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Appl

Neurodevelopmental disorders, frequently present in TSC, are linked to cortical tubers in
the brain. We previously reported microRNA-34a (miR-34a) among the most upregulated
miRs in tubers. Here, we characterised miR-34a expression in tubers with the focus on
the early brain development and assessed the regulation of mTORC1 pathway and corti-
cogenesis by miR-34a.

Methods: We analysed the expression of miR-34a in resected cortical tubers (n = 37)
compared with autopsy-derived control tissue (n = 27). The effect of miR-34a overex-
pression on corticogenesis was assessed in mice at E18. The regulation of the mTORC1
pathway and the expression of the bioinformatically predicted target genes were as-
sessed in primary astrocyte cultures from three patients with TSC and in SH-SY5Y cells
following miR-34a transfection.

Results: The peak of miR-34a overexpression in tubers was observed during infancy, con-
comitant with the presence of pathological markers, particularly in giant cells and dysmor-
phic neurons. miR-34a was also strongly expressed in foetal TSC cortex. Overexpression
of miR-34a in mouse embryos decreased the percentage of cells migrated to the cortical
plate. The transfection of miR-34a mimic in TSC astrocytes negatively regulated mTORC1
and decreased the expression of the target genes RAS related (RRAS) and NOTCH1.
Conclusions: MicroRNA-34a is most highly overexpressed in tubers during foetal and

early postnatal brain development. miR-34a can negatively regulate mTORC1; however,

KEYWORDS

INTRODUCTION

Tuberous sclerosis complex (TSC) is a multisystem genetic disorder,
associated with the development of multiple predominantly benign
tumours in various organs [1]. Among the major histopathological
manifestations of TSC in the brain are cerebral cortical malforma-
tions called tubers—lesions representing areas of distorted cellular
architecture [1-3]. TSC pathology results from mutations in either
one of the crucial negative regulators of the mechanistic target of ra-
pamycin (mTOR), TSC1 [4] or TSC2 [5], causing a constitutive activa-
tion of mTOR kinase complex 1 (mTORC1) signalling pathway [6]. The
normal functioning of the mTORC1 pathway is essential for proper
neural development [7,8]. TSC is associated with early onset intrac-
table epilepsy in 60%-90% of affected individuals, autism spectrum
disorders (ASD), intellectual disability and neuropsychiatric disor-
ders [9-13]. The pathological mechanisms leading to neurological
manifestations of TSC are incompletely understood and remedies
are often insufficient.

Our previous transcriptomic analysis of cortical tubers obtained
from patients with TSC and intractable epilepsy revealed vast
changes in the expression of protein-coding and non-coding genes
associated with cell adhesion, immune response, neurogenesis and
synaptic transmission [14,15]. MicroRNAs (miRs) are a class of small
non-coding RNAs (18-22 nucleotides long) that regulate gene ex-
pression at the post-transcriptional level, which in mammals often

it may also contribute to abnormal corticogenesis in TSC.

mechanistic target of rapamycin, migration, miRNA, neurodevelopmental disorder, TSC

Key Points

e MicroRNA-34a (MiR-34a) is overexpressed in cortical tu-
bers from children with tuberous sclerosis complex with a
peak during infancy

e MiR-34a negatively regulates constitutively activated
mechanistic target of rapamycin complex 1 in human
astrocytes

e MiR-34a overexpression impairs corticogenesis in the em-
bryonic mouse brain, potentially through targeting genes
involved in neuronal migration

leads to repressed target translation [16]. Aberrant expression of
miRs can be associated with abnormal brain development and the
pathogenesis of several neurodevelopmental diseases [17-19].
Previously, we identified the members of the miR-34 family (miR-
34a, miR-34b and miR-34c) as the most overexpressed miR species
in cortical tubers [15]. The miR-34 family has been implicated in the
regulation of neurodevelopmental processes [15,20,21] and may
be involved in abnormal corticogenesis in TSC, because cortical tu-
bers are already present during embryonic brain development [22-
24]. However, previous analyses of miR-34 expression have largely
been restricted to the relatively late postnatal time points, which
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do not reflect the period of potential neurodevelopmental patho-
logical changes. We hypothesised that miR-34 overexpression in
TSC could already be present during early brain development and
could lead to disturbed corticogenesis, contributing to the neuro-
logic manifestations of TSC.

In order to test this hypothesis, we analysed the expression of
miR-34a in foetal and early postnatal TSC brain. We characterised
the cell type-specific expression of miR-34a and the potential patho-
logical mechanisms that may lead to miR-34a activation in an infant
TSC brain. Furthermore, we studied the potential association be-
tween miR-34a and the mTORC1 pathway in vitro. Finally, the effect
of miR-34a overexpression on corticogenesis was assessed in mouse

embryos and in vitro.

MATERIALS AND METHODS

The extended version is available as Supporting Information.

Human samples

The brain tissue specimens included in this study were obtained
from the archives of the department of Neuro (Pathology) of
the Amsterdam University Medical Centers (Amsterdam UMC-
Location AMC), the University Medical Center Utrecht, Motol
University Hospital (Prague) and the Medical University Vienna.
Postnatal TSC cortical samples were obtained from the patients
who underwent resective surgery for the treatment of drug-
resistant epilepsy (n = 38); postnatal control cortical samples were
obtained from autopsies of patients without history of neurologi-
cal diseases (n = 27) and foetal control samples were obtained fol-
lowing medically induced abortions (n = 15; Table 1). Foetal TSC
cortical samples were obtained from the autopsies of foetuses
diagnosed with TSC (n = 4; Table 2). All patients fulfilled the di-
agnostic criteria for TSC [25]. Brain tissue was either frozen and
kept at -80°C (for molecular analysis) or fixed in 4% paraformal-
dehyde and embedded in paraffin (FFPE, for histological analysis).
Informed consent was obtained for the use of brain tissue and for
access to medical records for research purposes. Tissue was ob-
tained and used in accordance with the Declaration of Helsinki
and the Amsterdam UMC Research Code provided by the Medical
Ethics Committee, and the study was approved by the local ethical

committees of all participating medical centres.

