway inhibitor 2

chr7:9359157293911265

15.2534

150.608

3.30359

5.00E-05

0.0124559
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CD82

CD82 molecule

chr11:4456442644620363

17.2744

90.9421

2.39631

5.00E-05

0.0124559

C1R

complement C1r

chr12:70802087122501

17.7931

47.0554

1.40304

0.00025

0.0453642

LIF

leukemia inhibitory
factor

chr22:3023919330257441

17.9234

103.183

2.52528

5.00E-05

0.0124559

PPIF

peptidylprolyl
isomerase F

chr10:7934746879355337

18.2791

51.6866

1.4996

0.0002

0.0397243

NRP2

neuropilin 2

chr2:205681989205798133

20.3695

73.5131

1.85159

5.00E-05

0.0124559

FAM84B

family with sequence similarity
84 member B

chr8:126552441126713415

20.6608

4.82695

-2.09771

0.0001

0.0219373

NFKBIZ

NFKB inhibitor
zeta

chr3:101779201101861022

21.9384

60.2573

1.45768

0.00025

0.0453642

TNIP1

TNFAIP3 interacting protein 1

chr5:151029944151093577

23.378

98.6386

2.077

5.00E-05

0.0124559

IFI6

interferon alpha
inducible protein 6

chr1:2766606027672218

25.2823

368.982

3.86735

5.00E-05

0.0124559

ISG15

ISG15 ubiquitin-like
modifier

chr1:10011371014541

32.3332

323.06

3.32071

5.00E-05

0.0124559

SLC39A14

solute carrier family 39 member 14

chr8:2236724822434129

35.661

182.218

2.35324

5.00E-05

0.0124559

PTX3

pentraxin 3

chr3:157175222157533720

36.7351

280.721

2.93391

5.00E-05

0.0124559

SOD2

superoxide dismutase 2

chr6:159669056159789749

39.0679

1280.35

5.03441

5.00E-05

0.0124559

AKR1B1

aldo-keto reductase family 1 member B

chr7:134442349134459284

54.8537

236.928

2.11079

5.00E-05

0.0124559

JPX

JPX transcript,
XIST activator
(non-protein
coding)

chrX:7394432374293574

137.857

16.381

-3.07307

0.0001

0.0219373

ARIH2

ariadne RBR E3
ubiquitin protein
ligase 2

chr3:4891778749023495

159.733

29.1804

-2.45259

5.00E-05

0.0124559

PVT1_1

Pvt1 oncogene
conserved region 1

chr8:127794485128101253

426.305

29.0083

-3.87735

5.00E-05

0.0124559

Benjamini-Hochberg adjusted p-value.
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Supplementary Figure 1 Relationship between C15orf48 and miR147b. The genomic location of
C15orf48 and miR147b is shown. Both transcripts are transcribed from the same template strand
on chromosome 15. The pre-miR147b transcript is harbored within a region that is also transcribed as the 3’ UTR of C15orf48. There was a strong correlation between miR147b and C15orf48
expression levels (ρ=0.96, p-value<0.0001, Spearman’s rank correlation test). Expression is shown
in log2(normalized read-counts+1).

Supplementary Figure 2 miR147b expression in tuberous sclerosis complex (TSC) cortical
tubers and temporal lobe epilepsy with hippocampal sclerosis (TLE-HS). Quantitative real-time
PCR of fresh frozen brain tissue. A miR147b expression levels in TSC tubers (n=16) did not differ to
expression in control cortex (n=19), however increased levels are observed in a subset of patients.
B expression levels in TLE-HS (n=16) were increased compared to control hippocampus (n=14).
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Classification of TSC cortical tubers: from histology to epigenetics
Several studies have focused on the histological patterns of TSC 1-3. Knowledge about
histological features of TSC is crucial to discover distinct profiles, which help to improve
diagnosis and decrease inter-rater variability between neuropathologists, and predictions of post-surgical outcome. The International League Against Epilepsy (ILAE) taskforce proposed a new histological classification for FCD 4, the most common cause of
drug-resistant epilepsy in children 5. Several studies have reported important clinical differences between the subtypes using these classifications 6, 7. In Chapter 2, we presented
a new classification system for TSC tubers; type A, B and C, based on the histological
pattern of calcifications, dysmorphic neurons and giant cells. Until now, no other clinical
studies have compared this tuber classification to clinical outcome, most likely since
the classification has been proposed recently. However, we were able to match our TSC
tuber sequencing data described in Chapter 3, to our classification system, comparing
gene expression patterns between the different tuber types. In our final sequencing analysis, after all quality controls (see Chapter 3) we included 5 tubers that could be classified
as a tuber type A, and 7 tubers that were classified as tuber type B. Since only 1 tuber was
classified as tuber type C, we could not make comparisons using this type. We found 246
genes that were upregulated, and 33 genes that were downregulated in type B tubers
compared to type A tubers (Fig 1A). Interestingly, most notably, inflammatory pathways
seem highly overrepresented in type B tubers, in contrast to type A tubers. This confirms the changes we see on histological level, since a gain in inflammatory markers and
microglial activation was found in type B and C tubers, and gliosis was increased in type B
tubers, whereas no differences could be detected for type A tubers. Amongst the upregulated gene ontology terms (GO terms) were the immune and inflammatory response,
adhesion, angiogenesis and positive regulation of gene expression. The specific upregulated pathways in type B compared to type A tubers include the tumor necrosis factor
(TNF) signaling pathway, the nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) pathway, cytokine-cytokine receptor interaction and Toll-like receptor signaling (Fig 1 C and D). Taken together, activation of inflammatory pathways seems one
of the main discriminators between type A and B tubers on gene expression level. Since
Figure 1. Differentially expressed mRNAs in type B tubers compared to type A tubers as identified
from RNA-Seq. A Volcano plot of differentially expressed mRNAs as identified from mRNA-Seq.
Volcano plot showing the differential expressed genes (DEGs) between the type A and type B tubers. 246 genes were up-regulated in type B tubers (adjusted p-value<0.05, fold-change>1.3), and
33 genes were down-regulated (adjusted p-value<0.05, fold-change<-1.3). B Enrichment map of
enriched pathways derived from the differentially expressed gene lists. 20 pathways were considered enriched (Benjamini-Hochberg corrected p-value<0.05). Each node represents a pathway;
the size of the node reflects the statistical significance of each pathway. The larger the node, the
smaller the adjusted p-value e.g. MAPK signaling pathway was statistically more significant than
the complement and coagulation cascades pathway. The edge connection between nodes represents the similarity between the genes list of each pathway, the thicker the edge the more similar the gene lists. C Enriched gene ontology (GO) terms derived from the differentially expressed
gene lists. 21 biological processes GO terms were identified as enriched (Benjamini-Hochberg
corrected p-value<0.05). Each enriched GO term is listed on the y-axis, the x-axis is the log10(1/
adjusted p-value), n is equal to the number of the DEGs in each gene ontology term.

