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miR-218 Promotes Dopaminergic Differentiation and
Controls Neuron Excitability and Neurotransmitter Release
through the Regulation of a Synaptic-Related Genes
Network
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In the brain, microRNAs (miRNAs) are believed to play a role in orchestrating synaptic plasticity at a higher level by acting
as an additional mechanism of translational regulation, alongside the mRNA/polysome system. Despite extensive research,
our understanding of the specific contribution of individual miRNA to the function of dopaminergic neurons (DAn) remains
limited. By performing a dopaminergic-specific miRNA screening, we have identified miR-218 as a critical regulator of DAn
activity in male and female mice. We have found that miR-218 is specifically expressed in mesencephalic DAn and is able to
promote dopaminergic differentiation of embryonic stem cells and functional maturation of transdifferentiated induced DA
neurons. Midbrain-specific deletion of both genes encoding for miR-218 (referred to as miR-218-1 and mir218-2) affects the
expression of a cluster of synaptic-related mRNAs and alters the intrinsic excitability of DAn, as it increases instantaneous
frequencies of evoked action potentials, reduces rheobase current, affects the ionic current underlying the action potential af-
ter hyperpolarization phase, and reduces dopamine efflux in response to a single electrical stimulus. Our findings provide a
comprehensive understanding of the involvement of miR-218 in the dopaminergic system and highlight its role as a modula-
tor of dopaminergic transmission.

Key words: conditional KO; dopamine; excitability; miR-218; miRNAs; substantia nigra

Recelved Mar. 8, 2023; revised July 25, 2023; accepted Aug. 10, 2023. Health ROTNS119690 to R.A.; Telethon Foundation TMDMMFU22TT to D.M.; and MUR-NRRP Project MNESYS

Author contributions: S.P., R.D.G., C.D.S., U.d.P,, AM., CG, D.M., RA., MF, NBM., EG., and G.CB.
designed research; S.P., RD.G., C.D.S., F.V, RM.P, LS., CP.-C, UdP, M.C, AM, CG, D.M, RA, D.V., M.F.,,
N.B.M., E.G., and G.C.B. performed research; S.P., R.D.G., C.D.S., F.V.,, RM.P, LS., CP.-C, Ud.P., M.C, AM,,
CG., DM, RA, D.V,, MF, N.BM., EG., and G.CB. analyzed data; S.P. and R.D.G. wrote the first draft of the
paper; S.P., R.D.G., and G.CB. edited the paper; S.P., CP.-C, U.d.P., M.C, AM,, CG., RA, M.F, NBM, EG.,
and G.C.B. wrote the paper.

This work was supported by Programmi di Ricerca Scientifica di Rilevante Interesse Nazionale. PRIN
2017T9INLT_004 and P2022K5PTK to G.C.B.; Ricerca Interdisciplinare DM737 to E.G.; National Institutes of

PE0000006 to C.P.-C. We thank the High Content Screening Facility at Telethon Institute of Genetics and
Medicine for support with the microRNA screening.
The authors declare no competing financial interests.
Correspondence should be addressed to Gian Carlo Bellenchi at giancarlo.bellenchi@igb.cnr.it.
https://doi.org/10.1523/JINEUR0SCI.0431-23.2023
Copyright © 2023 the authors


mailto:giancarlo.bellenchi@igb.cnr.it

Pulcrano et al. @ miR-218 Controls Dopaminergic Neuron Activity

J. Neurosci., November 29, 2023 . 43(48):8104-8125 - 8105

-

Significance Statement

control of dopaminergic activity by miR-218.

&

In the past decade, several miRNAs have emerged as potential regulators of synapse activity through the modulation of spe-
cific gene expression. Among these, we have identified a dopaminergic-specific miRNA, miR-218, which is able to promote
dopaminergic differentiation and regulates the translation of an entire cluster of synapse related mRNAs. Deletion of miR-
218 has notable effects on dopamine release and alters the intrinsic excitability of dopaminergic neurons, indicating a direct

~
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Introduction

The contribution of microRNAs (miRNAs) to neuronal function
remains a major challenge in neuroscience. MicroRNAs (miRNAs)
are small noncoding single-strand RNA (19-22 nucleotides) acting
as post-transcriptional regulators of gene expression. They bind to
6-8 bp miRNA-recognition elements, located at the 3'-untranslated
regions (UTRs) of target mRNAs resulting in either mRNA cleav-
age or inhibition of translation (Bartel, 2004). Their physiological
role has remained evasive, mostly because of the high number
and the endless combinations of miRNA(s)-mRNA(s) pairing.
miRNA-mRNA binding affinity may vary depending on various
factors, including differences in their expression levels, adding
a further layer of complexity to any functional prediction.
While an miRNA recognizes and binds the same miRNA-rec-
ognition elements on different mRNAs, each mRNA hosts mul-
tiple miRNA-recognition elements recognized by different
miRNAs at its 3'UTR. This complexity makes it difficult to pre-
dict the effective biological relevance of a miRNA-mRNA inter-
action in vivo. Additionally, miRNA families with similar seed
sequences create functional redundancy, making it difficult to
determine the importance of individual miRNAs as recently
shown for the miR-34/449 (Chang et al., 2021).

The involvement of miRNAs in the mesencephalic dopami-
nergic neurons (DAn) has been largely studied for their possible
role in the etiopathogenesis of Parkinson’s disease. Knocking out
the key miRNA biosynthetic enzyme Dicer results in a morpho-
logic aberrant phenotype characterized by the failure of DAn dif-
ferentiation (Huang et al., 2010). Similarly, in adult animals,
decreased Dicer expression in the substantia nigra (SN) is associ-
ated with motor learning impairment and progressive neuronal
degeneration (Pang et al., 2014). This suggests that miRNAs may
have a role in the regulation of the adult DAn system plasticity
through the modulation of individual synapse activity through
local translational control (Martin and Ephrussi, 2009; Colameo
et al., 2021). However, which specific miRNAs contribute to the
physiological regulation of DAn remain unclear. Among these
miR-218, a motor neuron-related miRNA has been associated
with DAn because of its expression in the midbrain during em-
bryonic development (Huang et al., 2010) and its capability to
facilitate astrocyte to DAn conversion in a Parkinson’s disease
model (di Val Cervo et al., 2017). However, how miR-218
impacts the neurophysiological characteristics and functions of
DAn in vivo has not been elucidated yet.

In the genome, miR-218 is present in two identical copies,
named miR218-1 and miR218-2, located intronically in the Slit2
and Slit3 genes, respectively. Deletion of both isoforms results in
perinatal lethality apparently associated with motor neurons syn-
aptogenesis defects (Amin et al,, 2015), and rare human miR-218
gene variants, with reduced miR-218 expression, have been iden-
tified in amyotrophic lateral sclerosis patients (Reichenstein
et al.,, 2019). Changes in miR-218 expression have been linked
to neurodegenerative and neuropsychiatric disorders, including

Alzheimer’s disease, Parkinson’s disease, schizophrenia, depres-
sion, or anxiety, overall suggesting a basic role in the proper
physiology of different neuronal subtypes (Reichenstein et al.,
2019; Torres-Berrio et al., 2020).

The relationship between miR-218 and its targets has been
challenging to predict and appears to depend on several uniden-
tified factors, as changes in miR-218 expression levels result in
an unexpected regulation of distinct gene networks (Amin et al.,
2021). Multiple lines of evidence point to miR-218 as an impor-
tant player in a complex set of processes associated with the syn-
apse formation through the control of a not yet well-identified
biological pathway(s).

In this study, we show that miR-218 is expressed in
developing mesencephalic DAn and promotes the dopami-
nergic phenotype when expressed in embryonic stem cells
(ESCs). Furthermore, miR-218 enhances dopaminergic differen-
tiation, in primary cultured neurons and transdifferentiated fibro-
blasts, when combined with dopaminergic-related transcription
factors generating functional DAn. We also show that miR-218 is
involved in defining DAn excitability and neurotransmitter release
capability through the regulation of an unpredicted synaptic
related gene network, revealing its essential role in controlling the
functional activity of DAn.

Materials and Methods

Lentivirus preparation and viral infection

Specific miRNA-encoding sequences were cloned into a PCR 2.1 TOPO
TA cloning vector (Thermo) by using oligonucleotides flanked by the
EcoRI recognition site. Subsequently, they were subcloned into Tet-O-
FUW or Tet-O-FUW-Ires-GFP or Tet-O-FUW-Ires-Cherry lentiviral
vectors (LVs), following the previously described method (De Gregorio
etal., 2018).

Lentiviruses for mAscll, mNurrl, mLmx1, and miRNAs were pack-
aged in HEK293T cells as previously described (Caiazzo et al, 2011).
Briefly HEK293T cells were cultured in DMEM, supplied with 10% FBS,
10 U/ml penicillin, and 10 pg/ml streptomycin (Pen/Strep), 2 mm L-glu-
tamine, 1 mwm sodium pyruvate, and 1x nonessential amino acids. A
total of 7.5 x 10° HEK293T cells were seeded on 150 mm x 25 mm
dishes, and the following day were transfected with 6.25 g pRev, 9 g
pVSVG, 14.6 ug pMDL, and 32 pg of specific TET-O-FUW vector fol-
lowing the calcium phosphate transfection protocol. After 48 h, the su-
pernatant was collected and ultracentrifuged at 68,000 x g in an SW28
rotor (Beckman Coulter; 67,840 x g) for 2 h at 20°C. The viral pellet was
resuspended in PBS (Euroclone) and stored at —80°C. The infectivity of
lentiviruses and the “maximum tolerated dose” were determined empiri-
cally through subsequent infections on HEK293T cells with increasing
amounts of virus. Gene expression was tested by qPCR, while miRNA
levels were measured by TagMan assay. Infections were performed in
combination with rtTA transactivator viruses, with or without doxycy-
cline (DOX, 2 ug/ml, Clontech).

Ethics statement

All animal experiments have been approved by the Italian Ministry of
Health (authorization 491/2017-PR) and conducted in strict accordance
with national and European safety and ethical rules and regulations,
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including to the Council Directive 2010/63/UE (published on September
22, 2010) regarding the protection of animals used for experimental and
other scientific purposes, as well national legislations (Italian Legislative
Decree 116/92 and Italian Legislative Decree 388/98). Every effort was
made to minimize animal suffering and to reduce the number of
animals used by following the principles of the 3Rs (replacement,
reduction, refinement). The animals were bred in-house at the
Institute of Genetics and Biophysics “Adriano Buzzati Traverso,”
Consiglio Nazionale delle Ricerche (Naples, Italy). All the proce-
dures related to animal treatments were approved by Ethic Scientific
Committee for Animal Experiments.

In this study, the following mouse lines were used and crossed: miR-
218-177, miR-218-27'~, miR-218-2"%, Tg: TH"/“ (Sawamoto et al,
2001), and the En19"" (kindly provided by Prof. Antonio Simeone)
(Kimmel et al., 2000). The mouse strains were maintained in an out-
bred C57Bl/6 background.