Experimental animals

C57BL/6 mice (n = 3) were housed in isolator cages with food and
water accessible ad libitum under a constant temperature of +23°C
on a 12-h light-dark cycle (lights off at 7:00 pm). All procedures
were approved by the Korea Advanced Institute of Science and
Technology Institutional Animal Care and Use Committee.

In utero electroporation

In utero electroporation was performed as previously described
[26,27]. Embryonic mice were electroporated at E14, and their
brains were harvested after 4 days of development (at E18) and sub-
sequently fixed in formalin, cryoprotected in 30% buffered sucrose
and embedded in gelatine. Cryostat-cut sections (15 pm thick) were

collected and placed on glass slides.

Plasmids

The miR-expressing plasmids were prepared by cloning the DNA frag-
ments encoding for mature miR sequences flanked by ~100-200 bp re-
gions into the pCIG (pCAG-MCS-IRES-eGFP) plasmid using EcoRI and
Smal restriction sites. MiR-34a was amplified from mouse genomic DNA.
As a negative control, cel-miR-59 was amplified from the Caenorhabditis
elegans genomic DNA. The primers used are listed in Table 3. The am-
plification was done using a high-fidelity DNA polymerase Immolase
(Bioline). DNA extraction from agarose gel was done with NucleoSpin
Gel and PCR Clean-up kit (Machinery-Nagel), and the plasmid DNA was
isolated using NucleoBond PC100 Midi Kit (Machinery-Nagel). Sanger
sequencing was used to confirm successful cloning. Validation of the
mmu-mir-34a-expressing vector by transfection with polyethyleneimine
showed increased expression of miR-34-5p in the mouse neuronal cell
line HT-22 (median fold change [FC] =4.9, p < 0.001, Figure S8A) and in
human HEK T293 cells (median FC =376, p < 0.001, Figure S8B).

Cell culture

Primary human astrocyte cultures were derived from the brains
of three patients diagnosed with TSC and harbouring TSC2 muta-
tions (TSC astrocytes thereafter). Cells were treated with 100-nM
rapamycin for 24 h and subsequently harvested for protein or RNA
analysis. Human TSC astrocytes and the human SH-SY5Y neuroblas-
toma cell line were used for transfection experiments. The SH-SY5Y
cells were not differentiated to resemble the phenotype of migrat-
ing neuronal progenitors. For miR-34a overexpression, cells were
transfected with miR-34a-5p (ID: MC11030) or negative control
(NC) mimic (cat. 4464059), (mirVana miRNA mimics; ThermoFisher
Scientific). For miR-34a inhibition cells were transected with antago-
miR against miR-34a-5p (cat. no. 4464084; assay ID: MH11030) and
NC antagomiR (cat. no. 4464076). Oligonucleotides were delivered
to the cells using Lipofectamine 2000 transfection reagent (Life

Technologies) at a final concentration of 50 nM for a total of 48 h.
RNA isolation, reverse transcription and quantitative
polymerase chain reaction

RNA isolation for miR analysis was done using the miRNeasy Mini
kit (Qiagen Benelux) according to the manufacturer's instructions.
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TABLE 1 Human samples

Surgical TSC samples

Appl

TABLE 1 (Continued)

Fetal post-mortem control samples

Age

Sample N (r:on) Gender  Used for Region Mutation
TSC1 7 f RT-gPCR fr TSC2
TSC2 8 m RT-gPCR/WB fr TSC1
TSC3 8 m RT-gPCR fr TSC2
TSC4 8 m RT-gPCR/WB t/p TSC2
TSC5 10 f RT-gPCR tp TSC2
TSCé6 11 f RT-qPCR tp TSC1
TSC7 12 f RT-qPCR tp TSC2
TSC8 12 m RT-gPCR/WB fr TSC2
TSC9 23 m RT-gPCR fr TSC2
TSC10 24 m RT-qPCR/WB fr TSC2
TSC11 24 m RT-qPCR/WB fr TSC2
TSC12 24 f RT-gPCR/WB  tp TSC2
TSC13 27 f RT-gPCR t/p TSC1
TSC14 28 m RT-gPCR f/p TSC2
TSC15 33 m RT-gPCR fr TSC2
TSC16 37 m RT-qPCR tp TSC2
TSC17 37 f RT-qPCR/WB tp TSC2
TSC18 37 m RT-qPCR/WB fr TSC2
TSC19 43 m RT-gPCR fr TSC1
TSC20 48 m WB fr TSC2
TSC21 49 f RT-qPCR/WB fr TSC2
TSC22 67 m RT-qPCR fr TSC2
TSC23 73 f RT-gPCR fr TSC1
TSC24 97 m RT-gPCR fr TSC1
TSC25 97 f RT-gPCR fr TSC1
TSC26 99 f RT-gPCR fr TSC2
TSC27 110 f RT-qPCR fr TSC2
TSC28 121 f RT-gPCR fr TSC2
TSC29 122 f RT-gPCR fr TSC2
TSC30 122 m RT-gPCR fr TSC2
TSC31 158 f RT-gPCR fr TSC2
TSC32 195 m RT-qPCR fr TSC2
TSC33 210 f RT-qPCR p TSC1
TSC34 292 f RT-gPCR fr TSC2
TSC35 365 m RT-gPCR fr TSC2
TSC36 366 f RT-gPCR fr TSC2
TSC37 368 f RT-gPCR tp TSC1
TSC38 572 m RT-qPCR tp TSC2

Fetal post-mortem control samples

Sample N Age (GW) Gender Used for Region

FET1 15 f RT-gPCR br

FET2 18 m RT-qPCR fr

FET3 20 m RT-qPCR br

FET4 21 f RT-gPCR ctx

(Continues)

Sample N Age (GW) Gender Used for Region
FET5 22 f RT-gPCR ctx
FET6 22 m RT-gPCR tp
FET7 22 m RT-gPCR ctx
FET8 22 m RT-gPCR tp
FET9 23 m RT-gPCR ctx
FET10 23 f RT-gPCR tp
FET11 23 f RT-gPCR tp
FET12 23 m RT-gPCR tp
FET13 25 m RT-qPCR tp
FET14 26 m RT-gPCR ctx
FET15 41 f RT-gPCR fr

