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Direct neuronal reprogramming can be achieved using different approaches:

by expressing neuronal transcription factors or microRNAs; and by knocking

down neuronal repressive elements. However, there still exists a high variabil-

ity in terms of the quality and maturity of the induced neurons obtained,

depending on the reprogramming strategy employed. Here, we evaluate differ-

ent long-term culture conditions and study the effect of expressing the neu-

ronal-specific microRNAs, miR124 and miR9/9*, while reprogramming with

forced expression of the transcription factors Ascl1, Brn2, and knockdown of

the neuronal repressor REST. We show that the addition of microRNAs sup-

ports neuronal maturation in terms of gene and protein expression, as well as

in terms of electrophysiological properties.

Keywords: direct reprogramming; electrophysiology; human adult neurons;

induced neurons; miR124; miR9

Direct neuronal conversion, where a somatic cell is

directly converted to an induced neuron (iN) [1], is an

emerging alternative to induced pluripotent stem cells for

disease modeling, diagnostics, drug screening, and cell

replacement therapies. The main advantages of direct

reprogramming include a fast route from fibroblast to

the neuron of interest [2], the ability to gain cell-subtype

specificity by altering the transcription factor (TF) com-

bination [1,3–8], and the maintenance of the cellular phe-

notype associated with the age of the parental cell [9].

Neuronal reprogramming is most often achieved

using defined combinations of TFs that are expressed
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during neuronal development. One of the most com-

monly used TFs is the proneuronal gene achaete-scute

homolog 1 (Ascl1). Ascl1 belongs to the family of the

basic helix–loop–helix family, and it specifically binds

DNA sequences containing an E-box motif [10]. Ascl1

alone can act as a pioneer factor occupying specific sites

of the fibroblast genome [11]. Many other TFs can also

contribute to the reprogramming, such as brain-specific

homeobox/POU domain protein 2 (Brn2) that does not

access fibroblast chromatin actively on their own but it

is recruited by Ascl1 [11,12]. Also, microRNAs [13–16]

and small molecules [17–20] have been shown to play a

critical role in the conversion process. Overexpression

of neuron-specific microRNA miR124 triggers a neu-

ronal gene expression profile in a number of different

cell types: HeLa cells, human embryonic carcinoma

stem cells (NT2), mouse neuronal progenitor cells

(N2A), human retinal epithelial cells (ARPE19), and

primary mouse embryonic fibroblasts [21]. The forced

expression of miR124 and another neuron-specific

microRNA, miR9/9*, is sufficient for the cells converted
from adult fibroblasts to adopt neuronal features [14].

Additionally, we have shown that while Ascl1 and Brn2

efficiently convert human fetal fibroblasts to neurons,

human fibroblasts from adult donors require codelivery

of miR9 and miR124 and/or knockdown of RE1-silenc-

ing TF (REST) [22]. The effect of short hairpin-medi-

ated knockdown of REST (RESTi) on neuronal

conversion efficiency is mediated at least in part via the

upregulation of miR9 and miR124 as an effect of

RESTi, but it is becoming clear that RESTi also acts via

microRNA-independent pathways [22]. In line with this,

it was shown that the combination of miR9/9* and

miR124 can accelerate neuronal conversion [23,24].

However, the interplay between RESTi and neuron-

specific miR9 and miR124 in morphological and func-

tional maturation of iNs has yet to be fully understood.

Here, we report on a protocol for a long-term in vitro

maturation that results in functionally mature iNs from

dermal fibroblasts derived from elderly donors. Using

this culture system, we have investigated the role of

RESTi and its relation to miR9/9*-miR124 expression

in the context of human iN maturation. Our results

show that miR9/9*-miR124 adds to the effect of RESTi

by promoting functional and morphological maturation

of adult human iNs after several months in culture.

Materials and methods

Cell culture and cell lines

Adult dermal fibroblasts were obtained from the Parkin-

son’s Disease Research Clinic at the John van Geest Centre

for Brain Repair (Cambridge, UK) and used under local

ethical approval (REC 09/H0311/88). For biopsy sampling

information, see Drouin-Ouellet et al. [22]. Fibroblasts were

expanded in T75 flasks with standard fibroblast medium

[Dulbecco’s modified Eagle’s medium (DMEM), 10% FBS,

1% penicillin–streptomycin] at 37 °C in 5% CO2. After

thawing, cells were kept a minimum of 2 days in culture

before starting experiments. When confluent, the cells were

dissociated with 0.05% trypsin and plated at a lower den-

sity for expansion. To freeze the fibroblasts from a conflu-

ent T75 flask, the cells were detached after 5-min

incubation in 0.05% trypsin at 37 °C, spun for 5 min at

400 g, and frozen in a 50/50 mixture of DMEM and FBS

with 10% DMSO. The cell lines used in this study came

from two healthy 67- and 70-year-old females at the time

of skin sampling.