174

DISCUSSION

type A tuber was correlated with a lower drug load at the time of surgery and a shorter
duration of active epilepsy, and none of the included patients classified as having a type
A tuber underwent hemispherotomy, type A seems a milder phenotype. In contrast, activation of inflammatory pathways seen in type B tubers could be the underlying mechanism that leads to a more severe epileptic pathology. For future studies, it would be
interesting to compare the histological patterns of tubers that are considered causative
for seizure onset to non-seizure onset tubers, the latter one often also resected during
epilepsy surgery due to proximity of the tubers 8.
In addition to gene expression, we also investigated DNA methylation profiles of
TSC cortical tubers. DNA methylation is an epigenetic way of regulation of gene expres-
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sion. By the addition of methyl groups to the DNA, activity of a DNA segment is typically repressed, however methylation patterns are dynamic and effects are dependent
on genomic context 9. Recently, it was found that gene expression of pro-inflammatory
cytokines can be epigenetically modulated by DNA methylation of the promotor region
10-12
. In accordance with that, we identified hypomethylation of the IL-1β promotor region
in TSC tubers, which correlated with IL-1β overexpression in tubers 13. In addition, we
recently determined the genome-wide DNA methylation profile of TSC tubers (n=16)
compared to controls (n=13). Amongst the most differentially hypomethylated CpG sites
(selected for promotor region, with a beta value cut-off 0.2 and adjusted p-value<0.01)
we found that a major part of the genes were inflammation related. Amongst these were
Toll-like receptor 6 (TLR6), interleukin 6 signal transducer (IL6ST), interleukin 18 (IL-18),
interleukin 21 receptor (IL21R), all genes involved in pro-inflammatory signaling. Although
these recent findings still need to be validated, this indicates that epigenetic regulation
of gene expression may underlie the inflammatory changes we see in TSC tubers.
Histological changes in cortical tubers in grey matter compared to white matter
In TSC tubers, several different pathological mechanisms are described for the cortex
(grey matter, GM), and the white matter (WM). In the GM, a severe disturbance of cortical layering and blurred grey-white matter border is evident, while in the WM, most
notably hypomyelination is observed 14-17. Currently, we are expanding our cohort for TSC
histological analysis. Not only do we want to validate our findings described in Chapter
2 in a larger set of patient material collected at different centers throughout Europe,
we also aim to make comparisons between immunopathological findings observed in
the cortex (GM) and in the WM. We collected in total 49 samples of cortical tubers
including 9 perituberal samples, and 17 control samples, on which we performed several
immunohistochemical stainings which we subsequently digitalized (for details about the
methods, see Chapter 2). In each slide, we manually selected representative regions of
interest (ROI) of comparable size in both the GM and WM, in which the percentage of
stained area, or the count of stained cells, was semi-automatically quantified using an
open source image processing software package (FIJI ImageJ2, v64) with a specifically
developed macro based on Java programming language. Preliminary data shows that
GFAP expression, indicating gliosis, is increased in the GM of TSC cortical tubers compared to perituberal brain tissue (Fig 2A), and that GFAP expression is most prominent
in type B tubers (Fig 2B). In the WM, GFAP expression did not differ overall between the
tuber and the perituberal tissue (Fig 2C), nor did it differ between tuber types (Fig 2D),
indicating that gliosis was most evident in the GM in TSC tubers. Additionally, we found a
strong decrease in the GM oligodendrocyte cell count in all tuber types and in the perituberal cortex. This corresponds with earlier findings reporting WM deficiency in TSC and
FCD 18. It was recently reported that these deficiencies are probably due to decreased
oligodendroglia content caused by delayed maturation of precursor cells, overall leading to hypomyelination 19. In accordance with these findings, it was also reported that
neuron-specific TSC1 knockout in a mouse model of TSC deregulated the secretion of
connective tissue growth factor, which in turn inhibited oligodendrocyte development
and decreased the total number of oligodendrocytes 20. This indicates the importance
between mTOR signaling in neuronal cells and their paracrine effects on oligodendro-
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Figure 2. Gliosis is prominent in the grey matter in TSC cortical tubers. GFAP expression (percentage of total area positive for GFAP) was semi-automatically quantified in TSC cortical tubers
and perituberal tissue. A GFAP expression was increased in cortical tuber grey matter (GM) compared to perituberal tissue. B GM GFAP expression was increased in type B and C tubers compared to perituberal tissue. Gliosis was most prominent in type B tubers. C In white matter (WM),
GFAP expression in the tuber did not differ from perituberal tissue. D WM GFAP expression did
not differ between tuber types A, B or C and perituberal tissue. **p<0.01, ***p<0.001, Kruskall-Wallis with Man-Whitney U test for pairwise comparisons, circles indicate outliers.