Postnatal post-mortem control samples

Sample N Age (mon) Gender  Used for Region
CTRL1 0 m RT-gPCR/WB fr
CTRL2 0 m RT-gPCR fr
CTRL3 1 m RT-gPCR/WB fr
CTRL4 2 f RT-qgPCR/WB fr
CTRL5 2 f RT-gPCR tp
CTRL6 2 f RT-gPCR fr
CTRL7 3 f RT-qPCR tp
CTRL8 4 m RT-qgPCR/WB fr
CTRL9 7 f RT-qgPCR/WB ctx
CTRL10 12 f RT-gPCR/WB tp
CTRL11 24 f RT-qPCR/WB tp
CTRL12 37 m RT-qPCR/WB fr
CTRL13 49 f RT-qPCR/WB tp
CTRL14 85 f RT-gPCR fr
CTRL15 85 m RT-gPCR fr
CTRL16 122 m RT-gPCR fr
CTRL17 122 m RT-gPCR fr
CTRL18 158 m RT-gPCR fr
CTRL19 158 f RT-qPCR tp
CTRL20 183 m RT-gPCR fr
CTRL21 207 f RT-gPCR tp
CTRL23 304 f RT-gPCR ctx
CTRL24 377 m RT-gPCR ctx
CTRL25 377 m RT-qPCR ctx
CTRL26 475 f RT-gPCR fr
CTRL27 535 f RT-gPCR p

Note: In total, n = 38 surgical TSC samples were used (TagMan RT-qPCR,

n = 37 and western blot, WB, n = 10); n = 15 foetal autopsy control samples
were used for RT-gPCR; and n = 27 postnatal autopsy control samples were
used for RT-gPCR (RT-gPCR, n = 27) and western blot (n = 9).
Abbreviations: br, whole brain; ctx, cortex; f, female; f/p, fronto-parietal
cortex; fr, frontal cortex; GW, gestational week; m, male; mon, months;
RT-gPCR, reverse transcription-quantitative polymerase chain reaction;
tp, temporal cortex; vy, years.
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TABLE 2 Human foetal samples used for histological analysis
Sample N Age Gender Material Used for Region Mutation
Foetal samples
FET_TSC1 23 GW m Post-mortem ISH ctx TSC2
FET_TSC2 27 GW f Post-mortem ISH fr TSC2
FET_TSC3 32 GW f Post-mortem ISH fr TSC2
FET_TSC4 34 GW f Post-mortem ISH fr TSC2
FET_CTRL1 22 GW m Post-mortem ISH ctx -
FET_CTRL3 28 GW f Post-mortem ISH fr -
FET_CTRL4 31 GW f Post-mortem ISH fr -
FET_CTRL5 35 GW f Post-mortem ISH fr -
Postnatal samples
PN_TSC1 8 months Surgical ISH/IHC fr TSC2
PN_CTRL1 5 months Surgical ISH/IHC fr -
PN_CTRL2 9 months Surgical ISH/IHC fr -

Note: Post-mortem samples obtained from autopsies of fetuses with TSC (n = 4) and control fetuses (n = 4) were used for in situ hybridisation method

(ISH).

Abbreviations: ctx, cortex; f, female; fr, frontal cortex; GW, gestational week; m, male.

TABLE 3 List of oligonucleotides

RT-gPCR primers (human)

Gene symbol Gene name Forward Reverse

AKT3 AKT Serine/Threonine Kinase 3 ATTATTGCAAAGGATGAAGTGGC CGGTCTTTTGTCTGGAAGGA

C10ORF43 Chromosome 1 open reading frame 43 GATTTCCCTGGGTTTCCAGT ATTCGACTCTCCAGGGTTCA

DAP2IP DAB?2 Interacting Protein AAAAGGAGGAACCCAGACGC TTTCTTGAGGCGACTCGTAGG

DCX Doublecortin TGGAGATGCTAACCTTGGGT CAGAGACTGACAGTGGCTCCTAT

EFla Elongation factor 1 alpha ATCCACCTTTGGGTCGCTTT CCGCAACTGTCTGTCTCATATCAC

GAPDH Glyceraldehyde 3-phosphate dehydrogenase AGGCAACTAGGATGGTGTGG TTGATTTTGGAGGGATCTCG

NOTCH1 Notch homolog 1, translocation-associated CTGCCTGTCTGAGGTCAATG TCACAGTCGCACTTGTACCC
(Drosophila)

RAP1GAP RAP1 GTPase activating protein CAACACCGTGTCCACCAG TTTCCCAGGAATAAGCAATGA

RELN Reelin TCGTCCTAGTAAGCACTCGC TCGCCTAAGTGACCTTCGTC

RRAS Related RAS viral (r-ras) oncogene homolog GGCAGATCTGGAGTCACAGC ACGTTGAGACGCAGTTTGG

RRAGC Ras related GTP binding C GGATTCTGCTCATGGGACTC TGACATCTTATGAAACACCACCTT

RRAGD Ras related GTP binding D GGCTAGCGGACTACGGAGA GGGGTCACTGAAGTCCAGAAC

SATB2 SATB Homeobox 2 GCACCAGAAGAAGACACCCTG CAGGGACTGCTCACGGTCTG

Cloning primers

MiR Forward Reverse

hsa-miR-34a TAAGCAGAATTCGCCTCTCCATC TGCTTACCCGGGCGTTGCTGAC

TTCCTGTGA CTCTGACCTT
cel-miR-59 TAAGCAGAATTCTACACATGGCG TGCTTACCCGGGTTGAAAACTC

CCAATAAAA

TCGCTTACCG

In situ hybridisation probe

miR-34a-5p

5'DIG-AcaAccAgcTaaGacAcuGecA-DIG3!

Note: Oligonucleotide probe for ISH was designed against miR-34a-5p and had the following modifications: capital letters—locked nucleic acid (LNA)
modifications, small letters—2-O-methyl modifications; DIG—digoxygenin label.