Generation of mouse mutant strains

The miR-218-1""" and miR-218-2"/ (referred to as KO1 and KO2,
respectively) were generated by using CRISPR/Cas9 dual-nickase medi-
ated nonhomologous end joining following a previously published pro-
tocol (Ran et al., 2013). Briefly, two pairs of single guide RNA (sgRNA)
targeting the miR-218-1 and the miR-218-2 genomic loci at both bottom
and top strands were designed using the CRISPR double nickase design
tool from the Feng Zang laboratory (https://www.zlab.bio/resources)
and evaluated for their low off-target activity. Oligonucleotides contain-
ing the sgRNAs sequences and carrying two overhangs (5" CACC on the
forward and 5" AAAC on the reverse) were used for subcloning into BbsI
digested pX335 vector.

Cas9n mRNA and sgRNA templates were amplified with T7 promoter
sequence-conjugated primers and transcribed in vitro with mMESSAGE
mMACHINE T7 Ultra Kit (Invitrogen) and MEGAshortscript T7 Kit
(Invitrogen), respectively. The in vitro RNAs were injected into pronuclear
stage fertilized mouse eggs, which were then transferred into the oviduct
of pseudo-pregnant female mice (C57/Bl) (Ran et al., 2013). F1-mice car-
rying indels were mated with WT animals and subsequently Sanger-
sequencing was performed on homozygotes DNA.

The conditional KO mouse model miR-218-2"1 (referred to as c-
KO2) was generated through homologous recombination by the IGB
Embryonic Stem Cells and Mouse modeling facility, following previously
published methods (Puelles et al., 2003). The targeting molecule was
generated from three intermediate PCR products that covered the Slit3
genomic region containing the miR-218-2 sequence (core) and two arms
of homology upstream (long) and downstream (short). The PCR pri-
mers, as shown in Extended Data Figure 7-1c, contained specific restric-
tion sites for ordered subcloning into pFrt3 as reported in Extended
Data Figure 7-1. The BAC-A19 was used as template. The nucleotide
sequence of the targeting molecule was verified by Sanger sequencing to
exclude undesired mutations.

Homologous recombination events in electroporated E14tg4a2 ESCs
were detected by PCR and confirmed by Southern blot using external
and internal probes labeled with dCTP[a->*P] as previously described
(Acampora et al., 2009). PCR primers and probes are provided in
Extended Data Figure 7-1d.

The ESCs containing the mutated allele were injected into the
blastocyst and then implanted into foster pseudopregnant mice using
standard procedures (Acampora et al., 1995). Germline transmission
of the mutated allele was assessed in the F2 generation resulting from
chimera x WT matings. The neomycin cassette was subsequently
removed by mating miR-218-2"" mice with mice expressing the Flp
recombinase. The screening for successful removal was performed by
PCR (primers provided in Extended Data Fig. 7-1d).

Tissue collection

Mice brains and embryonal fibroblasts were dissected under sterile con-
ditions in PBS, pH 7, without calcium and magnesium and in the pres-
ence of glucose (33 mm). Tissues were isolated under a stereomicroscope
and processed for primary cultures, FACS, RNA extraction, or protein
extraction.
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For immunohistochemistry and RNA hybridization, E14.5 mice em-
bryonic brains were rapidly dissected, fixed in 4% PFA, and subsequently
embedded in wax dehydration with ethanol and treatment with xylene.

Mouse midbrain primary cultures (mE12.5-PCs) and high content
imaging

Freshly prepared single-cell suspensions from mouse embryonic mid-
brain, referred to as mE12.5-PCs (mouse E12.5 primary cultures), were
obtained following established protocols (Prochiantz et al, 1979; di
Porzio et al., 1980; Pulcrano et al., 2022). In brief, the ventral midbrains
from E12.5 embryos were carefully isolated and treated with 0.25% tryp-
sin solution containing 0.01% pancreatic DNase for 5min at 37°C. The
tissues were then mechanically disrupted in complete culture medium
supplemented with FBS, N2/B27 supplements, 0.5 mm L-glutamine, and
penicillin/streptomycin. The resulting cell suspension was centrifuged at
100 x g for 5min and plated at a density of 4 x 10 cells/cm* on poly-D-
lysine-coated multiwells (15 ug/ml poly-D-lysine for 1 h at 37°C) in
complete culture medium supplemented with fibroblast growth factor 8
(FGF8, 10 ng/ml) and sonic hedgehog (SHH, 50 ng/ml) to promote dif-
ferentiation into DAn. For High Content Screening analysis, cells were
plated on optical micro-well plates (96 or 384 MW) (Thermo).

After 3d in culture (DIV3), LVs and DOX (2 ug/ml) were added to
induce the expression of transgenes. At DIV6, medium was completely
changed to remove SHH and FGF8. Cell samples were collected or fixed
at DIV12.

For High Content Screening analysis, cells were fixed with 4% PFA
and stained with antibodies TH and Nurrl (using an anti-Flag anti-
body). The number of TH* and/or Nurrl™ was automatically analyzed
using the cell-based confocal microscope Opera Phenix (Perkim Elmer).
At least 270 areas from four independent biological replicates were
acquired. Data analysis, including the relative ratio of TH*/Nurrl™ cells,
was performed using R software with one-way ANOVA and Benjamini-
Hochberg’s post hoc test, after standardizing values among all biological
replicates.

Mouse ESCs (mESCs)

The ES-E14TG2a mESCs were cultured on gelatin-coated plate (0.1% in
PBS) in Glasgow Minimal Essential Medium (Sigma) supplemented
with 12% FCS, 1 mm sodium pyruvate, nonessential amino acids, 2 mm
L-glutamine, 0.1 mm B -mercaptoethanol and LIF (300 U/ml Millipore),
as described by Parmar and Li (2007).

To overexpress miR-218, the mESCs were plated at low density and
infected with lentiviral particles after 1 d. Twelve hours after infection,
the exogenous gene was activated by the administration of DOX, 4 ug/
ml. Fluorescent cells were isolated with FACS ARIA (BD Falcon) 24-36
h after infection and plated in DOX-free medium.

To induce dopaminergic differentiation, the cells were plated on gel-
atin-coated plate in N2B27 medium, which is a mixture of half DMEM/
F12 and half NBM supplemented with N2, retinol-free B27, 2 mm L-glu-
tamine, and 0.1 mm [ -mercaptoethanol. Four days after plating, the
cells were passaged onto poly-L-lysine (15 pg/ml in PBS)/laminin (20 pg/
ml in PBS) coated plates; and from day 5 to day 9 of differentiation,
SHH (200ng/ml) and FGF8 (100 ng/ml) were added to the medium
while 2 ug/ml DOX was added from day 7 until the end of differentia-
tion. The cells were cultured until day 14.

Induced DAn (iDAn) generation

To generate iDAn from mouse embryonic fibroblasts (MEFs), the
method described by Caiazzo et al. (2011) was followed. In brief, MEFs
were isolated from tg: THS™'* E14.5 mice embryos, which can be either
WT or KO. The MEFs were plated at low density (25 x 10° cells/cm?) in
DMEM supplemented with 10% FBS, 2 mm L-glutamine, and Pen/Strep.
After 24 h, the cells were infected with lentiviral particles carrying the
transcription factors Ascll, Nurrl, and Lmx1la in the presence or absence
of miR-218-1 or miR-218-2 lentiviruses; and 24 h later, DOX (2 ug/ml,
Sigma) was added to induce gene expression. At day 4 (DIV4) of the
differentiation process, the medium was replaced with DMEM/F12, sup-
plemented with B27, Pen/Strep, and DOX. The cells were cultured for
14-16 d, allowing them to differentiate into iDAn.


https://www.zlab.bio/resources
https://doi.org/10.1523/JNEUROSCI.0431-23.2023.f7-1
https://doi.org/10.1523/JNEUROSCI.0431-23.2023.f7-1
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Flow cytometry
Separation and analysis of fluorescent cells were performed as previously
described (Pulcrano et al.,, 2022). In brief, freshly dissected ventral mid-
brains of TH-GFP embryos or cells grown in monolayer were dissociated
into single cells with 0.25% trypsin solution in 33 mm glucose/PBS with
0.01% pancreatic DNase. After dissociation, the trypsin was neutralized
using PBS supplemented with 10% FBS. Cells were collected by short
centrifugation, and the resulting pellet was resuspended in 500 ul PBS
supplemented with 5%FBS and 0.01% DNase. The cell mixture was sub-
jected to FACS using a BD FACSAria III instrument. The cells were sorted
into GFP (and/or Cherry) positive and negative fractions. Cell suspensions
intended for RNA extraction were stored in TRI-Reagent (Sigma) or
RNAlater (Ambion) for preserving RNA integrity. Alternatively, cell sus-
pensions for subsequent amplification or cell culture experiments were
stored in a suitable cell culture medium.

Cell suspensions from Pitx3-GFP and Lmxla-GFP mice embryos
were kindly provided by Prof. Marten P. Smidt and Prof. Thomas
Perlmann, respectively.

RNA analysis (extraction, reverse transcription, and qPCR)

Total RNA was extracted from cells and tissues using either TRI-
Reagent (Sigma) or mirVana miRNA Isolation Kit (Ambion) following
the manufacturer’s instructions. DNasel (U/20 pl; Ambion) treatment to
remove genomic DNA and spectrophotometry quantification preceded
reverse transcription. For cDNA synthesis, 1 ug of RNA was used with
iScript cDNA Synthesis Kit (Bio-Rad). qPCR was performed using iTaq
Universal SYBR Green Supermix (Bio-Rad) on CFX-Opus (Bio-Rad)
with a cDNA equivalent of 25ng of total RNA per reaction in presence
of 0.5 uMm specific oligos.

The expression values for each gene were normalized to the hypo-
xanthine-guanine phosphoribosyl transferase (Hprt). The 272t method
was used for normalization. The relative expression was calculated using
the 2724¢* formula (Livak and Schmittgen, 2001). For miR-218 precur-
sors (pre-miR-218-1 and pre-miR-218-2), snRNA U6 and snoRNA-202
were used as normalizer (Antoniou et al., 2018). The qPCR analysis was
conducted on at least triplicate samples for each experiment. Each sam-
ple was processed separately.

TaqMan miRNA assays
MiRNA expression analysis was performed by using TagMan MicroRNA
Assays (Applied Biosystems) accordingly to the manufacturer’s instructions.
Briefly, the small-size RNA was isolated through the mirVana
miRNA Isolation Kit (Ambion). Reverse transcription for mature miR-
218 and miR-9, as well as for the reference snoRNA-202, was performed
using a TagMan MicroRNA Reverse Transcription Kit and TaqgMan
miRNA Assay specific for each miRNA according to the manufacturer’s
protocol (Applied Biosystems). QPCR was performed using primers and
probe provided with the miRNA-specific TagMan miRNA Assay along
with the TagMan Universal Master Mix II, no UNG (Applied Biosystems).