cyte functioning and myelination. Interestingly, multiple proof-of-concept studies are
described, indicating that healthy mTOR complex 1 (mTORC1) signaling is indispensable
for proper myelin synthesis in myelinating cells, and that loss of function of this complex
leads to impaired myelination (reviewed in 18). However, hyperactivation of mTORC1 due
to loss of TSC1 in oligodendrocytes or TSC2 in oligodendrocyte precursor cells was
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reported to cause hypomyelination 21, 22, which matches the pathogenic changes that are
seen in TSC tubers. This can be explained by, for example, the inhibitory effects of high
mTORC1 activity on differentiation of myelinating cells even before myelination onset
in these cells 19, and by the toxic effects that accompanies mTOR overactivation in oligodendrocytes 23. Overall, comparison between the GM and WM in TSC tubers shows a
trend where the GM seems more affected compared to the WM, which probably underlies pathological changes like hypomyelination that are observed in cortical tubers.
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Restoring altered gene expression in TSC
To further analyze the TSC tuber transcriptomics data from Chapter 3, and hereby
potentially increase the therapeutic and clinical value, we used Library of Integrated
Network-Based Cellular Signatures analysis (LINCS analysis, NIH-LINCS Program), a tool
that integrates transcriptomics data for detailed information about cell signaling pathways in order to develop therapies that might restore disturbed networks into normal
state. This revealed that the IκB kinase-2 (IKK-2) inhibitor TPCA-1 would be a promising candidate to reverse the changes that are found in cell signaling networks in TSC
tubers. Therefore, we performed experiments in which primary astrocyte cultures were
treated with different concentrations of TPCA-1 (for details about the cultures and treatment see Chapter 6). Indeed, TPCA-1 was able to strongly reduce IL-1β-induced upregulation of several inflammatory components like the pro-inflammatory cytokine IL-6,
COX-2, chemokines CCL2 and CCL3, and C3, a component of the complement system,
which was highly upregulated in TSC tubers (see Chapter 3). Additionally, TPCA-1 could
partly stabilize expression of C1qa, a polypeptide component of C1q, and C4b, which are
important factors in the complement system and are believed to serve a protective role
through their critical role in opsonization 24, 25. TPCA-1 was previously reported to inhibit
both the NF-κB pathway via inhibition of the IκB kinase-2 (IKK-2), which plays a crucial
role NF-κB-regulated production of pro-inflammatory molecules 26, and STAT3, which
is also implicated in regulation of IL-6 and COX-2 production 27. Therefore, studying the
therapeutic value of this compound in relation to brain inflammation and epilepsy in TSC
may provide interesting insights. Using the data gathered in this multi-platform analysis
of a large cohort of TSC tubers, we now indicated specific deregulated biological signaling pathways. With this, we identified novel candidates that are interesting for further
research into their potential therapeutic value in treating drug-resistant epilepsy.
Targeting inflammation in epilepsy treatment
Accumulating evidence indicates that inflammation plays a major role in the pathogenesis of epilepsy, and that targeting inflammatory pathways is beneficial in the treatment
of epilepsy 28, 29. For example, inflammatory pathways that were found deregulated in
resected brain tissue from patients with epilepsy, also seem to play a role in disease
development in experimental models of epilepsy and pharmacological inhibition of these
pathways (e.g. IL-1R1/TLR4 signaling, the mTOR pathway, the TGFβ signaling pathway)
was shown to reduce epileptogenesis 28. However, the gap between target identification
in proof-of-concept preclinical studies and clinical trials yet needs to be filled, and since a
limited number of targets has been investigated, more targets need to be identified. One
potential target is the (immuno)proteasome. This multicatalytic proteinase complex is
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a major protein degradation system that has been associated with several neurodegenerative disorders and is involved in the regulation of immune cell function. We found
increased expression of constitutive (β1, β5) and immunoproteasome (β1i, β5i) subunits
in epileptogenic brain tissue of patients with TSC or FCD, as described in Chapter 4. Glial
and neuronal expression of these (immuno)proteasome subunits positively correlated
with seizure frequency, suggesting that increased expression of the immunoproteasome might contribute to seizure activity. In a separate study, we also found increased
expression in epileptogenic brain tissue in patients with temporal lobe epilepsy (TLE)
and in an experimental model of TLE 30. The immunoproteasome β5i subunit is virtually not expressed in healthy brain, but is strongly induced in epileptogenic brain tissue
from patients with drug-resistant epilepsy 31. Recently, it was reported in an experimental
model of epilepsy that the β5i subunit is an important contributor in development of
seizures and that selective pharmacologic inhibition of this subunit in hippocampal/entorhinal cortex slices of rats 2–3 months after brain injury (induced by a status epilepticus)
delays or even prevents seizure-like events 32. This suggests that seizures can be reduced
or prevented via inhibition of the immunoproteasome. Taken together, these data indicate that the increased expression of the β5i subunit in TSC and FCD might contribute
to epileptogenesis by promoting seizure development. A very recent study reported
that the activity of the ubiquitin-proteasome-system is inhibited in specific hippocampal
subregions after status epilepticus in mice, mostly in regions that are more resistant to
seizure-induced cell death 33. Also, this study showed that treatment with an proteasome
inhibitor protected even the vulnerable CA3 region of the hippocampus against damage
33
. The authors suggested that inhibition of the proteasome system might be an endogenous mechanism to protect against seizure-induced cell death 34. Therefore, additional
research is required to study the activation of the (immune)proteasome system in TSC
and FCD, and further (pre-)clinical studies are necessary to explore the clinical potential
of inhibiting this system. However, specific immunoproteasome inhibitors (e.g. ONX0914 32) currently have poor capacities in crossing the blood-brain barrier 35. Hence, the
bioavailability of these drugs needs to be improved in order to inhibit the immunoproteasome system in the epileptogenic brain.
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miRNAs in epilepsy
microRNAs (miRNAs), small non-coding RNAs that are post-transcriptional regulators
of gene expression, are crucial modulators of inflammatory pathways linked to various
neurological disorders, including epilepsy 36. It is estimated that the expression of approximately 60% of all human proteins is directly affected by miRNAs 37. The expression of
several miRNAs, including those associated with neuroinflammatory signaling, was previously shown to change in human epileptogenic brain and in experimental models of
epilepsy 38-41. Using small RNA sequencing, we found that the miRNA transcriptome was
markedly disturbed in TSC cortical tubers, as described in Chapter 3. In accordance with
previous studies indicating the importance of the miR34 family in epilepsy 42, 43, we found
that miR34a, miR34b and miR34c were strongly upregulated in TSC tubers. miR34b-5p
overexpression in mouse hippocampal neurons modulated neurite outgrowth, which
indicates that miR34b-5p can potentially regulate aspects of neurogenesis that are
altered under pathological conditions and which may contribute to cognitive impair-
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ment in individuals with TSC 44-47. In Chapters 5 and 6, we describe that miRNAs 21, 146a,
147b and 155 were increased expressed in cortical tubers. In addition, these miRNAs were
upregulated under inflammatory conditions mimicked by IL-1β signaling, both in human
astrocyte cultures and in cell cultures derived from surgically resected brain tissue from
patients with TSC. We identified that miR146a and miR147b were potent negative regulators of inflammatory signaling, and that they could also inhibit other hallmarks of gliosis
like aberrant astrocytic proliferation and differentiation from the neuronal precursor