Abbreviations: ISH, in situ hybridisation method; RT-qPCR, reverse transcription-quantitative polymerase chain reaction
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RNA isolation for mRNA analysis was done according to a conven-
tional phenol-chloroform protocol. RNA was reverse-transcribed
into cDNA using oligo-dT primers or specific primers for hsa-miR-
34a-5p (assay no. 000426; ThermoFisher Scientific) and U6 small
nuclear RNA (RNU6; assay no. 001973). The cDNA preparation and
real-time quantitative polymerase chain reaction (qPCR) analysis
were done as previously described [28]. The primers used for the
reverse transcription (RT)-gPCR are listed in Table 3. The reactions
were run on the Roche LightCycler 480 (Roche Applied Science) with
a 384-multiwell format. Quantitation of data was performed using
LinRegPCR software [29] as previously described [30].

Protein isolation and western blot analysis

Western blot analysis was done as previously described [28]. The
primary and secondary antibodies are described in Table 4 (ap-
plication WB). Chemiluminescent signal was detected using an
ImageQuant LAS 4000 analyser (GE Healthcare) and the quantita-
tive densitometric analysis was done using ImageJ software (U.S.
National Institutes of Health).

In situ hybridisation

In situ hybridisation was done as previously described [28] with
some modifications. The tissue sections were incubated with a
probe against hsa-miR-34a-5p at a concentration of 100 nM for
1 h at 60°C. Nitro-blue tetrazolium chloride/5-bromo-4-chloro-3'-
indolyphosphate p-toluidine salt or Vector Blue (#SK-5300; Vector
Labs) were used as chromogenic substrates for alkaline-phosphatase
detection.

The intensity of the miR-34a-5p in situ hybridisation signal (IHS)
was analysed using ImageJ software [31] as optical density (OD) of a
part of the image corresponding to different layers of the develop-
ing human cortex using ‘Rodbard’ function for calibration from mean

grey value.

Immunohistochemistry

In situ hybridisation on human FFPE tissue was followed by immu-
nohistochemical double-labelling and was performed as previously
described [28]. The primary antibodies are described in Table 4 (ap-
plication IHC). Afterwards, the sections were washed in phosphate-
buffered saline (PBS) and incubated with the corresponding
secondary antibodies using a polymer-based peroxidase immuno-
cytochemistry detection kit (Brightvision plus kit; ImmunoLogic).
The visualisation of the antibody-antigen binding was done using
3-amino-9-ethylcarbazole (Sigma-Aldrich).

Immunohistochemistry on mouse brain sections was done as pre-
viously described [26]. The primary and secondary fluorescent anti-
bodies are described in Table 4. The ProLong Gold Antifade reagent

with 4',6-diamidino-2-phenylindole (ThermoFisher Scientific) was
used to stain nuclei. The images were acquired using a Zeiss LSM510

confocal microscope.

Bioinformatic analysis

The target genes for miR-34a-5p were predicted using TargetScan
[32]. The list of genes related to mTOR pathway regulation was con-
structed using the Gene Ontology (GO) categories ‘neuron migration’
(GO:0001764), ‘regulation of cell migration’ (GO:0030334), ‘positive
regulation of cell migration’ (GO:0030335), ‘negative regulation of cell
migration’ (GO:0030336), ‘TOR complex’ (GO:0038201) and ‘posi-
tive regulation of TOR signalling’ (GO:0032008). Hypergeometric
testing was performed to assess the list for enrichment of 3'UTR
targets, coding sequence or 5'UTR targets. Several target genes with
the lowest total context++ scores, as given by TargetScan, were se-
lected for RT-gPCR analysis. The gene interaction networks were
built using STRING v11 online tool [33].

Statistical analysis

Statistical analyses were performed using Graphpad prism 5
(Graphpad Software). The Mann-Whitney U-test or the Kruskal-
Wallis test with Dunn's post-hoc test was used for comparisons
between groups. A value of p < 0.05 was assumed to indicate a sig-

nificant difference.

RESULTS

Increased miR-34a expression in the cortical tubers
during early postnatal development

The expression of miR-34a and miR-34b was evaluated in resected
cortical tubers from patients with TSC (n = 37) in comparison with
autopsy-derived cortical control samples (n = 27). TagMan RT-qPCR
analysis showed higher expression of miR-34a (median FC =3.4,
p < 0.001; Figure 1A) and miR-34b (median FC =2.0, p < 0.05;
Figure S1A) in TSC as compared with controls. The peak of miR-
34a and miR-34b expression was observed during early years of life
(0-4 years old, for miR-34a: median FC =17.5, p < 0.001; Figure 1B
and for miR-34b: median FC =6.9, p < 0.05; Figure S1B). A similar
trend was observed in the age group of 4-12 years old; however, the
differences were not statistically significant (for miR-34a: median
FC =2.9; Figure 1B and for miR-34b: median FC =3.1; Figure S1B).
No difference between groups was observed in the age group older
than 12 years (for miR-34a: median FC =1.1; Figure 1B and for miR-
34b: median FC = -1.1; Figure S1B). The fold-change of expression
was more significant for miR-34a than for miR-34b, and miR-34a
was also expressed higher when compared with miR-34b (median
FC =43.8, Figure S1C); therefore, we focused on miR-34a further on.
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TABLE 4 List of antibodies
Antigen Application ~ Catalog no., Vendor Species Clone Dilution
Primary antibodies against human antigens
B-actin WB MAB1501, Merck, Darmstadt, Ms C4 1:30,000
Germany
Phospho-4E-BP1 (Thr37/46) WB #2855, Cell Signaling Technology Rb 236B4 1:1000
(CST), Leiden, the Netherlands
GFAP IHC 70334, DAKO, Glostrup, Denmark Rb N/A 1:4000
Iba-1 IHC 019-19741, Wako Chemicals, Neuss, Rb N/A 1:2000
Germany
JNK WB #9252, CST Rb N/A 1:1000
Phospho-JNK WB/IHC #9251, CST Rb N/A 1:1000/1:200
c-Myc WB/IHC #ab32, Abcam, Cambridge, UK Ms 9E10 1:500/1:200
NeuN IHC #MAB377, Chemicon, Temecula, CA, Ms A60 1:2,000
USA
P53 WB #MA5-14067, ThermoFisher Scientific, Ms DO-7 + TP53-12 1:500
Wilmington, DE, USA
P53 IHC #M7001, DAKO Ms DO-7 1:100
Sé6 WB #2217, CST rb 5G10 1:1000
Phospho-Sé (Ser235/236) WB/IHC #4857, CST Rb 91B2 1:1000/1:100
S6KB1 WB #2708, CST Rb 49D7 1:1000
Phospho-S6KB1 (Thr389) WB #9234, CST Rb 108D2 1:1000
SMAD2/3 IHC #3102, CST Rb N/A 1:1000
Phospho-SMAD2/3 IHC #8828, CST Rb D27F4 1:1,000
(Ser465/467)
TMEM119 IHC #HPA051870, Sigma-Aldrich, St. Louis,  Rb N/A 1:500
MO, USA
Other primary antibodies
Cleaved Caspase-3 (Asp175) IHC #9661, CST Rb N/A 1:200
Cux-1 (mouse) IHC #sc13024, Santa Cruz, Dallas, USA Rb N/A 1:400
GFP IHC #AB1218, Abcam Ms 9F9.F9 1:500
Digoxigenin ISH #11 333 089 001, Roche Applied Sp N/A 1:1500
Science, Basel, Switzerland
Secondary antibodies
Alexa Fluor 594-conjugated IHC #A11005, ThermoFisher Scientific Gt Ms 1:200
Alexa Fluor 488-conjugated IHC #A11008, ThermoFisher Scientific Gt Rb 1:200
Ig/HRP WB #P0448, DAKO Gt Rb 1:2500
lg, human ads-HRP WB #1070-05, Southern Biotech, Gt Ms IgG1 1:2500
Birmingham, Alabama, US
Ig, human ads-HRP WB #1080-05, Southern Biotech Gt Ms 1gG2a 1:2500
lg, human ads-HRP WB #1090-05, Southern Biotech Gt Ms IgG2b 1:2500