SDS-PAGE electrophoresis and immunoblotting

Western blot was conducted as previously described (Volpicelli et al.,
2012, 2019). Briefly, tissues were harvested and lysed in RIPA buffer
with protease inhibitors (Roche), followed by incubation on ice for
30 min. The lysate was clarified by centrifugation at 8000 x gfor 10 min,
and protein concentration was determined using spectrophotometry.
Proteins (20 ug) and protein ladder (PageRuler Prestained, Thermo)
were separated on 12% SDS polyacrylamide gel at 200 V for 80 min.
Subsequently, the proteins were transferred to PVDF membranes
(Immobilon-P, Millipore). The membranes were blocked in TBS-T 1x
(0.1% Tween, 10 mm Tris-HCL, pH 7.5, 150 mm NaCl) and 5% nonfat
milk for 1 h at room temperature and then probed with polyclonal anti-
TH antibody (1:2000; AB152, Merk Millipore) and anti-mouse 3-ACTIN
antibody (Sigma-Aldrich, 1:10,000) for 2 h at room temperature. After
three washes in TBS-T, the membranes were incubated with HRP-conju-
gated goat anti-rabbit IgG (GE Healthcare, 1:6000) or anti-mouse IgG anti-
bodies (GE Healthcare, 1:6000). Protein bands were visualized by ChemiDoc
(Bio-Rad) and enzyme-linked chemiluminescence (EMP012001, LiteAblot
turbo, Euroclone). The relative protein levels were determined by
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densitometry using ImageQuant TL software and compared with
the protein level of appropriate standard probed on the same mem-
brane after stripping off the previously antibody. The intensity value
of each band was obtained by subtracting the background of each
area from the total intensity.

Immunocytochemistry

For immunostaining of cells grown in monolayer, we used the following
protocol: cells were washed once with PBS, fixed in 4% PFA (Sigma)
in PBS for 10 min, washed 3 times in PBS, and permeabilized 10 min
in 0.3% Triton X-100/PBS (Sigma) (PBS-T). Cells were then blocked
with 2% BSA (Sigma) and 5% of donkey serum (Biosera) in PBS-T
for 45min. Primary antibodies were incubated overnight at 4°C
(anti-TH rabbit 1:500 Chemicon, catalog #AB152 and/or anti 3xFlag
mouse Sigma, catalog #F3165). The next day, cells were washed in
PBS-T and incubated 90 min with the fluorescence-labeled second-
ary antibody (1:200; AlexaFluor, Invitrogen) and counterstained
with DAPI (1:1000; Invitrogen).

Immunohistochemistry and RNA hybridization on paraffin-embedded
brain sections

Paraffin-embedded brains were sectioned in coronal slices with a thick-
ness of 6-8 um. Adjacent sections of paraffin-embedded brain section
were processed either for RNA hybridization or for immunohistochem-
istry following the procedure described by Martinez-Morales et al.
(2001) and Wilkinson (1992).

Sections were deparaffinized in BioClear and rehydrated with
decreasing volumes of Ethanol (from 100% to 25%).

Immunohistochemistry. For antigen retrieval, sections were micro-
waved twice in 100 mum sodium citrate and 100 mw citric acid buffer, pH
6.0, boiling for 2 min 30 s: Sections were incubated in blocking solution
(2% BSA, 5% NGS in PBS-T 0.1%) for 2 h. Primary antibody (anti-TH
1:500 rabbit AB152, Millipore; anti-ISL1 mouse 1:100, MABD131,
Millipore; anti-PITX3 1:500, kindly provided by Prof. Marten Smidt) were
diluted in blocking solution and incubated with the section for 2 h. After
three washes in PBS-T, slices were incubated with a fluorescence-labeled
secondary antibody (anti-mouse and/or anti-rabbit 1:200; AlexaFluor,
Invitrogen) for 1 h. Sections were counterstained with DAPI (1:1000;
Invitrogen) and mounted using 20% Mowiol.

Adult animals (p60) were perfusion-fixed with PFA 4% in PBS and
sectioned using a vibratome. TH " neurons were visualized using a rabbit
anti-TH (1:500; Millipore AB152) and an anti-rabbit-AlexaFluor-555
(1:200; Molecular probes). Optical sections were acquired with a Leica
TCS SP5 confocal microscope.

ISH. Sections were treated with proteinase-K (10 ug/ml in 5 mm
Tris-HCl, pH 7.4, 1 mm EDTA, 1 mm NaCl) at 37°C for 10 min and
washed twice in PBS supplemented with 0.2% glycine. The slices were
fixed in 4% PFA and washed again in PBS. Slices were treated with 0.1 M
triethanolamine, pH 8.0, for 10 min, incubated in 0.1 M triethanolamine/
0.25% acetic anhydride for 10 min followed by two washes in PBS.

Subsequently slices were probed with 100 pl of miR-218 diluted
probe (miRCURY LNA Detection Probe, QIAGEN) following the man-
ufacturer’s instructions. Briefly, probe was diluted 1:1000 in hybridiza-
tion buffer (5x SSC, 50% formamide, 5x Denhardt’s solution, 500 pig/
ml salmon sperm DNA, 250 pug/ml tRNA), denatured at 65°C for 5 min,
and added to the sections for incubation at 20°C. After hybridization,
washes were performed as follows: 5x SSC wash (5 min), 50% formam-
ide/2x SSC (45°C, 35 min), 2x SSC (5 min), TBS-T (5 min).

Sections were blocked in 100l of 10% sheep serum/TBS-T for
30min and then treated with 100 pul of anti-digoxigenin-AP (1:500 in
blocking buffer; Merck) for 2-3 h at 4°C in humidified chamber.

After TBS-T wash, the sections were incubated in NBT/BCIP solu-
tion (Sigma) overnight until staining was completed. The sections were
mounted with 20% Mowiol after two washes in TBS-T.

Microscopy (image quantification)

Images for ISH (bright field) and immunohistochemistry (fluorescence)
were captured using a Leica DMI6000 inverted microscope at magnifica-
tion 10x and 20x. To ensure consistency and comparability, images
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were acquired with the same settings on the Leica Application Suite AF
acquisition software. For cell counting, the number of positive cells was
quantified using the Image]J software. Specifically, a plug-in available on
the software (rsb.info.nih.gov/ij/download/) was used for the quantifica-
tion process. Quantification was performed on images obtained from a
minimum of three independent experiments.

Confocal images, acquired with a Leica TCS SP5 confocal micro-
scope, from control and En1 R ¢c-KO2 adult brain stained for TH, were
quantified using the Image] environment. Quantification was performed
on images obtained from a minimum of three independent experiments.
The total number of TH" neurons per section were counted after appli-
cation of a local threshold and watershed algorithm and defining the
maximum and minimum particle size in a separate study with manually
identified neurons. Neuronal density was defined as number of TH" per
unit area (the ROI was manually defined by an experienced observed
trained to identify the ventral midbrain). To confirm the results, we also
measured the proportional area (percent of positive pixels over the ROI),
which was independent from the identification of particles (neurons);
positive pixels were identified by applying a local threshold algorithm.

Electrophysiology recordings

Midbrain and cortico-striatal slice preparation. WT, miR-218-1"'"
(KO-1), miR-218-27'~ (cKO-2), and miR-218 double KO mice (c-dKO)
aged P40-P60 were used for electrophysiological and amperometry
recordings. The mice were deeply anesthetized using halothane inhala-
tion and subsequently decapitated. The brain was quickly extracted from
the skull and placed in chilled aCSF solution composed of the following
(in mm): NaCl 126, NaHCO; 24, glucose 10, KCl 2.5, CaCl, 24,
NaH,PO, 1.2, and MgCl, 1.2, saturated with 95% O,-5% CO, gas mix-
ture, pH 7.3. A tissue block containing either the midbrain or the cortex
and striatum was glued to a plate and positioned within the chamber of
a vibratome (Leica VT 1200 S) filled with chilled aCSF, saturated, and
continuously gassed with a 95% O,-5% CO, gas mixture. The horizontal
slices with a thickness of 250 pm containing the SN pars compacta
(SNpc) and the coronal cortico-striatal slices with a thickness of 300 um,
obtained with the vibratome, were transferred to a holding chamber con-
taining aCSF at the temperature of 32°C, and allowed to recover for at
least 1 h before usage (Guatteo et al., 2017; Federici et al., 2014).

Electrophysiological recordings in midbrain slices. A single brain slice
was transferred in the recording chamber of an upright microscope
(BX51WI; Olympus) and perfused continuously with aCSF at a rate of
2.5-3.0 ml/min The aCSF temperature was maintained at 33.0 = 0.5°C.
The SNpc dopamine neurons were identified using the following criteria
(Krashia et al., 2017; Aversa et al., 2018; Martini et al., 2019): (1) their
location in close proximity of the medial terminal nucleus of the acces-
sory optic tract (MT); (2) the presence of eGFP when excited with UV
light at 480 nm (emission filter, 510 nm) provided by a monochromator
(Polychrome IV; Till Photonics) via a 40x water-immersion objective;
the emitted light was detected by a CCD camera (Evolve; Photometrics);
(3) the presence of a slow, regular pacemaker firing (0.5-8 Hz) in cell-
attached configuration; (4) the presence of a hyperpolarization-activated
(I,) current in response to hyperpolarizing voltage commands (—60 to
—120mV, 20mV increment) (Mercuri et al., 1995; Cucchiaroni et al.,
2011; Guatteo et al., 2013), from Vi = —60 mV; and (5) the presence of
eGFP when excited with UV light at 480 nm (emission filter, 510 nm)
provided by a monochromator (Polychrome IV; Till Photonics) via a
40x water-immersion objective. The emitted light was detected by a
CCD camera (Evolve; Photometrics). Recording pipettes were pulled
using thin-wall capillaries (WPI) and filled with an intracellular solution
containing the following (in mm): 125 K-gluconate, 10 KCI, 10 HEPES, 2
MgCl,, 4 ATP-Mg,, 0.3 GTP-Na;, 0.75 EGTA, 0.1 CaCl,, 10 phospho-
creatine-Na,. The solution had a pH of 7.2 and an osmolarity of ~280
mOsm. Cell-attached recordings were initiated as soon as a seal resist-
ance >1 G() was achieved, just before membrane rupture, with
Axoscope software in voltage clamp (Vi; = — 60 mV; sampling 1 kHz).
Membrane resistance (R,,) was measured by means of Clampex 9
Membrane Test protocol, within 2 min after membrane rupture, consist-
ing of a 30-ms-long, — 5mV step from Vi3 = — 60mV (33.3Hz). A
mean of 20 consecutive measurements was used to calculate final values.

Pulcrano et al. @ miR-218 Controls Dopaminergic Neuron Activity

I, current was elicited by 8 voltage steps (—50 to —120 mV, 10 mV incre-
ment, 2 s) from Vi = — 50 mV. To analyze neuronal excitability, a cur-
rent-clamp protocol consisting of 2 s current steps from 0 to 250 pA
(10 pA increments) was delivered to SNpc DAn, while maintaining their
membrane potential at Vg = — 60mV. The mean instantaneous fre-
quency was calculated by averaging the frequency of the first two action
potentials (APs) evoked at each stimulus intensity with a sampling rate
of 20 kHz. Rheobase was defined as the first depolarizing current ampli-
tude (pA) required to evoke an AP. The current underlying the AP after
hyperpolarization (Inyp) was elicited by a voltage command to 0 mV,
from Vi = —60mV, 100 ms duration. I,yp peak (pA) and area (pA*ms)
were measured with Clampfit software as maximal current amplitude
and the area under the current trace, in a time window frame from the
end of the voltage command up to 2 s time point.