cell pool. Summarizing, we pinpointed some miRNAs with therapeutic potential in epileptic pathology in TSC, although their therapeutic role in epilepsy should be further
investigated. Recently, it has been reported that administration of miR146a in the brain
reduced seizures and prevented disease progression in a rodent model of epilepsy 48.
Also other studies suggested that miRNAs related to neuroinflammation (e.g. inhibition
of miR34a, miR132, miR134 and miR155 and overexpression of miR22, miR124 and miR128)
could be used as therapeutic strategy in epilepsy 49-51. Currently, functional studies should
validate the therapeutic potential of miRNAs that are reported to be involved in disease
pathogenesis in epilepsy 52. This includes an expansion of studies with higher clinical relevance, e.g. where the experimental set-up includes administration of miRNAs or inhibitors after disease onset. Also, it should be clear through which cell type the miRNAs or
anti-miRNAs exert their effects, since most approaches lack cell specificity. Preferably,
therapeutic approaches should be established that not only suppress seizures during
use (anti-ictogenic), but also have disease modifying effects (anti-epileptogenic) and
would therefore only need transient administration. Furthermore, where functional
studies in cell cultures use transfection methods for overexpression of knockdown of
miRNAs and compounds in animal models are often administered via intracerebral injection, administration routes for use in human clinic yet have to be established. So far,
multiple clinical trials have been initiated using miRNA- and small interfering RNA (siRNA)-based compounds, of which some already entered phase II clinical trials 53. Many
miRNAs are ubiquitously expressed throughout the body, therefore a brain-specific or
even region-specific delivery of miRNA-based therapies for the treatment of epilepsy is
necessary. Unfortunately, miRNA-based therapeutic compounds are unable to cross the
intestinal membrane or the intact blood-brain-barrier which eliminates the possibility
of oral administration. One invasive yet CNS specific oligonucleotide delivery has been
described via intrathecally lumbar puncture of nusinersen 54. Nusinersen is an antisense
oligonucleotide-based compound developed for the treatment of spinal muscular atrophy, and phase II and III trials show good outcome 55-57. Intrathecally lumbar puncture
might therefore be a potential alternative choice of treatment for surgery if regular medical treatment fails 54, 56, 58. However, a less invasive method of administration is preferred,
and currently studies are performed investigating the feasibility of intranasal delivery
of miRNAs 51. Other in vivo delivery systems include the use of locked nucleic acid antimiRs, or miRNA delivery using neutral lipid emulsions, viral vectors, lipid nanoparticles,
liposomes or coupling to other carries molecules 59. Key challenges that have to be overcome in miRNA-based treatments include adverse inflammatory side effects, toxicity
due to charge of the compound, targeting to the disease site and endosomal degradation of oligonucleotides by RNAses after internalization into the target cell 59. The majority of the current studies are testing the applicability of intravenous injection of miRNAs
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using lipid nanoparticle delivery or encapsulation within dendrimer complexes with a
small positive charge 59. Recent studies reported positive results of intranasal delivery
of miRNAs on seizure development in experimental models of epilepsy 51, 60. Currently,
biotechnology companies are working on the development of RNA-based therapeutics
for the treatment of epilepsy, which brings the clinical applicability one step closer 61, 62.
Extracellular miRNAs and circular RNAs
In addition to tissue expression throughout the body in various cell types, miRNAs
have also been detected in various biological fluids. These extracellular miRNAs can be
assessed in blood, plasma, and serum and altered expression patterns were found in
different pathologies 63. Circulating miRNAs may form a novel way of intercellular communication 64. It was recently reported that miRNAs can be excreted by glia to modulate
synaptic genes in neurons in response to inflammation, indicating a novel pathogenic
mechanism where miRNAs contribute to modulation of excitatory signalling in disease
65
. miRNAs may either be actively secreted either via exosomes, or via coupling with RNAbinding proteins 66. Exosomes are able to cross the blood-brain barrier and may function
as useful disease biomarkers in epilepsy 67, 68. For example, studies in experimental models
of epilepsy have identified clusters of plasma miRNAs that were differentially expressed,
some even before seizure onset, indicating a potential biomarker of epileptogenesis 69-71.
Additionally, deregulated expression of several miRNAs was confirmed in serum of epilepsy patients 68. For example, miR146a and miR106b were recently shown to be both
upregulated in serum from patients with general or focal epilepsy and the expression
was correlated with seizure severity, indicating that these miRNAs can be potentially
used for epilepsy diagnosis and/or to guide treatment 72. Currently, we are performing a
large-scale biomarker study in a group of 101 TSC patients in a European Commission 7th
Framework Programme funded consortium (EPISTOP). Of these young patients, clinical
records are collected on a regular basis and serum is obtained at different time points: at
a few weeks of age, and at 6 and 24 months of age. Additionally, serum samples are also
collected once EEG abnormalities are observed and at clinical manifestation of seizures.
Using a custom miRNA PCR panel based on preliminary sequencing results of serum
of a small, selected cohort of patients, we aim to identify deregulated miRNAs and will
correlate expression data to clinical information like development of seizures, autism
spectrum characteristics and response to anti-epileptic drugs, in order to identify potential biomarkers. Furthermore, a new interesting field of non-coding small RNAs is circular RNAs (circRNAs), that are produced by back-splicing of precursor mRNAs and can
modulate gene expression by regulating miRNAs. Novel sequencing approaches allowed
the detection of over thousands circRNAs in the brain, where they can act as miRNA
sponges by competing with mRNAs for miRNA binding sites 73. circRNAs are detectable
in blood and may be used as disease biomarkers 74, 75. Currently, we are investigating the
expression of circRNAs in response to inflammatory stimuli in human astrocytes derived
from patients with TSC or vanishing white matter, a disorder which is, in contrast to TSC,
known for its impaired maturation of astrocytes and low levels of gliosis 76, 77. We aim to
identify circRNAs related to inflammatory mechanisms and their function, in order to
find new therapeutic strategies for restoring altered gene expression in these pathologies. This would allow the development of a novel, additional therapeutic approach using
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Conclusion
Taken together, we aimed to characterize TSC tubers on histological, transcriptomic
and epigenetic level, in order to find targets for further investigation which ultimately
will lead to improved pharmacological treatment and outcome in TSC. Inflammatory
pathways are amongst the main deregulated systems in TSC tubers and therefore represent excellent targets for further exploration. With an multi-platform analysis of a large
cohort of TSC tubers, we now indicated specific deregulated biological signaling pathways and potential targets for treatment. One possible target for therapeutic intervention is the immunoproteasome, since the expression of specific subunits was increased
and correlated with seizure frequency. Additionally, we pinpointed several miRNAs; the
miR34 family, miR146a, and miR147b that are deregulated in TSC. Due to their potent negative regulation of inflammatory signaling in vitro, these miRNAs deserve further investigation potential therapy in neurological disorders associated with inflammation, such as
epilepsy. In the past few years, research into the potential therapeutic value of miRNAs
in treating drug-resistant epilepsy is emerging and pre-clinical and clinical studies are
encouraging. Therefore, administration of miRNAs could therefore be a promising new
therapy in the treatment of epilepsy and TSC.
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Summary