Viral vectors and virus transduction

In this study, the reprogramming protocol was applied

using different combinations of lentiviral vectors. The

DNA plasmids used are expressed in the open reading

frames (ORFs) for Ascl1, Brn2 with short hairpin RNA

(shRNA) targeting REST or ORFs for Ascl1, Brn2 with

miRNA loops for miR9/9* and miR124 in combination

with shRNA targeting REST. The lentiviruses used are

third-generation vectors containing a nonregulated ubiqui-

tous phosphoglycerate kinase promoter. The single vector

containing Ascl1, Brn2, and shREST was used at MOI of

20 [22]. The vector containing Ascl1, Brn2, miR9/9*, and

miR124 was used in combination with shRNA targeting

REST at MOI 20. All viruses used in this study titered

between 3 9 108 and 6 9 109 pfu�mL�1.

Direct neuronal reprogramming

Fibroblasts were plated at a density of 27 800 cells�cm�2 in

24-well plates (Nunc, Roskilde, Danmark). Prior to plating,

the wells were coated overnight with a combination of PFL:

polyornithine (15 µg�mL�1), fibronectin (0.5 ng�µL�1), and

laminin (5 µg�mL�1). Cells used for electrophysiological

recordings were directly plated on glass coverslips coated

with PFL. The following protocol, used for direct conver-

sion, was previously described in Shrigley et al. [25] and

Drouin-Ouellet et al. [22], with the omission of the replating

step at day 12 of conversion for some of the experiments

(see Results). Three days after the viral transduction, the

fibroblast medium was replaced with neuronal differentiation

medium (NDiff227; Takara-Clontech, Kusatsu, Shiga,

Japan) supplemented with growth factors at the following

concentrations: LM-22A4 (2 µM; R&D Systems, Minneapo-

lis, MN, USA), GDNF (2 ng�mL�1; R&D Systems), NT3

(10 ng�µL�1; R&D Systems), and db-cAMP (0.5 mM; Sigma,

St. Louis, MO, USA) and the small molecules CHIR99021
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(2 µM; Axon, San Jose, CA, USA), SB-431542 (10 µM;

Axon), noggin (0.5 µg�mL�1; R&D Systems), LDN-193189

(0.5 µM; Axon), and valproic acid sodium salt (1 mM; Merck

Millipore, Burlington, MA, USA). Half-medium changes

were performed every 2 days for the first 30 days of conver-

sion, whereas in the later stages of conversion, the medium

changes were done every 3 days. At 18 days post-transduc-

tion, the small molecules were withheld, and the neuronal

medium was supplemented only with LM-22A4, GDNF,

NT3, and db-cAMP until the end of the experiment.

Bioinformatics analyses

Fibroblasts were transduced with different lentiviral vec-

tors (as in Drouin-Ouellet et al. [22]): AB, lentiviral vector

containing Ascl1, Brn2, and miR9/9* and miR124 (AB-

miR9/124), +/� shREST, and both untransduced fibro-

blasts and fibroblasts transduced only with REST shRNA

were used as controls (CTR). Cells were cultured on gela-

tin until replating at day 10 [22]. iNs were collected for

sequencing both at day 5 and at day 24 after transduc-

tion. RNA was extracted using miRNeasy Mini Kit (Qia-

gen, Hilden, Germany) with DNase treatment and sent

for RNA sequencing to UCLA Clinical Microarray Core.

cDNA libraries were prepared using the KAPA Stranded

mRNA-Seq Kit from KAPA Biosystems. Single-end 50

base pair RNA sequencing sample reads were generated

in one batch. The raw quality of reads was verified using

Fastx toolkit and multiQC. The 50-bp single-end reads

were mapped to the human genome assembly (GRCh38)

using STAR mapper (2.4.0j) [26] with default parameters.

mRNA expression was quantified using the subread pack-

age FeatureCounts [27] quantifying to NCBI annotation

(GRCh38). Read counts were normalized to the total

number of reads mapped to the genome. Mean–variance
modeling and differential expression analysis were done

using the voom/lmfit functions as implemented in the

limma package [28]. Downstream analyses and visualiza-

tions were performed using the in-house R scripts (Vienna,

Austria).