Electrophysiological recordings from iDAn. A single coverslip with
plated iDAn was placed in a recording chamber (0.6 ml) of an upright
microscope (BX51WI; Olympus). The cells were continuously perfused
(1 ml/min) with aCSF. The composition of extracellular aCSF and pip-
ette solution used in the recordings was the same as that used for electro-
physiological recordings in midbrain slices. The presence of eGFP and
mCherry in iDAn was assessed using a 40x water-immersion objective.
UV light at 480 nm (emission filter, 510 nm) and 495 nm (emission filter
590nm) was provided by a monochromator (Polychrome IV; Till
Photonics). The emitted light was detected by a CCD camera (Evolve;
Photometrics). The voltage-dependent Na™ and K™ currents were eli-
cited by depolarizing voltage steps ranging from —40 to 40 mV, in 5mV
increments of 300 ms, from a holding potential (Vi) of —60mV. INa*
and IK" areas (nA*ms) were calculated by Clampfit software as the area
under the current trace in a time window frame that included INa™ or
IK* at each voltage commend. Current-clamp recordings of APs were
obtained from Vi = — 60 mV in response to depolarizing current injec-
tions (15-105 pA, 10 pA increment, 300 ms). The data shown in Figures
4l and 6n, representing the number of evoked APs in WT iDAn, refer to
the same experimental group, as they were obtained by the same reprog-
ramming conditions (ANL).

Constant potential amperometry (CPA). Amperometric detection of
dopamine (DA) release was performed as described by Nobili et al.
(2017). A bipolar nickel/chromium-insulated stimulating electrode was
used to deliver electrical pulses to the dopaminergic fibers innervating
the dorsal striatum. A single rectangular electrical pulse delivered by a
DS3 Stimulator (Digitimer) was applied to evoke the release of DA.
Following a protocol of increasing stimulation intensity (40-1000 pA,
40-80 ps duration), a plateau of DA release was reached. The amount of
DA release was detected as amperometric current by CPA, by means of
carbon fiber electrode (active surface 30 pm in diameter and 100 um
long, WPI) gently positioned into the slice to a depth of 100-150 pm, in
the close vicinity of the stimulating electrode and connected to a poten-
tiostat (MicroC, WPI). The imposed voltage between the carbon fiber
electrode and the silver/AgCl pellet was 0.6 V. The conversion of amper-
ometric current into DA concentration was performed at the end of
each experiment, by recording currents evoked by bath application of
known DA concentrations ranging from 0.3 to 10 um (Federici et al.,
2014). The evoked amperometric current primarily represents extracel-
lular DA overflow (Federici et al., 2014; Guatteo et al., 2017) as it is not
affected by serotonin or norepinephrine transporter blockers (fluoxetine
and reboxetine, respectively) (Federici et al., 2014), suggesting a negligi-
ble contribution of these neurotransmitters to the recorded signal.

Upon electrical stimulation, a rapid rise in amperometric current
occurred, which typically decayed back to baseline within ~1.5 s. The am-
perometric current peak amplitude was calculated as the difference
between peak and baseline current level before stimulus application. The
latency was determined as the interval between stimulus artifact and cur-
rent peak, while half decay was calculated as the time between the current
peak and time at which it recovered at 50% of maximal amplitude. The sig-
nals were digitized using a Digidata acquisition system (Digidata 1440A)
coupled to a personal computer running the Clampex 10 software.

Data source
The microarray data related to epiblast-derived stem cells (epiSCs) dif-
ferentiated toward the dopaminergic phenotype can be accessed through


http://rsb.info.nih.gov/ij/download/
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Figure 1. Differentially expressed miRNAs in DAn differentiation. a, miRNA expression during dopaminergic differentiation of epiSCs are represented as mean of the logarithmic ratio

between DAn (SHH/FGF8) and Ctrl triplicate samples for both the differentiation time point DIV9 (x axis) and DIV14 (y axis). Only logFC values > |0.5] were represented. For each miRNA, the
bubble’s color and size represent, respectively, the number of predicted target genes and the —Log(PValue) term enrichment in the KEGG pathway mmu04728:dopaminergic synapse. Targets
were predicted using TargetScan 8.0 at default parameters. Red-circled miRNAs were selected for further analysis. b, Fold changes of miRNAs upregulated during the whole differentiation pro-

cess (always-UP) or with a fluctuating expression (Discordant).

the GEO database with the accession number GSE110270 as previously
reported (De Gregorio et al,, 2018). The RNA expression data in iDAn
were retrieved from previously published paper (GEO: GSE27174)
(Caiazzo et al., 2011).

Putative miRNA-mRNA interaction

For the identification of miRNA target genes with responsive elements
within the 3'UTRs of protein coding genes (see Fig. 1), theTargetScan8.0
algorithm was used (version 8.0; https://www.targetscan.org/mmu_80/)
(Agarwal et al., 2015).

To identify target genes for miR-218, miR-29a, miR-34b/c, and miR-
204 (see Fig. 6; Extended Data Fig. 7-1), a combination of four different
algorithms was used: TargetScan8.0 (version 8.0; https://www.targetscan.
org/mmu_80/) (Agarwal et al, 2015); DIANA-microT-CDS (http://
diana.imis.athena-innovation.gr/DianaTools/index.php) (Paraskevopoulou
et al,, 2013); miRDB (https://mirdb.org/) (Yuhao and Xiaowei, 2020);
and PicTar (https://pictar.mdc-berlin.de/) (Krek et al., 2005). The default
web-tools parameters were used for each algorithm, with the exception

of DIANA-microT-CDS, where the threshold for the miTG-score was
lowered to 0.5 instead of 0.7.

Gene ontology (GO) and gene interaction analysis

To perform GO for overrepresented cellular component and biological
process terms, we used ShinyGO version 0.76 with default parameters
(http://bioinformatics.sdstate.edu/go/) (Ge et al., 2020); whereas for the
analysis of specific synaptic-related terms, we used SynGO (https://www.
syngoportal.org/) (Koopmans et al., 2019).

To identify specific targets in the KEGG pathway mmu04728:
Dopaminergic synapse, the list of genes in mmu04728:Dopaminergic syn-
apse was downloaded from the KEGG database (https://www.genome.jp/
kegg/) (Kanehisa et al., 2010) The list was then intersected with the list of
TargetScan-predicted target genes for each miRNAs mentioned in Figure 1.

The targets network was established on the basis of protein-protein
interactions and relations investigated by the STRING database version
11.5 (https://string-db.org/cgi/input?sessionld=boGAYGlamluN&input_
page_show_search=on) (Szklarczyk et al., 2014).
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Statistical analysis

The statistical analyses for the study were performed using GraphPad
Prism (GraphPad Software) and OriginPro 2019 software. The specific
tests used to assess the significance of differences between groups or con-
ditions are described in the respective figure legends. The choice of sta-
tistical tests may vary depending on the experimental design and the
type of data being analyzed.

Results

miR-218 is upregulated during DAn differentiation

To identify miRNAs involved in DAn development and differen-
tiation, we have previously performed an miRNA-mRNA paired
microarray analysis from epiSCs, differentiated toward the dopa-
minergic phenotype at different maturation stages corresponding
to early (day 9, DIV9) and late (day 14, DIV14) in vitro differen-
tiation (De Gregorio et al, 2018). A total of 169 differentially
expressed miRNAs were identified by comparing epiSCs differ-
entiated into DAn with epiSCs differentiated into nondopami-
nergic neuronal phenotype (Ctrl). Of these 169 candidates, 67
miRNAs showed differential expression at both DIV9 and
DIV14 with a fold change > |0.5] in at least one of the two
temporal points.

The miRNAs were grouped into three main clusters based on
their expression patterns during the differentiation process. This
was achieved by plotting the relative expression of each miRNA
at the DIV9 (x axis) and DIV14 (y axis) as fold change
(log,DAn/Ctrl). The clustering analysis revealed miRNAs that
were consistently upregulated during the entire differentiation
protocol (always-UP, in the first quadrant, Fig. 1a,b), miRNAs
downregulated at both DIV9 e DIV14 (always-DOWN, third
quadrant), and miRNAs with discordant expression profile at
DIV9 and DIV14 (second and fourth quadrants, Fig. 1a,b).

To assess the correlation of each miRNA with genes involved
in the development and functioning of DAn, the enrichment of
target genes in the KEGG pathway mmu04728, dopaminergic
synapse, was calculated for each miRNA’s predicted target gene
list using Targetscan 7.2. The significance of the enrichment was
represented as Log(PValue), with different bubble sizes, whereas
the color gradient, from purple to yellow, was used to repre-
sent the number of hits. miRNAs with no targets in the do-
paminergic-related pathway were represented as small-size
purple bubbles.

Since our focus was on miRNAs involved in the regulation of
dopaminergic differentiation and function, we considered the
miRNAs that showed upregulation during the differentiation
process (in the first quadrant) as the most interesting candidates.
For further analysis, we selected the miRNAs that exhibited the
highest upregulation at both DIV9 and DIV14. Specifically, we
chose miRNAs with a fold change (log,DAn/Ctrl) >1.2 in at
least one time point (miRNAs underlined in Fig. 1b). These cor-
respond to miR-148a, miR-23a, miR-27a, miR-29a, miR-218,
miR-219, miR-34b, miR-34c, miR-375-5p, miR-494, and miR-370.
We also included miR-210 for its high number of potential target
genes within the DAsynapse, KEGG pathway and two discordant
miRNAs, miR-132 and miR-204, whose expression increases
only in early phases of differentiation, reminding of a potential
role in the early phases of dopaminergic commitment as recently
indicated by Pulcrano et al. (2022).

miR-218 promotes dopaminergic differentiation of
mesencephalic primary neurons

To investigate the impact of the selected 14 miRNAs on dopami-
nergic differentiation, the genomic DNA sequences encompassing
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each miRNA were cloned into a DOX-inducible LV. Embryonic
(E12.5) midbrain primary neurons were cultured in microwell
plates and the dopaminergic differentiation was initiated by add-
ing SHH and FGEFS8 for 6d (Fig. 2a). On the third day of in vitro
differentiation (DIV3), cells were infected with LV expressing the
pro-dopaminergic transcription factor Nurrl (cloned as 3xFlag-
Nurrl, hereafter referred to as Nurrl) in combination with the
desired miRNA-expressing LVs. To this purpose, we generated 12
LVs expressing each miRNA precursor (Fig. 2b). The miRNAs
located in the same genomic region were cloned in a single con-
struct, resulting in three constructs: miR-34b/c (miR-34b and miR-
34c); miR-132 (containing also miR-212); and miR-27a (containing
miR-23a, miR-24-2 and miR-3074-2).