Tuberous sclerosis complex (TSC) is a genetic disease with an incidence between 1 in
6,000 and 1 in 11,000 births presenting with multiple neurological symptoms including
epilepsy, mental retardation, and autism. Loss-of-function mutations in either TSC1 or
TSC2 lead to constitutive mTOR activation, resulting in an abnormal development of the
cerebral cortex with alterations in cortical lamination, cell size and axon and dendrite
growth and multiple focal brain structural abnormalities called tubers. Epilepsy is the
most prevalent and severe manifestation of TSC, occurring in 70 to 80% of all patients,
often already starting early in life. A dysregulated inflammatory response is present in
various pathologies of the central nervous system, and increasing evidence shows an
important role of brain inflammation in the pathophysiology of epilepsy. Astrocytes are
important mediators of inflammatory processes in the brain and play an important role
in several neurological disorders, including epilepsy. Indeed, abnormal activation of various inflammatory pathways has been observed in astrocytes in brain lesions associated
with TSC. Increasing evidence supports the involvement of microRNAs in the regulation
of astrocyte-mediated inflammatory response. In this thesis, we aimed to investigate the
molecular mechanisms of pathology in TSC, in order to find potential targets and novel
therapeutic strategies. Additionally, we aimed to evaluate possible functional modulations of inflammatory pathways using in vitro astrocyte cultures.
In chapter 2, we aimed to define distinct histological patterns within tubers and
to correlate these findings with clinical data. Based on the proportion of calcifications,
dysmorphic neurons and giant cells we proposed a new histopathological classification
system for cortical tubers in TSC, designated tuber type A, B, and C. Subsequently, we
examined the complexity of the molecular signaling network in TSC by evaluating the
coding and non-coding transcriptional landscape of TSC cortical tubers using mRNA and
small RNA sequencing, which is described in chapter 3. We observed increased expression of genes associated with inflammatory, innate and adaptive immune responses, and
a down-regulation of genes associated with neurogenesis and glutamate receptor signaling. MicroRNAs represented the largest class of over-expressed small non-coding RNA
species in tubers. Amongst these over-expressed miRNAs in TSC, in particular the miR34
family (miR34a, miR34b and miR34c) was overexpressed, of which we validated the functional role of miR34b in stimulating neurite outgrowth.
In chapter 4, we evaluated a possible relationship between the expression the
β1, β1i, β5, and β5i subunits of the (immuno)proteasome, a multisubunit enzyme complex involved in protein degradation, and the clinical course of epilepsy in TSC and focal
cortical dysplasia (FCD). Increased expression of these subunits were detected in dysmorphic neurons, balloon/giant cells, and reactive astrocytes, which positively correlated
with seizure frequency. Increased expression could be attenuated by treatment with the
mTOR inhibitor rapamycin in FCD-derived cell cultures.
In chapter 5, we found increased expression of miR21, miR146a and miR155 in
TSC cortical tubers and subependymal giant cell astrocytomas, predominantly in dysmorphic neurons, giant cells and reactive astrocytes. Expression of these miRNAs could
be induced by IL-1β stimulation of cultured glial cells. Overexpression of miR146a or
miR155 resulted in anti- or pro-inflammatory effects respectively under inflammatory
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conditions in vitro. In chapter 6, using next generation sequencing we identified miR147b
as a novel key regulator of IL-1β-mediated inflammation in human astrocytes cultures.
We also found that both miR146a and miR147b were able to restore aberrant astrocytic
proliferation and promote neuronal differentiation of neuronal stem cells, and therefore
these miRNAs deserve further investigation as potential therapeutic therapy in neurological disorders associated with inflammation, such as epilepsy.
We were able to correlate several aspects of the transcriptional landscape of
TSC tubers to our histological definition of the different tuber types, which is described
in chapter 7. Additionally, we presented novel preliminary data indicating that the grey
matter in TSC tubers seems more affected compared to the white matter. We also proposed, using Library of Integrated Network-based Cellular Signatures (LINCS) analysis of
the transcriptomics data of cortical tubers compared to controls, TPCA-1 as interesting
compound for restoring the altered gene expression in TSC.
Taken together, we found that inflammatory pathways are amongst the main
deregulated systems in TSC tubers and therefore represent excellent targets for further exploration. We identified specific deregulated biological signaling pathways and
potential targets for treatment. Using astrocyte cell cultures, we determined functional
characteristics of several targets that are deregulated in cortical tubers and our data
suggest that miRNAs might be of therapeutic value in the treatment of drug-resistant
epilepsy in TSC. Furthermore, results from pre-clinical and clinical studies are encouraging and indicate that miRNAs may have therapeutic value in treating drug-resistant
epilepsy. Therefore, the administration of miRNAs could be a promising new therapy in
the treatment of epilepsy and TSC.
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Tubereuze sclerose complex (TSC) is een genetische aandoening die voorkomt bij één
op de 6000 tot één op de 11000 geboortes. TSC is geassocieerd met neurologische
symptomen als epilepsie, mentale retardatie en autisme. Een mutatie in het TSC1 of het
TSC2 gen leidt tot hyperactivatie van de mTOR signaleringsroute, wat zorgt voor een
abnormale ontwikkeling van de cerebrale cortex met verstoringen in de ontwikkeling
van de corticale cellagen, cel grootte, axonale en dendritische groei en het leidt tot het