RT-qPCR for neuronal gene expression

Total RNA was extracted using the miRNeasy Kit (Qia-

gen), followed by cDNA synthesis using Universal cDNA

Synthesis Kit (Thermo Fisher Scientific, Waltham, MA,

USA). Three reference genes were used for each qPCR

analysis (Actb, Gapdh, and Hprt1). All primers were used

together with LightCycler 480 SYBR Green I Master

(Roche, Basel, Switzerland). Standard procedures of qRT-

PCR were used and data quantified using the DDCt

method. Statistical analyses were performed in triplicates.

A custom RT2 Profiler PCR Array (Qiagen) containing 90

neuronal genes was also used in gene expression analysis

according to the manufacturer’s instructions.

Whole-cell patch-clamp recording

Prior to recording, cells on glass coverslips were transferred

from the NDiff227 medium (supplemented with LM-22A4,

GDNF, NT3, and db-cAMP) to BrainPhys media [29] for 30

mins in order to promote the maintenance and prepare the

cells for electrophysiological recordings. Cells were then

moved to a recording chamber and submerged in a flowing

artificial cerebrospinal fluid (ACSF) solution gassed with

95% O2 and 5% CO2 at 23 °C according to the standard pro-

cedures for recording. The composition of the ACSF was as

follows (in mM): 126 NaCl, 2.5 KCl, 1.2 NaH2PO4–H2O, 1.3

MgCl2–6H2O and 2.4 CaCl2–6H2O, 22 NaHCO3, and 10 glu-

cose. The pH of the solution was adjusted to 7.4. The temper-

ature of the chamber was maintained at 34 °C throughout

the entire recording session. Multiclamp 700B (Molecular

Devices, San Jose, CA, USA) was used for recordings, and

signals were acquired at 10 kHz using PCLAMP10 software and

a data acquisition unit (Digidata 1440A; Molecular Devices).

Input resistances and injected currents were monitored

throughout the experiments. Borosilicate glass pipettes (4–
7 MΩ) for patching were filled with the following intracellu-

lar solution (in mM): 122.5 potassium gluconate, 12.5 KCl,

0.2 EGTA, 10 HEPES, 2 MgATP, 0.3 Na3GTP, and 8 NaCl.

Solution was adjusted to pH 7.3 with KOH as in Ref. [4].

Resting membrane potentials (RMP) were monitored imme-

diately after breaking-in in current-clamp mode. Membrane

capacitance was monitored throughout the recordings, and

recordings were discarded if changes in values higher than

30% were observed. Membrane potential was kept between

�60 and �70 mV, and currents were injected from �20 to

+90 pA with 10 pA increments to induce action potentials

(APs). Inward sodium and delayed rectifying potassium

currents were measured in voltage clamp at depolarizing

steps of 10 mV.

Immunocytochemistry, imaging, and high-

content screening analysis

Fixation of the cells was done with 4% paraformaldehyde,

followed by 10 min of permeabilization with 0.1% Triton

X-100 in 0.1 M phosphate base saline, PBS. Cells were

blocked for 30 min in 5% normal serum diluted in 0.1 M

PBS. In the same blocking solution, the primary antibodies

were diluted as follows: rabbit anti-microtubule-associated

protein 2 (MAP2; 1 : 500; Millipore) and mouse anti-TAU

(1 : 500; Invitrogen Antibodies, Waltham, MA, USA).

Each 24-well plate was incubated overnight with 0.5 mL of

primary antibody solution at 4 °C. After two washes with

PBS, the cells were left in blocking solution at room tem-

perature together with fluorophore-conjugated secondary

antibodies (Jackson ImmunoResearch Laboratories, Ely,

UK) for at least 2 h. Cells were then stained with 40,6-di-
amidino-20-phenylindole dihydrochloride (DAPI; 1 : 1000;

Sigma-Aldrich) for 15 min at RT followed by three washes
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with PBS. Cells were analyzed with the Cellomics Array

Scan (Array Scan VTI; Thermo Fisher Scientific, Waltham,

MA, USA) using the two bioapplications: ‘Target Activa-

tion’ and ‘Neuronal Profiling’. The total number of MAP2-

and TAU-positive cells with a neuronal morphology was

also estimated by manual counting of 36 fields of view that

were randomly chosen at a 209 magnification, as previ-

ously described in Ref. [4]. This procedure was repeated

39, and the average number was used to derive the total

number of neurons in the wells. Digital images were

obtained from a Leica microscope (Wetzlar, Germany).