The cells were then cultured for a total of 12d (DIV12). At
the end of the differentiation protocol, the cells were fixed and
stained for the dopaminergic marker TH and the flagged-NURRI1
to identify DAn (TH") and infected cells (NURR1 ™) (Fig. 20).
The fluorescent cells were automatically counted using the Opera
High Content system. Data from five independent experiments
were normalized, standardized, and expressed as the relative ratio
between TH/NURR1™ cells (Fig. 2d). NURRL™" infected cells
were used as a basal condition since uninfected cells, and cells over-
expressing only the miRNAs were unable to induce TH (for a rep-
resentative image of the reprogramming efficiency of miR-218-1
alone and in combination with Nurrl, see Fig. 2e; Fig. 2f). As a pos-
itive control, we used the combination of LMX1A with NURR], as
previous studies have shown that the coexpression of these two
transcription factors enhances the generation of DAn in vitro
(Caiazzo et al., 2011) (Fig. 2¢,d). DAPI staining shows that a similar
amount of cells was analyzed for each condition (Fig. 2g).

Each miRNA was tested in combination with NURR1 to eval-
uate its ability to promote TH expression. Among the tested
miRNAs, only four were able to increase the number of TH"
cells. These were miR-34b/c, miR-148a, miR-210 (with a non-
significant trend), and miR-218-1 which appeared to be the most
efficient in promoting dopaminergic differentiation with a signif-
icant twofold increase of TH™ cells compared with Nurrl alone
(Fig. 2d). While we have shown, in previous studies, that miR-
34b/c and the miR-148a promote dopaminergic differentiation
through the regulation of the Wnt pathway (De Gregorio et al.,
2018), the connection between miR-218 and DAn has only
recently been established (Cuesta et al., 2018).

Dopaminergic differentiation of mESC and iDAn in the
presence of miR-218

To understand the role of miR-218 in promoting dopaminergic
differentiation, we expressed miR-218 in differentiating mESCs
as they are known to be more responsive to dopaminergic differ-
entiation stimuli if compared with already committed primary
culture neurons (Ying et al., 2003). To this purpose, the mESCs
were infected with DOX-inducible LVs expressing the pre-miR-
218-1 (referred to as pre-miR-218) upstream of an Ires-GFP,
while an inducible lenti-GFP was used as control. This approach
allowed for the correct processing of the mature miRNAs and si-
multaneous visualization of infected cells (De Gregorio et al.,
2018). The infected mESCs were treated with DOX for 1d and
GFP-expressing cells were purified by FACS. The GFP" mESCs
were kept in the absence of DOX and then differentiated toward
the dopaminergic phenotype in the presence or absence of DOX
for 14 d (scheme in Fig. 3a). At the end of the differentiation pro-
tocol, the expression of miR-218 was evaluated by TaqMan-
qPCR, resulting 30 times higher in DOX-treated cells compared
with control cells (1 0.1 vs 0.03 = 0.007) (Fig. 3b). The ability
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Figure 2. miR-218 upregulation positively affects dopaminergic differentiation. @, Schematic representation of the experimental procedure adopted for cell-based High Content Screening. b,
Representation of the genomic sequences encompassing miRNAs genomic loci cloned into the TET-0-FUW plasmid for the production of inducible lentiviral particles (LVs) used to overexpress
miRNAs. ¢, Representative images of E12.5 midbrain primary cultures infected with LVs for Nurr1 alone or in combination with Lmx1a. Immunostaining was performed against 3xFlag-NURRT (red)
and Th (green), nuclei were stained with DAPI (blue). Images were acquired at 20 magnification. Scale bar, 50 um. d, Relative ratio of TH* /NURRT™ cells following lentiviral infection with
3xFlag-Nurr1 alone or in combination with LVs for different miRNAs. Cells infected with Nurr1 alone were used as basal control (=1). Data are mean = SEM. n = 270 == 80 acquired fields from
at least 5 independent experiments. *p < 0.05 (one-way ANOVA + Benjamini-Hochberg's post hoc test). e, Representative images of E12.5 midbrain primary cultures (mE12.5-PCs) overexpressing
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of miR-218 to promote dopaminergic differentiation was
assessed by qPCR for the expression of specific dopaminergic
markers as well as by immunostaining against TH. The mRNA
levels of Th, Pitx3, Nurrl, and LmxIa, which are markers of do-
paminergic differentiation, were upregulated with a significant
increase at day 12 and day 14 (Fig. 3c). Similarly, low-magnifica-
tion images of mESC colonies differentiated toward the dopami-
nergic phenotype in the presence or absence of miR-218 showed
a consistent increase in TH™ colonies (Fig. 34d).

The role of miR-218 in promoting dopaminergic differentia-
tion was further investigated during the direct trans-differentia-
tion of MEFs into iDAn. Trans-differentiation of MEF into
iDAn has been extensively studied as potential source of func-
tional neurons for cell replacement therapy in Parkinson’s dis-
ease patients. To this purpose, miR-218 was added to the trans-
differentiation cocktail of transcription factors Ascll, Nurrl, and
Lmxla (hereafter referred to as ANL) (Caiazzo et al., 2011).

To visualize cells expressing miR-218-1or miR-218-2, their
precursors were cloned into a DOX-inducible lentivirus vector
upstream of an Ires-Cherry sequence. MEFs derived from trans-
genic mice expressing the GFP under the control of Th promoter
(TH-GFP) (Sawamoto et al., 2001) were infected at in vitro day 1
with the ANL lentiviruses cocktail in combination with miR-
218-1 or miR-218-2 (Caiazzo et al, 2011; De Gregorio et al.,
2018) and differentiated for 2 weeks (Fig. 4a). As revealed by
qPCR, the expression of miR-218 was upregulated in both cases,
with a 10-fold and fourfold increase for miR-218-1 and miR-
218-2, respectively, compared with U6 snRNA or sno202 RNA
(Fig. 4b).

The ability of miR-218 in promoting iDAn differentiation
was confirmed by the upregulation of DA markers, such as Th
and Vmat2, indicating a more pronounced dopaminergic pheno-
type, although no significant changes were observed for Pitx3
and Dat (Fig. 4c). The increases of iDAn were assessed by man-
ually counting of TH-GFP™ cells in at least five different fields
for each well in four independent trans-differentiation experi-
ments (n > 20). The counting was performed by normalizing for
the area analyzed (for representative images, see Fig. 4d; Fig. 4e).
A similar result was obtained using flow cytometry to determine
the percentages of TH-GFP* cells within the miR-218-1(—2)
Cherry" and Cherry cell populations (Fig. 4f,g). The addition of
lentivirus for miR-218-1(—2)-Ires-Cherry to the reprogramming
cocktail increased the number of iDAn by up to threefold in each
well (Fig. 4h).

The enhanced dopaminergic phenotype observed in iDAn
expressing miR-218 in combination with ANL was accompanied
by a functional increase in their ability to fire APs, compared
with iDAn generated only with ANL (TH" miR-218-Cherry " vs
TH™; Fig. 4j-1). Although the I-V relationships of the ionic cur-
rents underlying APs (voltage-gated Na™ and K currents) were
similar between TH" miR-218-Cherry" and TH" iDAn (Fig. 4j,
k), the number of APs generated in response to depolarizing cur-
rent injections (15-105 pA, Fig. 41) was higher in TH" miR-218-
Cherry" iDAn, suggesting a significant change in cell intrinsic
excitability associated with dopaminergic differentiation.

«—

by LVs Nurr1 and/or miR-218-1 and differentiated for 12 d. Cells were stained for 3xFlag (exog-
enous NURR1, red), TH (green), and DAPI (blu). Images were acquired at 20 x magnification of
a Leica DMI600 microscope. Scale bar, 50 pm. £, g, Automatic counts of TH* (A and total (g)
cells from mE12.5-PCs overexpressing single miRNAs or Nurr1 (3x-Flag). Total cells were identi-
fied with the nuclear dye (DAPI), while TH™ cells were stained for TH as control cells infected
with the only rtTA were used. Dashed lines indicate the mean for Ctrl values.
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miR-218 is expressed, in vivo, in mesencephalic DAn

Our data point to a role of miR-218 in the in vitro process of
DAn differentiation. To understand the contribution of miR-218
to DA neuron development in vivo, we evaluated the expression
of miR-218 during the embryonic development of the mouse
midbrain. To this purpose, we purified GFP" neurons from the
TH-GFP mouse line, where the GFP was located downstream of
the Th promoter and from the Pitx3-GFP and Lmxla-GFP
mouse line where the mDA neurons were exclusively labeled by
the knock-In GFP reporter (Zhao et al., 2004 and Deng et al.,
2011, respectively). Interestingly, miR-218 was found to be
enriched in the GFP" neurons sorted from these three lines
compared with GFP™ cells. In all cases, the expression of miR-
218 was at its highest between E12.5 and E14.5 (Fig. 5a). In con-
trast, miR-9, a neuronal miRNA (Alwin Prem Anand et al., 2020),
did not appear significantly enriched in GFP™ cells (Fig. 5b).

Furthermore, we evaluated the expression of miR-218 in
DAn of E14 midbrain coronal sections using immunofluores-
cence, for midbrain markers, and miRNA ISH. We observed that
miR-218 was detected in cell expressing Islet], a transcription
factor associated with oculomotor neurons, but was also
expressed, albeit at lower levels, within the dopaminergic
precursor domain characterized by the expression of TH and
PITX3 (Fig. 5¢ and magnification).

The role of miR-218 in dopaminergic differentiation was
further demonstrated by the upregulation of endogenous
miR-218 during the dopaminergic in vitro differentiation of
different cell types, including epiSCs, midbrain primary cul-
tures (mE12.5-PCs), and MEFs (iDAn) (Fig. 5d). These find-
ings indicate that the expression of miR-218 is triggered
during dopaminergic differentiation and suggest its potential
role in this process.

Deletion of miR-218 alters iDAn excitability

To investigate the role of miR-218 in DAn function, we gener-
ated constitutive KO mice for both miR-218-1 and miR-218-2 by
using the CRISPR/Cas9 approach (hereafter referred to as KO1
and KO2, respectively). Two pairs of gRNA were used to delete a
136 bp, including the entire pre-miR218-1 sequence (110 bp) and
a 30bp at the 5" end of pre-miR-218-2, resulting in the deletion
of 14 of 21 nucleotides of the mature miR-218-5p (Fig. 6a,b). The
null alleles exhibited Mendelian transmission without notable
phenotypic differences among littermates until birth, at which
point single miR-218-2""~ pups or double miR-218-1"'"* miR-
218-27'" pups died (hereafter referred to as dKO; Fig. 6¢, Table
1; Movie 1) consistently with previous observations (Amin et al.,
2015, 2021).