Abbreviations: Gt, goat; IHC, immunohistochemistry; ISH, in situ hybridisation method, Ms, mouse; N/A, not applicable; Rb, rabbit; Sp, sheep;

WB, western blot.

MiR-34a is expressed in neuronal cells, astrocytes and
giant cells

Histological characterisation of miR-34a expression by in situ hy-
bridisation confirmed the RT-gPCR results. The IHS was observed
in the grey matter (Figure 1C, Control) and the white matter (WM;
Figure 1D, Control) in the infant (9 months old) autopsy control

cortex. The IHS was stronger in the age-matched (8 months old) TSC
brain cortex and was observed in the numerous cells with altered
morphology characteristic of TSC (Figure 1C,D, TSC). Based on mor-
phology and the presence of the neuronal marker NeuN, miR-34a IHS
was detected in the control cortical neurons (Figure 1C, inset) and
in dysmorphic neurons (DN) in TSC (Figure 1E, DN). Based on mor-
phology and the presence of the astrocytic marker GFAP, miR-34a
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FIGURE 1

Increased miR-34a expression in cortical tubers during early postnatal development. (A, B) TagMan RT-gPCR analysis: (A)

miR-34a expression was higher (median FC =3.4, p < 0.001) in the resected cortical tubers from tuberous sclerosis complex (TSC) patients

(n = 37) compared with autopsy-derived control tissue (n = 27); (B) MiR-34a was higher (FC =17.5, p < 0.001) in the TSC age group of

0-4 years old (n = 19) compared with the age-matched autopsy control group (n = 13), but did not differ significantly between TSC and
age-matched controls at the ages 4-12 years old (n = 10 vs. n = 5) and >12 years old (n = 8 vs. n = 9); (C, D) MiR-34a-5p in situ hybridisation:
infant TSC cortex (8 months old) compared with the autopsy-derived control cortex (9 months old) in the grey matter (C) and white matter
(D); double-labelling of the miR-34a in situ hybridisation signal (IHS), shown in blue, with NeuN (C, inset) and GFAP (D, inset), shown in red;
(E, F) Double-labelling showed co-localisation of miR-34a IHS with NeuN in normal and dysmorphic neurons (DN; E) and GFAP in giant cells
(GG, E, F); ***p < 0.001; Mann-Whitney in (A) and Kruskal-Wallis with Dunn's post-hoc test in (B), median, error bars indicate min-max range.

IHS was detected in control WM astrocytes (Figure 1D, inset) and
in giant cells (GC) in TSC (Figure 1E,F, GC). The miR-34a IHS was
not co-localised with the markers of microglia Iba-1 (Figure S2A) or
TMEM119 (Figure S2B) in either TSC or control tissue.

Activators of miR-34a are overexpressed in
cortical tubers

We further analysed the markers of signalling pathways known to ac-
tivate miR-34a expression. Western blot analysis of the resected cor-
tical tubers from O to 4 years old patients (n = 7 TSC; n = 8 controls)
demonstrated increased expression of the mTORC1 activation marker
p-4E-BP1 (median FC =22.0, p < 0.05), the tumour-suppressor protein
p53 (median FC =7.6, p < 0.001), oncogene c-Myc (median FC =29.5,
p < 0.05) and p-JNK (median FC =5.1, p < 0.01; Figure 2A,B). Weak
expression in the control cortex, but stronger expression in tubers, was
observed for p-Sé (Figure 2C), p53 (Figure 2D), c-Myc (Figure 2E) and
p-JNK (Figure 2F). Double-labelling of miR-34a with these markers in
GC and DN revealed a spectrum of various phenotypes, including co-
localisation of both miR-34a and each marker, as well as expression of
either miR-34a or a marker (indicated by +/- signs in Figure 2C-F). The
expression of p53 showed nuclear localisation (Figure 2D, arrowhead).

P-JNK in tubers was expressed by cells with astrocytic morphology
(Figure 2E, far-right panel). Additionally, the expression of p-SMAD2/3
was ubiquitously present in the cell nuclei in TSC in cells with miR-34a

IHS, whereas only some cells expressed it in control brain (Figure S3).