ontstaan van meerdere focale structurele malformaties; tubers. Epilepsie is de meest
voorkomende en ernstige manifestatie van TSC, het komt voor in ongeveer 70 tot
80% van de patiënten en begint vaak al op jonge leeftijd. In veel aandoeningen van het
centrale zenuwstelsel zien we een gedereguleerde activatie van de immuunrespons, en
steeds meer bewijs impliceert dat ontstekingsreacties in het brein een belangrijke rol
kunnen spelen in de pathofysiologie van epilepsie. Astrocyten zijn belangrijke spelers
in verschillende ontstekingsprocessen in het brein en ze spelen ook een belangrijke
rol in verschillende neurologische aandoeningen, waaronder ook epilepsie. Zo zien we
bijvoorbeeld abnormale activatie van verschillende ontstekingsroutes in astrocyten
in TSC hersenlaesies. Steeds meer studies suggereren een belangrijke bijdrage van
microRNAs in de regulatie van de inflammatoire respons in astrocyten. Ons doel was om
de moleculaire mechanismen die ten grondslag liggen aan de veranderingen die we zien
in TSC te onderzoeken, waardoor we mogelijk potentiële therapeutische doelwitten en
nieuwe behandelstrategieën kunnen vinden. Ook hebben we, door middel van astrocyten
celkweken, onderzocht hoe we mogelijk ontstekingsprocessen kunnen beïnvloeden.
In hoofdstuk 2 hebben we onderzocht of er verschillende histologische
patronen te ontdekken zijn in corticale tubers, en of deze patronen te correleren zijn
met klinische gegevens. Op basis van de hoeveelheid calcificaties, abnormaal gevormde
neuronen en zogenaamde reuscellen hebben we een nieuw classificatiesysteem voorgesteld voor corticale tubers in TSC; namelijk type A, B en C. Vervolgens hebben we ook
nog de complexiteit van het moleculaire signaleringsnetwerk in TSC bestudeerd door te
kijken naar zowel het coderende als het niet-coderende genexpressieprofiel, wat staat
beschreven in hoofdstuk 3. We zagen verhoogde genexpressie van genen die verband
houden met de immuun- en ontstekingsreactie, en een verlaagde genexpressie van genen
die geassocieerd zijn met neurogenese en glutamaat signalering. De grootste groep
genen die verhoogd tot expressie kwam was microRNAs. Binnen deze groep miRNAs
was ook de miR34 familie (miR34a, miR34b, miR34c) sterk verhoogd. Van miR34b hebben
we bepaald dat deze een stimulerende rol heeft in de groei van neuronale dendrieten.
In hoofdstuk 4 hebben we de relatie onderzocht tussen de expressie van de β1,
β1i, β5 en β5i subeenheden van het (immuno)proteasoom, een eiwit dat betrokken is
bij eiwitafbraak, in zowel TSC als focale corticale dysplasie (FCD). We vonden verhoogde
expressie van deze subeenheden in de abnormaal gevormde neuronen, reuscellen in
TSC, balloncellen in FCD en in reactieve astrocyten, en deze expressie correleerde met
de hoeveelheid epileptische aanvallen. De verhoogde expressie konden we remmen
door middel van behandeling met de mTOR remmer rapamycine in celkweken verkregen
van chirurgisch FCD hersenmateriaal.
In hoofdstuk 5 vonden we verhoogde expressie van miR21, miR146a en
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miR155 in corticale tubers en in subependymale reuscel astrocytoom, vooral in de
abnormaal gevormde neuronen, reuscellen en reactieve astrocyten. De expressie van
deze drie miRNAs kon verhoogd worden door gliacellen in kweek te stimuleren met
IL-1β. Artificiële verhoging van de expressie van miR146a of miR155 resulteerde in
een anti- of pro-inflammatoire reactie, respectievelijk, onder inflammatoire condities
in astrocytenkweken. In hoofdstuk 6 vonden we met behulp van next generation
sequencing miR147b als nieuwe belangrijke regulator van IL-1β-gemedieerde inflammatie
in humane astrocytenkweken. Ook vonden we dat zowel miR146a als miR147b in
staat waren om verstoorde proliferatie van astrocyten te herstellen en om neuronale
differentiatie van neuronale stamcellen te stimuleren. Het lijkt hierom nuttig om verder
onderzoek te doen naar de potentiële klinische toepasbaarheid van miR146a en miR147b
in de behandeling van neurologische aandoeningen met inflammatie, zoals epilepsie.
We konden verschillende aspecten van het genexpressieprofiel van TSC tubers
correleren aan ons classificatiesysteem voor de verschillende tuber types, wat we hebben beschreven in hoofdstuk 7. Ook laten we nieuwe data zien waaruit blijkt dat de
grijze stof in TSC tubers meer aangedaan lijkt dan de witte stof. Ook brengen we, na
Library of Integrated Network-based Cellular Signatures (LINCS) analyse van de genexpressiedata van tubers in vergelijking met controle hersenweefsel, TPCA-1 naar voren als
interessante stof om potentieel de veranderde genexpressie in TSC te herstellen.
Samenvattend, we hebben gezien dat inflammatoire signaleringsroutes deel uitmaken van de meest gedereguleerde systemen in TSC tubers, en daarom uitstekende
uitganspunten zijn voor verder onderzoek. We hebben specifieke biologische signaalroutes aangewezen die gedereguleerd zijn en potentiële doelwitten voor farmacologische behandeling. Met astrocytenkweken hebben we de functionele eigenschappen
bepaald van meerdere targets die veranderd zijn in TSC en onze data suggereert dat
miRNAs bruikbaar kunnen zijn in de behandeling van farmacoresistente epilepsie in TSC.
Resultaten van zowel pre-klinische als klinische studies zijn bovendien bemoedigend en
wijzen erop dat miRNAs van therapeutische waarde kunnen zijn in de behandeling van
refractoire epilepsie. Daarom zou het toedienen van miRNAs een veelbelovende nieuwe
therapie kunnen zijn in de behandeling van epilepsie en TSC.
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Het laatste hoofdstuk: de afronding van dit proefschrift! En waarschijnlijk het meest gelezen hoofdstuk van dit boekje. Het was voor mij een ongelofelijk leuke, en soms zware, tijd
waarin ik ontzettend veel heb geleerd. Ik wil graag een aantal mensen bedanken zonder
wie ik dit nooit had kunnen volbrengen.
Eleonora, bedankt dat je me het vertrouwen gaf om dit project te mogen doen in je
lab! We kenden elkaar al van mijn eerste masterstage en ik vond het ontzettend leuk om
weer terug te mogen komen. Ik waardeer ontzettend je tomeloze energie, je eerlijkheid