The absence of miR-218 expression was confirmed by
TaqMan analysis in the midbrains of single and double KO
(dKO) embryos at E14.5, when miR-218 expression is high-
est. KO1 embryos showed a 55% reduction of miR-218 expres-
sion, while KO2 embryos exhibited a 30% reduction. As
expected, no detectable expression of miR-218 was observed in
dKO embryos (Fig. 6d). Furthermore, the deletion of miR-218-
1 and miR-218-2 did not significantly affect the expression of
the SIit2 and Slit3 host genes (Fig. 6e).

To assess the impact of miR-218 deletion on DAn develop-
ment, we examined the expression of specific dopaminergic
markers in the midbrain. We observed no changes in Th mRNA
expression (Fig. 6f) nor a reduction of TH" cells in E14.5 mid-
brains, as determined by FACS analysis (Fig. 6¢) and immuno-
fluorescence staining on midbrain coronal sections (Fig. 6h,i).
Similarly, the quantification of PITX3" (Fig. 6h,j) or ISLET-1"
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Figure 4.  The expression of miR-218 in iDAn improves dopaminergic differentiation. a, Procedural scheme for trans-differentiation of MEFs into iDAn after miR-218-1 or miR-218-2 overex-
pression. MEFs from E14.5 tgTH™ ™ mouse embryos were infected with the transcription factors Ascl1, Nurr1, and Lmx1a (ANL) alone or in combination with the miR-218-1 (or miR-218-2)
cloned upstream Ires-mCherry sequence and differentiated for 2 weeks. b, qPCR for pre-miR-218-1 and pre-miR-218-2 on iDAn overexpressing the two different isoforms. U6 snRNA and sno-
202 RNA were used for normalization. Data are mean =+ SEM of 2% values. *p << 0.05, n = 4; Kruskal-Wallis test plus Dunn's multiple comparison correction. ¢, The expression of Th,
Pitx3, Vmat2, and Dat was analyzed by qPCR in iDAn overexpressing miR-218-1. Data are mean == SEM from three independent experiments. *p << 0.05 (Student’s t test). d, iDAn trans-differ-
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miR-218 is expressed in mesencephalic DA nuclei during mice development. a, b, TagMan assay for the expression of miR-218 (a) and miR-9 (b) in FACS-purified GFP™* and

GFP™ cells from Th-GFP, Pitx3-GFP, and LmxTa-GFP reporter mouse embryos at different developmental stages. Data are normalized to the average of the reference sno-202 and represent
the mean = SEM of 2~2% values from three independent experiments. *p << 0.05 of GFP™ with respect to GFP~ (two-way ANOVA followed by Sidak). ¢, ISH for miR-218 and IHC for
Islet1, Pitx3, and Th (markers, respectively, of oculomotor and dopaminergic midbrain nuclei) in coronal section of brains from E14.5 mouse embryos. Consecutive sections were stained
for the different markers (different lanes) while disposed with an anteroposterior order (on the same lane). Magnification for miR-218 ISH on DA nuclei is shown in the second lane. Scale
bars: ISH, 75 m; IF, 100 wm. Digital magnification is 4.2x. d, TagMan assay for the expression of miR-218 in DAn differentiated from epiSCs (left); E12 neuronal progenitor cells (mE12-
PCs) expressing the pro-dopaminergic transcription factors Nurrl and Lmx1a (NL) (middle); and iDA cells transdifferentiated with the reprogramming cocktail ANL (AsI1, Nurr1, Lmx1a)

(right). Data are normalized to the average of the reference sno-202 and represent the mean =+ SEM of

respect to GFP™ (two-way ANOVA followed by Sidak).

(Fig. 6h,k) cells in E14 coronal sections revealed no significant
differences. These findings suggest that embryonal loss of miR-
218 has minimal impact on the differentiation of DAn and non-
DAn in the midbrain.

«—

surface. Data are mean = SEM. ANL: 27.09 =+ 3.82/mm? versus ANL218-1: 46.63 * 3.7/
mm? versus ANL218-2: 47.47 + 6.05/mm? respectively, p = 0.0055 and p = 0.0298 with
one-way ANOVA nonparametric Kruskal-Wallis test and Dunn’s multiple comparison correc-
tion. n > 3 biological x2 technical. f, g, Ctrl (ANL) and miR-218-1-Ires-mCherry
(ANL-+miR218-1) overexpressing iDAn analyzed by FACS. h, The number of total TH-GFP™
cells was normalized with Cherry™ miR-218-1 (miR-218-2) cells. Data are mean = SEM.
ANL: 9.17 = 1.3 versus ANL218-1: 32.99 = 3.51, p = 0.0049; ANL versus ANL218-2: 31.02
=+ 257, p = 0.0099; one-way ANOVA nonparametric test Kruskal-Wallis test and Dunn’s
multiple comparison correction. n > 3 biological x2 technical. j-I, Functional characterization
of iDAn obtained by trans-differentiation of MEFs with and without miR-218-1. iDAn were
identified as TH-GFP™ or as double positive: TH-GFP™, miR-218-mCherry ™, revealed that
voltage-dependent Na™ (i) and K™ (j) currents displayed nearly overlapping current to volt-
age relationships in the two groups Data are mean = SEM. Two-way repeated-measures
ANOVA, Bonferroni test (not significant). Nevertheless, iDAn overexpressing miR-218-1 in
combination with ANL produce a higher number of APs (k) in response to depolarizing cur-
rent injections (15-105 pA, 10 pA increment, 300 ms) compared with iDAn generated only
with ANL (TH-GFP™) Data are mean =+ SEM. 65 pA and 75 pA, p < 0.05; 85-105 pA, p <
0.01; two-way repeated-measures ANOVA followed by Tukey test. Representative traces
were reported in the quadrant.

27 2% values from three independent experiments. *p << 0.05 of GFP™ with

We then investigated the consequences of miR-218 complete
deletion on neuronal excitability. To this purpose, we generated
iDAn from E14 miR-218 dKO fibroblasts and performed electro-
physiological analysis by means of whole-cell patch-clamp tech-
nique. We found that the voltage-gated potassium (Ix-, Fig. 6])
and sodium currents (In,+, Fig. 6m) were increased in dKO
iDAn compared with controls, as revealed by Ix- and Iy, cur-
rent area analysis. Also, the number of evoked APs in response
to increasing intensity stimuli increased significantly (Fig. 67) in
dKO iDAn. These data indicate that miR-218 contributes to the
regulation of DAn excitability as its deletion from the genome
significantly perturbs I+, In,+, and AP firing.

Midbrain specific deletion of miR-218 affects the
nigrostriatal circuitry

To overcome the lethality associated with miR-218-2"/" and
gain further insight into its role in dopaminergic development
and function, we generated a conditional KO mouse line for
miR-218-2. This was achieved by inserting two loxP sites located
487bp upstream and 416bp downstream the pre-miR-218-2
locus, using homologous recombination (miR-218-2"% Fig. 74;
Extended Data Fig. 7-1a,b). The conditional allele was then
crossed with the En1“" mutant mice which carry a Cre recombi-
nase (Cre) “knock-in” allele in the Engrailed-1 locus enabling the
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taining Slit2 and Slit3 and the location of miR-218-1 and miR-218-2 within these genes are reported in a and b, respectively. Uppercase letters represent the pre-miRNA sequences. Red repre-
sents gRNAs. The sequences of mature miRNAs are underlined. Dashes indicate deleted nucleotides. Right panels, The Sanger-sequencing results. Two red lines and a vertical dashed black line
indicate sites of nonhomologous end joining recombination. ¢, Representative images of PO pups are in d (see also Movie 1). d, e, The expression of miR-218 (d) in the midbrain of E14.5 KO
embryos was evaluated by TagMan assay. Data are normalized to the average of the reference sno-202 and represent the mean = SEM of 2~ values from 3 animals. *p << 0.05 (two-way
ANOVA followed by Sidak). The expression of Slit2 and Slit3 (e) was evaluated in the midbrain of E14.5 WT and KO models by qPCR. Data are normalized to the average of the reference Hprt
and represent the mean = SEM of 2~ values from three embryos. WT: miR-218-17"*; miR-218-2*/=. KOT: miR-218-17"; miR-218-2*/=. K02: miR-218-1""; miR-218-27"". dKO:
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Table 1. Survival rate of the miR-218-1 and miR-218-2 KO mice
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Embryonal Adult
No. of Observed Expected No. of Observed Expected
Mating Genotype embryos frequency frequency animals frequency frequency
miR-218-1"/~ x miR-218-1"/~ miR-218-1*/" 9 0.24 0.25 7 0.15 0.25
miR-218-1"/~ bx] 0.60 0.5 2 0.57 05
miR-218-17"~ 5 0.16 0.25 14 0.28 025
Total 37 X’ test, p=0217 Total 49 X’ test, p=0223
miR-218-2+/" x miR-218-2™/~ miR-218-2+/* 18 0.210 0.25 49 035 025
miR-218-2"/~ 39 0.440 0.5 92 0.65 05
miR-218-27"~ 31 0.350 0.25 0 0 025
Total 88 X’ test, p=0.083 Total 141 X test, p < 0.0001
miR-218-11/7-2/~ x miR-218-1"/—2*/~ miR-218-1+/F 2+ 1 0.030 0.0625 1 0.096 0.0625
miR-218-1*/* 2/ 3 0.091 0.125 by) 0.193 0.125
miR-218-1"/*-27~ 2 0.061 0.0625 1 0.009 0.0625
miR-218-1"/+ 27~ 5 0.152 0.125 20 0.175 0.125
miR-218-1"/7-2"/~ 10 0303 0.25 37 0325 025
miR-218-1"/—-27~ 8 0.242 0.125 1 0.009 0125
miR-218-17"2 '+ 1 0.030 0.0625 10 0.088 0.0625
miR-218-17"-2*/~ 2 0.061 0.125 13 0.114 0.125
miR-218-17"-27~ 1 0.030 0.0625 0 0.0 0.0625
Total 33 X test, p=0511 Total 115 X test, p<<0.0011

The number of observed animals for each genotype at both E14.5 (embryonal) and PO (adult) stages obtained from different mating. x2-test was used to compare observed and expected frequencies.

Movie 1. miR-218-1 and miR-218-2 KOs pups. The tail pinch response of newborn pups
from control and miR-218 KO mice. From left to right they are: wild type, KO1, K02 and
dKO. [View online]
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miR-218-17"; miR-218-27"~. £, The expression of Th in the midbrain of E14.5 KO embryos was
evaluated by gPCR. Data are normalized to the average of the reference Hprt and represent the
mean =+ SEM of 2~ values from three independent experiments. g, Boxplot represents the
percentage of TH-GFP™ DAn isolated from the midbrain of E145 KO embryos. h-k,
Immunostaining and quantifications for TH (i), PITX3 (), and ISL1 (k) in the midbrain of E14.5
WT and double KO embryos. The count was performed from 10 randomly selected fields from
at least three different litters for each condition. Images were acquired at 10 magnification.
Scale bar, 100 wm. I-n, Functional characterization of iDAn obtained from dKO E14 MEF.
Current to voltage relationships of K™ (1) and Na™ (m) voltage-dependent currents, recorded in
dKO and WT iDAn, elicited by depolarizing voltage steps (—40 to 40 mV, 5 mV increment, 300
ms) from VH = — 60 mV. A significant difference between dKO and WT iDAn is present for
both Iy,+ and I current areas at most stimulus intensities. Data are mean = SEM. *p <
0.05; **p << 0.01; ***p < 0.001; two-way repeated-measures ANOVA followed by Bonferroni
test. m, In current-clamp recordings, dKO iDAn fire a higher number of APs in response to depo-
larizing current injections (15-105 pA, 10 pA increment, 300 ms) compared with WT iDAn. Data
are mean == SEM. *p < 0.05; ***p < 0.001; two-way repeated-measures ANOVA, followed
by Bonferroni test. iDAn were identified as TH-GFP™* cells.

deletion of miR-218-2 in the embryonic mesencephalon and
rhombomere 1 (Enl*/“" miR-218-2"%, hereafter referred to as
c-KO2), starting at approximately E9 (Gherbassi and Simon, 2020).