MiR-34a negatively regulates mTORC1

The relationship between miR-34a and mTORC1 pathway was as-
sessed in primary human astrocytes obtained from patients with
TSC. Firstly, we tested the hypothesis that mTORC1 pathway may
regulate miR-34a expression by treating astrocytes with rapamycin.
Rapamycin effectively inhibited the mTORC1 pathway (Figure 3A)
as evidenced by the reduced phosphorylation of S6 (p < 0.001;
Figure 3B) and S6KB1 (p < 0.001; Figure S4A). The expression of
miR-34a was slightly higher following rapamycin treatment (mean
FC =1.3,n =3, p < 0.05; Figure 3C).

We next investigated the effect of miR-34a overexpression or
inhibition on MTORC1 pathway in TSC astrocytes. Transfection of
astrocytes with miR-34a mimic resulted in increased expression of
miR-34a (median FC =3163, p < 0.001; Figure S4B) and transfection
with miR-34a antagomiR resulted in decreased expression of miR-34a
(median FC = -4.2, p < 0.001, Figure S4C). The phosphorylation of S6
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was reduced following transfection of miR-34a (mean FC=-1.7,n= 3,
p < 0.001; Figure 3D,E) as compared with the negative control. The
inhibition of miR-34a by antagomiR did not change the phosphoryla-
tion of Sé (Figure 3E). Bioinformatical analysis showed the enrichment
of genes associated with mTORC1 pathway regulation among the po-
tential targets of miR-34a (hypergeometric test, p < 0.001 for targets
in 3'UTR, 5'UTR and the coding region). We analysed significantly
enriched target genes (Figure S4D), including RRAGC, RRAGD, RRAS,
RAP1GAP and AKT3 and assessed their expression following miR-34a
overexpression (Figure 3F). The expression of RRAS was reduced fol-
lowing miR-34a overexpression in astrocytes (mean FC = -2.5, n = 3,
p < 0.001; Figure 3G) and in neuroblastoma cell line SH-SY5Y (mean
FC = -1.7, p < 0.001; Figure S4E), as expected from the presence of a

miR-34a target site in the RRAS 3'UTR (Figure S4F). The inhibition of
miR-34a in TSC astrocytes resulted in slightly upregulated expression
of RRAS (mean FC =1.2, n = 3, Figure 3G).

Increased miR-34a expression in the cortical tubers
in the human foetal brain

The RT-gPCR analysis in the control tissue showed that post-natal
miR-34a expression was higher compared with foetal expression (me-
dian FC =9.8, p < 0.01; Figure S5). In the foetal cortex, variable miR-
34a IHS was observed in TSC and controls depending on the layer
of cortex and age (Figure S6). A higher IHS in all layers of cortex was
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FIGURE 3 MiR-34a negatively regulates mechanistic target of rapamycin complex 1 (nTORC1) in human tuberous sclerosis complex
(TSC) astrocytes. (A) Western blot analysis of mTORC1 markers in human TSC astrocytes treated with rapamycin (100 nM) for 24 h; (B)
inhibition of mMTORC1 pathway confirmed by the decreased ratio of phospho-Sé (p-S6) to total S6 (t-S6) after rapamycin treatment compared
with control (0.05% DMSO); (C) TagMan RT-qPCR analysis for miR-34a expression in astrocytes following rapamycin treatment; (D) western
blot analysis for p-Sé expression in human TSC astrocytes transfected with miR-34a mimic or antagomiR; (E) quantification of western blot
showed a decreased p-S6 to t-56 (p < 0.001) after miR-34a overexpression compared with the negative control (NC); (F) RT-gPCR analysis of
the miR-34a target gene expression in TSC astrocytes following miR-34a overexpression; (G) RT-gPCR analysis for a miR-34a target RRAS in
TSC astrocytes following miR-34a overexpression or inhibition by antagomiR (anti-miR-34a); *p < 0.05, ***p < 0.001; Mann-Whitney in (B),
(C), (E), (G) and Kruskal-Wallis with Dunn's post-hoc test in (F); error bars indicate standard error of mean

observed in TSC at the gestational week (GW) 27 as compared with
the age-matched control at GW 28 (Figure 4A-D). Moderate miR-34a
IHS was observed in the cells of the upper-layer cortical plate (CP UL;
Figure 4A) and subplate (SP), with the strongly-expressing cells ob-
served in TSC (Figure 4B, arrows). Moderate IHS was observed in cells
with the morphology of migrating neural progenitor cells, and strong
IHS was observed in GC in the intermediate zone (IZ; Figure 4C).
Moderate IHS was observed in the subventricular zone (SVZ) with
strongly-expressing cells and disorganised cellular architecture pre-
sent in TSC (Figure 4D). The miR-34a IHS relative OD measured in all
samples (n = 4 foetal TSC, n = 4 foetal control) was higher in the SP
(median FC = 1.5, p < 0.05; Figure 4E) and in the I1Z (median FC = 2.1,
p < 0.05; Figure 4E) as compared between TSC and controls.

Bioinformatic analysis showed an enrichment of genes associ-
ated with neuronal migration among the potential targets of miR-
34a (hypergeometric test, p < 0.001 for targets in 3'UTR, 5'UTR and
the coding region). We analysed significantly enriched target genes
(Figure S7A), including DCX, SATB2, RELN, DAP2IP and NOTCH1
and analysed their expression in SH-SY5Y neuroblastoma cell line
following miR-34a overexpression using RT-qPCR (Figure 4F). The
expression of NOTCH1 was lower following miR-34a overexpres-
sion in SH-SY5Y (mean FC = -1.4, p < 0.01; Figure 4G), as expected
from the presence of a miR-34a target site in the NOTCH1 3'UTR
(Figure S7B). The expression of NOTCH1 was also lower follow-
ing miR-34a overexpression in TSC astrocytes (mean FC = -1.25,
p < 0.01; n = 3), whereas miR-34a inhibition by antagomiR resulted
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FIGURE 4 MiR-34a overexpression affects corticogenesis during foetal brain development. (A-D) In situ hybridisation in human foetal
autopsy-derived brain cortex: tuberous sclerosis complex (TSC) (27 gestational week [GW]) vs. control (28 GW); (A) higher miR-34a in situ
hybridisation signal (IHS) was seen in the upper layers (UL) of cortical plate (CP) and (B) subplate (SP, arrows indicate cells with strong miR-
34a IHS not observed in control); (C) strong miR-34a IHS was observed in giant cells and migrating neural progenitors in the intermediate
zone (1Z); (D) MiR-34a IHS was present in the subventricular zone (SVZ) in both TSC and control; (E) quantification of relative OD of the
miR-34a IHS in foetal TSC (n = 4) and controls (n = 4); (F, G) RT-gPCR analysis: (F) expression of miR-34a target genes involved in migration
following miR-34a mimic transfection; (G) RT-qPCR analysis of the miR-34a target gene NOTCH1 in SH-SY5Y cells following transfection
with miR-34a mimic or antagomiR (anti-miR-34a); (H, I) Immunohistochemistry for GFP and Cux-1 in the mouse cortex at E18: GFP
immunoreactivity was mostly observed in the upper CP (uCP) after transfection with the negative control plasmid (NC) and co-localised
with Cux-1 (merge panel); GFP immunoreactivity was observed in the SVZ, lower CP (ICP) and marginal zone, but was almost absent in the
uCP after transfection with miR-34a-overexpressing plasmid; (J) the percentage of GFP-positive cells located in the uCP was 7% (4 of 44,
n = 3) for miR-34a, which was lower (p < 0.001) than in the NC group (77%, 135 of 174, n = 3); arrows indicate the uCP; arrowheads indicate
aberrantly migrated cells; ***p < 0.001; Mann-Whitney U-test; error bars indicate standard error of mean; scale bar—100 pm
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in higher NOTCH1 expression in TSC astrocytes (mean FC =1.3,
p < 0.05; n = 3, Figure S7C).