en je passie in je werk. Je hebt me geleerd om focus te houden in mijn onderzoek terwijl
je me tegelijkertijd ook de vrijheid gaf om experimenten te doen die ik graag wilde, nieuwe technieken op te zetten of een student aan te nemen in de drukste periode van mijn
promotie ‘omdat ik dat leuk vond’. Dankjewel voor alles, en ik heb er zin in om nog even
te blijven hangen als postdoc.
Erwin, bedankt voor alle begeleiding tijdens dit traject. Je was dan misschien niet direct
betrokken bij de proeven die ik deed, maar des te meer bij mijn persoonlijke ontwikkeling
en de koers van mijn promotie als geheel. Je hebt me beter leren schrijven en ik hoor
nu jouw stem in mijn hoofd die dezelfde dingen zegt als ik manuscripten of verslagen
van anderen nakijk. Ik heb bewondering voor het feit dat je nog meer praat dan ik, maar
hiermee hebben we wel veel goede discussies gehad waar ik veel van heb geleerd, en
heb je me bekend gemaakt met ‘de politiek van de wetenschap’. Ik heb met liefde je secretaresse gespeeld, wanneer ik je afspraken en je SILS-dagen vaak beter uit mijn hoofd
wist dan jijzelf.
The Neuro lab: you guys made my time here awesome! Thank you for all the gezelligheid
and for bringing me chocolate when I had rough times. And sorry that I continuously
sang annoying songs into your heads, therefore this QR code is for you guys!
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Als eerste: mijn paranimfen, Jasper en Anika! Jasper, of JJ J J, ik heb altijd gezegd: zonder jou geen PhD! Bedankt dat je me altijd hebt geholpen ook al vind ik het soms moeilijk
om hulp te vragen. Je bent in je werk (minstens) net zo neurotisch als ik, wat het altijd
heerlijk samenwerken maakte, naast het feit dat ik me altijd kapot lach met je zodra we
samen in het lab werken. Ook ben je de beste danser die ik ken, en ik vind het super tof
dat je op mijn verdediging naast me wilt staan! Anika, of Annie: gelukkig zijn we zo lekker
normaal gebleven. Ik heb je voor het eerst gezien in de kerstvakantie vlak voordat je bij
ons begon, toen je alvast even langskwam om je bureau te bekijken (?). Met zo’n beetje
dezelfde jas, Dille & Kamille tasje en je spraakwaterval wist ik al dat dit wel eens kon gaan
werken. Je hebt me veel geholpen de afgelopen tweeënhalf jaar, zowel met mijn onderzoek als op persoonlijk vlak. Onze humor relativeert vrijwel alles en anders hebben we
altijd nog chocola (of bier). Bedankt voor het gouden duo-schap tijdens borrels en dat ik
kon crashen bij Perry in bed. Ik weet zeker dat jouw boekje ook fantastisch gaat worden.
Bedankt dat je naast me wilt staan op deze spannende dag.
Diede, mijn vaste congres-kamergenootje, dankjewel voor je gezelschap de afgelopen
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vierenhalf jaar, eerst als student en vervolgens ook als PhD student. Ik vind het knap dat
je vaak gewoon positief blijft als je even serieus wilt werken terwijl Erwin en ik net even
ons ‘energiemomentje’ hebben of als ik weer eens foute nummers draai of zing. Anatoly,
thanks for the good discussions after some drinks at conferences and for making me
tea when I was so done with writing my thesis late in the evenings. Till, thank you for
your ongoing positive energy and jokes, and together with Tolly for having a blast at the
Glia conference in Edinburgh (sorry for the enthusiasm level 5000 in the mornings).
James, thanks for your ongoing positivity and for our collaboration on some really nice
projects! Caroline, Caro, je werkt nu een jaar bij onze groep, maar desondanks nu al
onmisbaar. Bedankt voor je gezelligheid en je droge humor. Angelika, bedankt voor onze
leuke trips naar Parijs, Istanbul en Berlijn en voor de mooie projecten die we samen
uitvoeren. Marianna, bedankt voor je enthousiasme en ik vind het leuk dat we zo’n
interessante studie samen gaan uitvoeren. Bram en Durk, jullie zijn altijd zo vrolijk en
maken de afdeling net een tikje zonniger! De obductieassistenten René, Rein en Frank,
bedankt voor jullie interessante en soms soms lugubere verhalen, het voegt echt wat toe
aan het hele ‘mortuariumsfeertje’.
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Some previous group members: Avanita, thanks for being so happy I was your “junior”
and for all your company. I’m sorry I didn’t help you scrape. Anand, je hebt me leren
kweken in mijn eerste stage. Bedankt voor je begeleiding van het experimentele gedeelte
van mijn PhD, ik heb heel erg veel van je geleerd! Andrea, thanks for being such a clown
in our department. You always wanted to help everybody and your personality is being
missed. Tim, succes ook met jouw laatste loodjes en je zult ongetwijfeld een waanzinnig
hersenchirurg worden. Valentina, thank you for your enthusiasm whenever you were
here in Amsterdam and when I was at your institute in Milan. Theresa, we had really
nice times at the Epistop meetings and it’s a pity we haven’t seen each other in so long!
Cato, eigenlijk hoor je officieel niet in dit rijtje thuis maar voor ons hoor je er gewoon bij!
Bedankt dat je je met dit excuus liet overtuigen voor meerdere karaoke’s en voor onze
trip naar Milaan.
Ook de studenten die ik mocht begeleiden: Karlijne, Ben en Dieuwke. Dankjewel voor
jullie inzet bij jullie stages! Jullie bijdrage is waardevol geweest en ik heb andersom ook
veel van jullie geleerd. Andrew bedankt voor de hulp met het verwerken van de TSC
scans. Ook Jody, Rianne, Leyla en Giulia bedankt voor de gezelligheid het afgelopen
jaar. We waren een mooie Neuro girlsquad!
Ik wil ook alle collega’s boven bedankten, met in het bijzonder de B-cellen: Guus, Jerry,
Hildo, Anna, Timon, Mahnoush, Martin, Jeroen, Chiel, Marthe, Zemin, Nathalie.
Dankzij jullie was het ontzettend gezellig op het kweeklab en daarbuiten, en op de borrels. Guus, je wilde graag meerdere malen in mijn dankwoord voorkomen dus bij deze.
Laat de rest maar niet horen dat je ook voor neuro gestudeerd hebt. Melissa, mijn treinmaatje, bedankt voor de gesprekken in de vroege ochtenden of middagen! Ook bedankt
aan Nike, Annemieke, Willem, Leonie, Linda, Djera, Alessandra, Rieneke, Richard
en Roy voor hulp en gezelligheid op het lab. Patrick en Remco, bedankt voor al jullie ICT