Midbrain specific double KO mice (miR-218-1"'"; miR-218-
2V B 1 /Cr hereafter referred to as c-dKO) were viable, fertile,
and showed no apparent defects in lifespan or fertility (Fig. 7b).
The expression of miR-218 was specifically abolished in the adult
midbrain from ¢-dKO mice at P39 (Fig. 7¢). No significant
changes were observed in the expression of miR-218-1 and miR-
218-2 host genes, Slit2 and Slit3 (Fig. 7d,e). No alterations were
observed in the expression of dopaminergic markers, such as Th,
Vmat2, and Dat in adult animals (Fig. 7f-h). Additionally, the
number of TH" cells counted in c-KO2 sections (Fig. 7i,), their
density (Fig. 7k), and the percentage of positive pixel (Fig. 71)
were unchanged. Similarly, the total amount of TH protein (Fig.
7m) shows no differences, suggesting that there is no significant
loss or degeneration in the dopaminergic population.

Next, we investigated the consequences of miR-218 deletion
on the excitability of native DA neurons of the SNpc, the mid-
brain nucleus where the nigrostriatal dopaminergic pathway
originates. To this purpose, we performed whole-cell patch-
clamp recordings from SNpc DA neurons in ex vivo midbrain
slices obtained from miR-218 KO1, ¢cKO2, c-dKO, and WT adult
TH-GFP" mice. We found that membrane input resistance (Ry,)
was increased in all miR-218 single and double KO SNpc DAn
compared with WT DAn, with the highest level of statistical sig-
nificance for the miR-218 ¢-dKO group (Fig. 8a), indicating a
clear dosage expression effect on the passive neuron membrane
property. Spontaneous firing frequency, recorded in cell-attached
configuration to avoid cytoplasm dialysis, was higher in KO1 (at
the limit for statistical significance, p=0.052) and c-KO2
(p <0.05), but not in miR-218 ¢-dKO DAn (Fig. 8b). By con-
trast, the instantaneous frequency of APs evoked through depo-
larizing current injections (0-250pA, 10pA increment) was
strongly augmented in ¢-dKO DA neurons, but not in single
KO1 and ¢-KO2 DA neurons (Fig. 8c,d). The latter data were
mirrored by a decrease of the minimal current necessary to
evoke a single AP (rheobase), that resulted significantly lower
than WT DAn in all single and double miR-218 KOs (Fig. 8e).
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SEM. Uptake system(s) parameters, such as half-life time (e) and latency (f) of amperometric current, are increased selectively in c-dKO compared with WT striata (p << 0.001 and p << 0.05,
respectively; unpaired t test), indicating that the complete miR-218 deletion reduces DA uptake efficacy.

Collectively, these data suggest that deletion of miR-218 causes
an increase of intrinsic excitability of SNpc DAn.

To investigate the possible mechanism(s) underlying the
hyperexcitability of DAn, we focused on two ionic conductances
affecting their pacemaker firing. First, we analyzed the hyperpo-
larization-activated I, current, a hallmark of DAn affecting firing
activity (Friedman et al., 2014; Krashia et al., 2017). However, we
found that I, means amplitudes and I-V relationship were simi-
lar among all groups, suggesting that it is not responsible for the
excitability change in the miR-218 KO DAn (Fig. 8f). Second, we
measured the Ca**-activated K* current (Wolfart and Roeper,
2002), which underlies the I5p phase of each AP, thus affecting
firing frequency and regularity in DAn (Deignan et al., 2012).
We recorded I5pp in KOI and ¢-dKO DAn. In both genotypes,
we found that I,yp peak and area were strongly reduced com-
pared with WT DAn with the highest level of statistical signifi-
cance for ¢-dKO (Fig. 9a-c). Together, our data suggest that
miR-218 expression controls either passive or active intrinsic
membrane properties that heavily impact the neurophysiological
characteristics of SNpc DA neurons.

Based on these observations, we hypothesized that the altered
intrinsic excitability of DAn could impair their ability to release
DA in the target areas. To test this, we performed CPA record-
ings (Federici et al., 2014; Guatteo et al., 2017) in dorsolateral
striatum slices from adult mice in the four experimental groups.
The maximal amplitudes of the DA efflux in response to a single
electrical stimulus of the dopaminergic fibers were reduced in

KOLI and ¢-KO2, but not in ¢-dKO, compared with WT dorsolat-
eral striatum (Fig. 9d). The discrepancy observed in c-dKO slices
was paralleled by an increase in the amperometric signal half-life
and latency, two parameters strongly influenced by DA reuptake
systems, which were not altered in single KO striatal slices (Fig.

9e,f).

miR-218 controls the expression of synaptic specific genes

To understand how deletion of miR-218 affects dopamine
release and neuronal excitability, we searched for upregulated
genes in miR-218 KO mice, compared with control animals.
We first combined four distinct algorithms (TargetScan8.0,
DIANA microT-CDS, mirBD, and PicTar) to identify all miR-
218 target genes hosting a potential miR-218 binding site in
their 3"UTR sequence. This approach allowed us to identify
163 potential targets for the miR-218 (Extended Data Fig. 10-
la). These genes appear strongly associated with synaptic ac-
tivity, as revealed by GO analysis, where of the top 20 terms
for Cellular Component (GO:CC), 9 terms refer directly to the
synapse and 7 others are related to the synapse (as dendritic
compartment and axon) (Fig. 10a; Extended Data Fig. 10-1b).
Similar results came out when we performed the analysis for
the Biological Process (GO:BP), where exocytosis and synaptic
transmission resulted on top of the list (Extended Data Fig.
10-1c).These processes are specific to miR-218 since a similar
analysis performed on three other microRNAs known to be
involved in DAn development and function: miR-29a, miR-


https://doi.org/10.1523/JNEUROSCI.0431-23.2023.f10-1
https://doi.org/10.1523/JNEUROSCI.0431-23.2023.f10-1
https://doi.org/10.1523/JNEUROSCI.0431-23.2023.f10-1
https://doi.org/10.1523/JNEUROSCI.0431-23.2023.f10-1
https://doi.org/10.1523/JNEUROSCI.0431-23.2023.f10-1

Pulcrano et al. @ miR-218 Controls Dopaminergic Neuron Activity

GO pathway related to Cellular Compartment
97% ular

f,) \ntrace ular /14
?, anelle lom,

& 0%0‘, % Osrg 10 159 Ce//Sj;a”e

S @ El

%0(,5‘& Q‘J 7 0 %0/’06/
%Qin/\\& / s %,

Extracellular ©
Region /

N
;
b o o &
® %, &
s P %
\
mig_, ° 02 15 " Aa0lC
24 R

b
Function (Biological Process)

gene count

EEEERE o

nstituen

S

@es®
wes¥™ -
:xa‘ cnns\'\\uen\ of

B

=

5
2
©
3

&
Fy

5
g
H

J. Neurosci., November 29, 2023 . 43(48):8104-8125 - 8121

(o] 163 target genes
UPregulated in iDAn
Caiazzo
10
<
<
d Q
(7
O
Q
Y
3
Caskin1
Clen3
g @ Ctnnd2
S § Gabrb3
8’\-‘ Gria4

Kend2
Nrxn1
Stxbp
Sv2a

Cntnap2
Hapin1
Kenh1
Pcdhg
Pelo
Psd2

Cacnb4
Frmpdd
Mecp2
Ptpra
Rab6a
Shisaé
Sicéat
Slc6a6
Sncb

- Missing
values

Acsl
Daam1
Dnmt3a
Elmo1
Fgfi2
Gdpds
Gnait
Gng3
Hen3
Hectd2
Hif
Inhbb
Kif3c
KIhi13
Lrm1
Reln
Rnf103
Semabb
Syt13
Tmem178
Tmem25
Tub

e e
P39 ventral midbrains
2597 oCre oCtrl @ c-dKO @ KO1 @ ¢c-KO2 .
2 20- { . } . {
© . . o .
<
251 : : ! i
Es : IREK
é’ucm-- [ . --@--é--g-- 8- _ﬁ._ - _.§__§__ _- __é__g__§__g__é_.
5 - 18 ;
e« 054 & PN S I 9 ~ - _
2 2 2 E ¢ B E FT Qo2 T EEZ B E oo & &g 5 ogvQ
§ 5§86 2 & 866 2 ¢ 8 S 28 8668 6 &
00 Il L L L L L L Il L L L L L L L L L L L L L L Pbmed
u
OEEHDDIODEJDONDEEHEHOODEHOOEOEHEBD o

15 30

Figure 10. miR-218 regulates synaptic related genes. a, Chord diagram clustering the top 20 GO:CC enriched terms for miR-218, miR-29a, miR-34b/c, and miR-204/211 reported in
Extended Data Figure 10-1. b, Diagram represents the SynGO:BP enriched terms for the miR-218's targets. The list of annotated genes is reported in Extended Data Figure 10-2. ¢, Venn diagram
that groups miR-218 target genes on the basis of their expression in epiSC-derived and MEF-derived DAn. And for their annotation as synaptic related in SynGO. d, Magnification of heatmap in
Extended Data Figure 10-2 for the selected genes. e, qPCR analysis for the expression of selected miR-218's target genes in the ventral midbrain of P39 WT and cKO mice. Data were normalized

to the average of the reference Hprt and related to the expression levels of Ctrl (=1), and represent the mean = SEM of

one of one of KO samples with respect to the Ctrl (two way-ANOVA plus Dunn’s post hoc).

34b/c-5p, and miR-204/211-5p (Volpicelli et al., 2019; Pulcrano
et al., 2022) identified different cellular components, mostly
correlated to somatodendritic compartments and organelles
(Fig. 10a; Fig. Extended Data Fig. 10-1d-I). To further validate
the involvement of miR-218 predicted targets in synaptic
related functions, we checked whether the 163 candidates were
annotated in the Syn-GO database, which is evidence-based

27 22% yalyes from at least 3 distinct animals. *p << 0.05 of at least

and focused on synaptic activity regulation (Koopmans et al.,
2019). We found that 34 genes were robustly annotated as
involved in the regulation of synaptic activity and organization
at both presynaptic and postsynaptic terminal (Fig. 10b;
Extended Data Fig. 10-2, see table).