Overexpression of miR-34a affects migration during
mouse embryonic brain development

Next, we overexpressed miR-34a with a pCIG-mmu-mir-34a-eGFP
vector in mouse embryos by in utero electroporation at E14. The
expression of GFP was assessed at E18, and the majority of GFP-
positive cells expressing negative control vector were located in
the upper layer of the cortical plate (UCP) and co-localised with
the marker of upper-layer neurons Cut Like Homeobox 1 (Cux1;
Figure 4H). In contrast, the majority of GFP-positive cells overex-
pressing miR-34a were not located in the upper layers of the cortical
plate but were rather splitin two clusters: the first located in the SVZ
and the lower part of the cortical plate and the second located in the
marginal zone (Figure 41, arrowheads). Quantitative analysis showed
a lower percentage of GFP-positive cells located in the upper lay-
ers of the cortical plate for miR-34a overexpressing-condition com-
pared with the negative control condition (7% vs. 77%, p < 0.001,
n = 3; Figure 4J). Immunohistochemical analysis of the expression
of cleaved caspase-3 did not reveal more apoptotic cell death in the
cells overexpressing miR-34a compared with the negative control
(Figure S9A,B).

DISCUSSION

We investigated the expression of miR-34a in resected cortical tu-
bers from TSC patients and found increased miR-34a expression,
particularly in young children and foetuses. MiR-34a overexpression
during infancy in TSC was concomitant with the pathological activa-
tion of signalling pathways, including mTORC1, p53, c-Myc and JNK.
Overexpression of miR-34a inhibited mTORC1 activation in human
astrocytes derived from patients with TSC. However, overexpres-
sion of miR-34a in the mouse embryonic brain resulted in disrupted
corticogenesis, which may depend on the regulation of genes in-

volved in neuronal migration, such as RRAS and NOTCH1.

Increased expression of miR-34a in cortical tubers:
Focus on the early development

We previously identified miR-34 family members among the most
upregulated miRs in the tissue resected from brains of TSC pa-
tients, including cortical tubers [15] and subependymal giant cell
astrocytomas [34]. As a follow-up study, we focused on miR-34a,
because miR-34a is the most highly expressed miR of its family in
the brain and one of the most abundantly expressed miRs in the
adult brain overall [35,36]. Dombkowski et al. previously reported
increased miR-34a expression in cortical tubers and pointed out
the importance of considering the age of subjects when assessing

Appl

miR-34a expression [37]. Indeed, our analysis showed a dramatic
increase in miR-34a expression as early as Week 23 of gestation
and during infancy. In the normal brain, where neurons are the pri-
mary contributors to the overall miR-34a level, total miR-34a ex-
pression gradually increases with advancing age. However, in TSC
the presence of abnormal cells, which highly express miR-34a in
tubers, such as GC, DN and reactive astrocytes, results in an early
peak in miR-34a expression. This dramatic increase becomes less
obvious as normal neurons mature and their contribution to overall
miR-34a increases. In addition, cortical tubers of all subtypes dem-
onstrate lower density of neurons compared with control cortex
[3]. These observations may explain why the difference in miR-34a
expression becomes less pronounced when compared between
groups of older subjects.

MiR-34a has been previously implicated in several processes
associated with brain development, such as epithelial-mesenchymal
transition, apoptosis, neuron differentiation, migration and neurite
outgrowth [20,21,35,38-41]. Moreover, miR-34a overexpression
in TSC has been predicted to regulate a network of genes involved
in glutamatergic neurotransmission, crucial for neural development
[15]. Therefore, the overexpression of miR-34a may have a negative
impact on the proper neural development and contribute to aberrant
corticogenesis in TSC.

MiR-34a negatively regulates mTORC1

The increase in miR-34a is likely to be secondary to the activation
of pathological pathways in cortical tubers. Constitutive activation
of the mTORC1 plays a central role in TSC pathology [1]. MiR-34a is
able to inhibit mTORC1, as shown in astrocytes from TSC patients.
GC and DN display the markers of mTORC1 activation [22,42] and
also highly express miR-34a, thus miR-34a increase in tubers may
have a compensatory nature. The activation of mTORC1 itself is un-
likely to be the direct cause of miR-34a overexpression, because the
inhibition of mMTORC1 signalling did not lead to a decrease in miR-34a
expression. Several other pathological pathways may be responsible
for the direct activation of miR-34a as well. The miR-34 family mem-
bers have tumour-suppressor functions and can be transcriptionally
regulated by p53 protein [43-47]. The constitutive activation of
mTORC1 leads to the accumulation of phosphorylated p53 [48-50],
and a loss of a single allele of TSC2 can be enough for p53 activa-
tion [51]. GC and DN with activated p53, indeed, express miR-34a;
however, a wide spectrum of other cellular phenotypes includes
cells with high miR-34a and low p53, and vice versa. Moreover, not
all of the investigated tuber samples show high expression of p53.
These observations indicate that the overexpression of miR-34a in
tubers cannot be solely explained by p53 activation. Several miR-
34a-activating signalling pathways independent of p53 have also
been described [52]. Accordingly, the expression of miR-34a is evi-
dent in the cells with the activated oncogene c-Myc, as well as JNK
and TGF-p1 pathways. Interestingly, the activation of JNK pathway
is observed in the cells with astroglial morphology; therefore JNK
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may specifically mediate astrocytic activation in tubers. Activated
astrocytes further contribute to the chronic inflammation in TSC
brain [3,14,15,53,54]. These and other pathways may be responsible
for miR-34a activation, which in turn provides a negative regulation
to mTORC1, the primary driver of the TSC pathology.