220

DANKWOORD

hulp. Wim en Eelco, bedankt voor het printen van mijn posters en scannen van coupes.
Het ‘NIN-groepje”: Marjolein, Lizz, Inger, Sybren, we zijn onze wetenschappelijke
carrières zo’n beetje samen begonnen tijdens onze stages op het NIN en het is fijn dat
we nog steeds regelmatig etentjes en biertjes in de zon met elkaar doen! Mar, ik heb
fantastische tijden met je gehad tijdens de Glia conference in Edinburgh en toen ik je
opzocht in New York, waar je een paar maanden was om een nieuw lab op te zetten.
Dankjewel dat je altijd in bent voor gezelligheid en dat je ook altijd klaar staat als ik
weer eens wat frustraties moet uiten. Het is me ontzettend dierbaar dat ik een vriendin
heb die in precies hetzelfde vakgebied zit en weet welke struikelblokken je tegenkomt
tijdens een promotietraject. Hopelijk worden onze mannen nog vaak jaloers als we weer
een kamer delen tijdens een tripje in het buitenland! Lizz, ik ken werkelijk niemand die
meer vertrouwen in mij heeft gehad dan jij tijdens mijn hele promotie. Dankjewel voor je
motivational speeches! Ik beloof dat ik je kattenfoto’s zal blijven sturen.
Ook mijn vrienden thuis: Susanne, Lusanne, Dennis, Suzanne en Carlijn. Ook al snapten jullie niet helemaal waar ik nou precies mee bezig was, bedankt voor jullie geduld als
ik (vooral het afgelopen half jaar) niet zo vaak tijd had om af te spreken. Luus, we kennen
elkaar al zeventien jaar en ik zie je véél te weinig. Ondanks dat we het allebei druk hebben
ben je er onvoorwaardelijk voor me, dankjewel daarvoor! Weet dat je heel belangrijk
voor me bent. Suus, thanks for being such a friend! Bedankt dat je me liefdevol nerdie
noemt, voor je steun tijdens deze periode en voor onze koffies, wijntjes en lunches. Laten
we er nog 100 meer doen. Den, je laat me altijd lachen en je weet misschien niet hoeveel je me geholpen hebt toen ik in mijn eerste jaar niet goed in mijn vel zat, dankjewel
daarvoor. Hopelijk kunnen we nu de gemiste afspraken inhalen! Ook Jeroen, Margreet,
Victor, Hein, Michelle, Martijn en Marc: bedankt voor jullie gezelligheid!
Ook wil ik graag familie bedanken. Jan, Ineke, Marloes, Dave en Evi, ik ben gezegend
met zo’n fijne schoonfamilie. Pap, mam, Jeffrey en Iris, bedankt voor de onvoorwaardelijke steun die ik van jullie krijg. Mam, de interesse in de medische wereld en mijn doorzettingsvermogen heb ik duidelijk van jou geërfd! Pap, we lijken onwijs op elkaar en ik heb
mijn autistische trekjes, koppigheid en kritische blik van jou. Het maakt me blij te weten
dat jullie trots op me zijn en om te horen hoe jullie mijn werk uitleggen aan jullie vrienden.
Jeff, ook al hebben we een onstuimige jeugd gehad samen, het is fijn dat we wel echt
broer en zus zijn en er onvoorwaardelijk voor elkaar zijn.

thirteen

Tot slot, Daniël. Lieve Daan, het is ongekend hoeveel steun je mij gegeven hebt tijdens
de afgelopen vierenhalf jaar. Het was voor jou niet makkelijk om te zien hoe ik mezelf
regelmatig drie slagen in de rondte werkte, terwijl je veel liever meer tijd wilde hebben
om leuke dingen samen wilde doen. Ik ben je echt dankbaar voor alle liefde en hulp die
je me hebt gegeven, je hebt me laten groeien als persoon en onze vele discussies over
situaties of het leven in bredere zin hebben ons beiden wijzer gemaakt. Vanaf nu heb ik
weer tijd over voor reizen plannen, een klimcursus zodat we samen kunnen klimmen en
andere leuke dingen. Ik heb ontzettend veel zin in onze toekomst samen!
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