Additionally, we analyzed the expression of the 163 targets in
mature functional DAn using previously published datasets
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obtained from DAn derived from Pitx3-GFP epiSC (Jaeger et al.,
2011; De Gregorio et al., 2018) and iDAn derived from transdif-
ferentiated MEFs (Caiazzo et al., 2011). This analysis narrowed
down the list to 24 genes that were both annotated in SynGo and
expressed in DAn by at least one of the two datasets and 22 genes
that were not identified as synaptic related by SynGO but were
upregulated in both datasets (Fig. 10¢; Extended Data Fig. 10-2a,
b). Interestingly, only 23 of these 46 have been previously associ-
ated with DAn or miR-218 signaling, or membrane excitability,
while 24 were found to be part of the same functional network
based on the STRING database (https://string-db.org/; Extended
Data Fig. 10-3). By combining these approaches, we examined
the expression of 22 transcripts in the ventral midbrains of P39
WT, KO1, ¢-KO2, and ¢-dKO mice (Fig. 10d). We observed sig-
nificant upregulation (two way-ANOVA plus Dunn’s post hoc)
of the following genes: Dnmt3a, Hcn3, Mecp2, Nrxnl, Slc6a6,
Sncb, Stxbpl, Sv2a, Sytl3 in miR-218 KO-1; Hcn3, Kcnd2,
Kenhl, Stxbpl, Sv2a in miR-218 ¢-KO2; and Stxbpl and Sv2a in
miR-218 ¢-dKO (Fig. 10e). While Stxbp1 and Sv2a were upregu-
lated in all KO models, alteration in the expression of other can-
didates appeared to be specific to each mutant indicating a
complex pathway of interactions.

Discussion

microRNA are fine regulators of protein expression, and their
dysregulation can affect the molecular composition and func-
tional characteristics of brain networks (Brennan and Henshall,
2020). Manipulation of miR-218 levels has been shown to impact
the functional activity and morphology of various neuronal sub-
types, including motor neurons of the spinal cord and hippocampal
neurons (Amin et al, 2015; Lu et al., 2021). The involvement of
miR-218 in the biology of DAn is well documented (Baek et al.,
2014; Cuesta et al.,, 2018), and mutations affecting the expression
of miR-218 have been associated with motor neuron, and
depression-related disorders (Cerro-Herreros et al., 2018,
2021; Reichenstein et al., 2019; Jurkiewicz et al., 2020). In
addition multi-omics approaches have identified miR-218 as a
relevant deregulated gene in a cohort of Parkinsonian patients
(Li et al., 2018; Caldi Gomes et al., 2022).

Here we demonstrate, for the first time, that miR-218 is
expressed in mesencephalic DAn where it promotes dopaminer-
gic differentiation either alone or in combination with pro-dopa-
minergic transcription factors. This highlights its potential use to
enhance the yield in vitro of DAn, particularly for cellular trans-
plantation approaches that have recently emerged as potential
treatment for Parkinson’s disease (Parmar et al., 2020). The evi-
dence that iDAn generated from dKO mice fibroblasts do not
show differences in the expression of dopaminergic markers, but
only in their activity, points to a functional rather than develop-
mental role for miR-218, as reported for other miRNAs (Tan et
al,, 2013; Rajman et al,, 2017). However, the mechanism behind
the role of miR-218 in committing cells toward DAn differentia-
tion remains unclear, and current knowledge suggests that miR-
218 is involved in the transition from the immature to mature
functional neurons (Pons-Espinal et al., 2017) by suppressing al-
ternative differentiation processes (Amin et al., 2015).

The electrophysiological analysis provides insight into its role
as a regulator of various neurophysiological parameters in DAn.
Deletion of either a single or both isoform of miR-218 increases
membrane input resistance, which is a passive membrane prop-
erty influenced by the complement of ion channels expressed by
neurons. For instance, downregulation of leak channels in miR-
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218 KO DAn or alteration in synaptic inputs and/or dendritic
complexity may also affect membrane input resistance in neu-
rons (Al-Muhtasib et al., 2018). Although these parameters were
not explored in this study, miR-218 KO-2 CAl hippocampal
neurons exhibit reduced dendritic length and complexity (Lu et
al., 2021), which correlates with higher membrane input resist-
ance in DAn (Ledonne et al,, 2023) and striatal neurons (Al-
Muhtasib et al., 2018).

The most significant increase in the instantaneous frequency
of evoked AP was observed in miR-218 c-dKO DAn, despite that
this group did not show an overt increase in spontaneous firing.
In ¢-dKO Dan, we found a marked reduction in the Ca’ " -acti-
vated K" conductance, an ionic current strongly affecting DAn
firing. This current includes a pure Ca*" -activated K" conduct-
ance (small conductance channels) and a Ca**- and voltage-de-
pendent K" conductance (big conductance channels) (Gantz et
al,, 2018). Both currents underlie the I,ijp phase of each AP, and
their reduction strongly increases the number of evoked APs in
DAn of a Parkinson’s disease rat model (Ledonne et al., 2023).
Deletion of miR-218 may reduce I,yp by different mechanisms,
such as limiting free Ca*" ion concentration or directly affecting
the expression/function of the channels involved. The observed
changes in DAn excitability align with previous evidence show-
ing that miR-218-1 and miR-218-2 downregulate the expression
of genes involved in neurotransmission (Amin et al, 2015),
resulting in hyperexcitability in spinal cord neurons. Our results
suggest that miR-218 also plays a role in controlling cellular
excitability in midbrain DAn by regulating passive and active
membrane electrical properties of these neurons.

The reduction in the release of dopamine could be attributed
to different factors. In single KOs, the higher tonic (spontaneous)
firing of the DAn might deplete the releasable DA vesicle pool or
reduce the size and number of synaptic vesicles located in the
synapse active zones, as recently reported for the glutamatergic
synapses in miR-218 KO2 CA1 hippocampal neurons (Lu et al.,
2021). Surprisingly, the evoked dopamine release in c-dKO is
similar to that recorded in WT striata. However, in c-dKO stria-
tal slices, the half lifetime and latency of the amperometric signal,
which reflect the uptake systems efficacy of released dopamine
(Federici et al., 2014), were both altered. This suggests that com-
plete deletion of miR-218 may affect the reuptake of dopamine
and indirectly compensate for the reduction of dopamine release,
although no differences were observed in the mRNA level for the
dopamine transporter Dat. Other factors, such as post-tran-
scriptional regulations, induced by abnormal stimulation of
dopamine D2 and D3 receptors followed by ubiquitination
and degradation could regulate DAT activity (Luis-Ravelo et
al., 2021). The differences in dopamine release among miR-
218 KOI, ¢-KO2, and ¢-dKO might be related to a dosage—
response effect, similarly to what has been described in motor
neurons (Amin et al., 2021), where modulation of miR-218
levels leads to nonratiometric regulatory outputs on multiple
miR-218 targets.

Through a comprehensive and systematic analysis, we have
identified a subset of targets that are upregulated in miR-218
KO1, KO2, and ¢-dKO mice. Among these, Sv2a is of particular
interest as it has been associated with neurotransmitter release at
the synapses (Nowack et al., 2010; Wan et al., 2010) and its hom-
olog Sv2c associated with Parkinson’s disease and dopamine
release (Dunn et al., 2017). Sv2a and most of the identified tar-
gets cluster as components of the synapse, although some are pri-
marily involved in the regulation of gene expression at the
synapse. This is the case with Dnmt3a and Mecp2, whose
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expression was significantly upregulated in the midbrain of miR-
218 KO1 mice. These genes are known as epigenetic regulators in
the brain (Clemens and Gabel, 2020). Interestingly, the biological
process, “Regulation of gene expression, epigenetic” (G0O:0040029)
emerges among the top 3 when clustering all 163 potential targets
of miR-218. Thus, an intriguing possibility suggests that miR-218
may fine-tune a subset of synaptic related genes through the regula-
tion of epigenetic mechanisms (Yan et al,, 2017) as seen with other
miRNAs (Swahari et al., 2021). Notably, overexpression of Dnmt3a
leads to a phenotype of hyperexcitability similar to what we
observed in miR-218 ¢-dKO (Cui et al., 2020; Li et al., 2022) and
Dnmt3a-mediated methylation controls the expression of many
synaptic related genes (Swahari et al., 2021).

Although we did not identify a significant impact of miR-218
on DAn survival, despite speculation about its potential effects, it
should be noted that rodent DAn are known to be more resistant
to degeneration compared with human DAn, and existing ani-
mal models attempting to replicate Parkinson’s disease-associated
dopaminergic degeneration have struggled to accurately repro-
duce the degenerative process (Dauer and Przedborski, 2003).
Conducting a more comprehensive analysis throughout the life-
span of miR-218 KO animals, with a focus on older animals, that
may be more susceptible to dopaminergic degeneration, could
help uncover potential dopaminergic-related phenotypes.

The perinatal lethality observed in miR-218-2 KO mice, but
not in miR-218-1, is intriguing given the widespread expression
of both isoforms in the nervous system, although a detailed anal-
ysis on miR-218s expression in different brain regions through-
out development is missing. We may hypothesize that miR-218-
2 is able to compensate for the absence of miR-218-1, while the
reverse may not be true, or that miR-218-1 and miR-218-2 con-
trol distinct gene networks associated with synaptic function,
leading to different phenotypic outcomes. However, obtaining
definitive evidence for these explanations is currently challeng-
ing. One potential approach to further investigate these hypothe-
ses is the application of exogenous miR-218 precursors to
attempt to rescue the phenotypes observed in single KO mice,
but delivering miRNAs to the dopaminergic system poses chal-
lenges because of the midbrain’s location. Alternatively, ex vivo
approaches using organotypic slices could provide valuable
insights into the effects of exogenous miR-218 on synaptic func-
tion and possible phenotypic rescue. Exploring the potential
therapeutic use of miR-218 for other neurodegenerative disor-
ders is worth considering, and further research in this direction
could shed light on the therapeutic potential of miR-218 and its
application in treating neurodegenerative diseases.

Achieving the specific deletion of miR-218-2 in different
brain regions will provide the opportunity to distinguish pheno-
typic impairments directly associated with DAn from those asso-
ciated with other neuronal subtypes, including motoneurons.
Addressing this effect could be accomplished through the use of
specific Cre deletion strategies. Thus, the conditional allele gen-
erated for miR-218-2 enables the investigation of related synaptic
dysfunctions beyond the dopaminergic system.

Additionally, studying mutations affecting mature miR-218
or its precursor and their association with human-related defects,
as observed in motor neuron-related disorders (Reichenstein et
al,, 2019), could provide valuable insights. The capacity of miR-
218 to promote DAn differentiation holds potential in mitigating
DAn loss, enhancing cell survival, and facilitating differentiation
in Parkinson’s disease patients. Thus, the use of miRNA-like
sequences could emerge as a possible strategy for treating specific
human disorders, although further basic research is necessary to
provide additional support for these concepts.
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