Increased miR-34a affects corticogenesis in
foetal brain

Overexpression of miR-34a in the cortical tubers from foetuses with
TSC indicates that it may already have an impact on proper corti-
cogenesis during embryonic development. Cortical tubers, mainly
featuring GC, but yet devoid of DN, are estimated to appear as
early as at 10-20 weeks of gestation in the developing TSC brain
[22-24,55-59]. The associated increase in miR-34a may inhibit the
constitutively activated mTORC1. Therefore, the primary effect of
increased miR-34a is beneficial to alleviate the pathology, because
dysregulated mTORC1 in the developing cortex is associated with
the pathogenesis of neurological disorders, such as epilepsy, ASD
and mental disability [6,56,57].

However, the prematurely high levels of miR-34a may also lead
to aberrant regulation of the processes essential for corticogenesis.
Although GC were the most conspicuous cell in terms of miR-34a
expression, other cells in the foetal TSC brain strongly express miR-
34a as well, such as migrating neuroblasts and neurons of the cor-
tical plate. It is evident that the overexpression of miR-34a alone in
the normal mouse embryonic cortex exerts a disrupting effect on
corticogenesis. This could be explained by the disturbed migration
of neural progenitor cells. Bioinformatic analysis supports this hy-
pothesis, because miR-34a is estimated to target a network of genes
involved in neuronal migration. This includes a gene encoding for
the protein upstream of the mTORC1—Ras-related (RRAS), which
was downregulated following miR-34a overexpression in our experi-
ments. RRAS is a small GTPase, which is involved in actin cytoskele-
ton organisation through the modulation of integrin 1 alpha activity
[60], and its inhibition has been shown to prevent cell migration, the
effect mediated by phosphoinositide 3-kinase [61], which is deregu-
lated in TSC. However, despite the observed strong effects on RRAS
in human astrocytes, further experiments, such as a luciferase re-
porter assay, and target site knockout should be performed to con-
firm whether the regulation of this novel miR-34a target is through a
direct or indirect interaction with miR-34a. Another important gene
downregulated by miR-34a in our analysis was NOTCH1, a previously
validated target of miR-34a [62]. NOTCH1 signalling has been shown
to influence various stages of neurogenesis from differentiation of
radial glial-like neural stem cells to synapse development of mature
neurons [63,64]. Previously, the effect of miR-34a on the NOTCH1
signalling was shown in murine neural progenitor cells [40]. The
increased miR-34a in TSC may influence the pleotropic action of
NOTCH1 signalling on neural development.

Other potential mechanisms by which miR-34a affects cor-
ticogenesis have been proposed as well. The overexpression of

miR-34a has been previously shown to inhibit the motility of
human neural progenitor cells [65], and the overexpression of
miR-34a in mice led to a decreased migration of neuroblasts,
potentially through the reduction of the miR-34a target dou-
blecortin [39]. It is important to mention that the decreased
number of cells in the cortical plate of mice following miR-34a
overexpression may indicate that the migration is delayed, rather
than abolished; therefore, other time points should be assessed.
However, overall, there is plentiful evidence that the increased
miR-34a by itself could cause a disturbance in corticogenesis.
This, in combination with previously published observations, pro-
vide substantial mechanistic basis for miR-34a contribution to the

pathogenesis of neurological abnormalities observed in TSC.

Inhibition of miR-34a as therapeutic approach against
neurological abnormalities in TSC

The inhibition of miR-34 family members can cause developmen-
tal defects [66,67]. However, we showed that increased expres-
sion of miR-34a in TSC can also cause defects in corticogenesis.
Normalisation of the miR-34a level with miR-34a inhibitors could
be explored as a novel therapy against neurological abnormalities in
TSC. These inhibitory approaches can have multiple forms, includ-
ing stable and specific chemically modified oligonucleotides, such
as specific LNA probes [68], miRNA sponges [69] and RNA zipper
molecules [70] delivered using nanoparticles or adeno-associated
viruses [71]. Although care should be taken due to the role of miR-
34a as tumour suppressor, which is often lost in oncological malig-
nancies [72], thus, a time-limited treatment should be considered.
Because the increase in miR-34a was most evident during early
brain development, the therapeutic intervention would be most ef-
ficient in utero and during infancy. Inhibitors of mTORC1 have also
been shown efficacious in reduction of neurological manifestations
of TSC, such as the frequency of spontaneous seizures [73,74]. The
inhibition of mMTORC1 by rapamycin did not strongly affect miR-34a
in TSC astrocytes and the use of antagomiR to block miR-34a did
not affect mMTORC1. Therefore, the potential therapeutic effects of
these two interventions could be combined to achieve synergistic
effect. The studies are warranted in animal TSC models to study
the possibility of using miR-34a inhibition as an adjuvant therapy to
mTORC1 inhibition.

CONCLUSIONS

MicroRNA-34a is overexpressed in cortical tubers during foe-
tal and early postnatal brain development of TSC patients and
may be involved in the inhibition of the constitutively activated
mTORC1. However, the increased expression of miR-34a in the
developing brain may lead to disturbed corticogenesis, poten-
tially affecting neuronal migration. Whether the increased ex-
pression of miR-34a contributes to the complex and variable
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clinical phenotypes encountered in TSC patients deserves fur-

ther investigation.
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