Statistical analysis

All data are expressed as mean � the standard error of the

mean or mean � confidence intervals (CIs). Statistical anal-

yses were done using the GRAPHPAD PRISM 7.0 (San Diego,

CA, USA). An alpha level of P < 0.05 was set for signifi-

cance. Groups were compared using a one-way or two-way

ANOVA followed by a Bonferroni post hoc analysis. In the

case of only two groups, Student’s t-test was performed.

Results

Transcriptional profiling reveals a potential early

role for miR9/124 in neuronal maturation

In order to elucidate the role and possible synergistic

effect of RESTi and miRNAs during different stages of

reprogramming, we performed global gene expression

analysis of adult fibroblasts converted with Ascl1, Brn2,

and RESTi (AB-shREST) at 5 and 24 days postconver-

sion and compared that to the gene expression in cells

converted using miR9 and miR124 in addition to Ascl1,

Brn2, and RESTi (AB-shREST-miR9/124). As we previ-

ously reported, there were no major changes in gene

expression between the two conversion conditions

5 days after the initiation of conversion (Fig. 1A and

Table S1; Ref. [22]). However, we found that a few genes

associated with calcium signaling (CACNG8, TNNT1,

PALM3) were more highly expressed in the AB-

shREST-miR9/124 group (Fig. 1A), which prompted us

to perform the transcriptome analysis also 24 days after

conversion. At this stage, we found that there was more

divergent gene expression between the microRNA- and

non-microRNA-reprogrammed cells (Fig. 1B and

Table S2). When comparing the gene expression of AB-

shREST-miR9/124 group between days 5 and 24, we

found that many genes associated with neuronal matu-

ration and function were upregulated at day 24 (Fig. 1C

and Table S3). The average gene expression analysis

between day 5 and day 24 showed that some of the genes

that are related to neuronal differentiation and neuronal

maturation, such as POU3F2, NPTX1, RIMS4, and

C1QL, were more highly expressed in iNs repro-

grammed with the addition of miR9/124 (Fig. 1C).

When targeting the analysis on synaptic or ion channel-

related genes, we found that SNAP29, PFN2, and

FGF12 were increased significantly in the differential

expression between AB-shREST-miR9/124 vs AB-

shREST at day 24. Also, other synaptic genes, such as

SYT1, showed a trend of higher expression at day 24 vs

day 5 (Fig. 1D). Electrophysiological recordings were

performed at 24 days (Fig. 1E) in order to see whether

this increase in mature gene expression also resulted in

more mature functional properties of the cells. We

recorded RMP (Fig. 1F), inward/outward currents

(Fig. 1G), current-induced APs (Fig. 1H), and sponta-

neous firing (Fig. 1I) in each condition. However, there

were no signs of physiological neuronal maturation

at this time point with either conversion methods

(Fig. 1F–I and Table S4). This suggests that despite

some differences in the expression of genes related to

neuronal maturation and synaptic function between the

two conditions, none of the conditions generated cells

with mature functional properties at this relatively early

time point. Thus, culture conditions that allow for long-

term survival, attachment, and maturation are needed

for functional assessments of iNs.

Polyornithine–fibronectin–laminin coating is

optimal for long-term culture of human adult iNs

To allow for studies on how shREST and miR9/124

expressions affect neuronal maturation and function

over time, we set out to establish a system optimized

for long-term culturing that is permissive for func-

tional maturation of iNs under reductionist conditions

without the need for feeder layers (see Fig. 2A for

experimental overview). First, we evaluated four differ-

ent coating conditions (Fig. 2B): gelatin, laminin 111,

Matrigel, PFL for their capacity to support the cell

attachment and survival for an extended time in vitro.

When quantified, we could not detect a difference in

conversion efficiencies (Fig. 2C). When screening coat-

ing conditions that allow attachment of a large num-

ber of iNs, conversions were either initiated directly on

the different coating conditions or initiated on gelatin,

then were replated from gelatin onto the different

coatings after 12 days (Fig. 2A). Quantification of the

number of iNs in each condition showed that Matrigel

and PFL best support iN generation and that omitting

the replating step was beneficial (Fig. 2D vs 2E). When

analyzing cells after replating, we noticed a similar

trend for the Matrigel and PFL conditions (Fig. 2E).

However, we failed to obtain a good cell attachment
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after replating in several experiments, which precluded

statistical analysis. Based on this, we decided to pro-

ceed with the PFL coating without a replating step

and confirmed good attachment, cell viability, and

morphological maturation after 60 days of culturing

(Fig. 2F).
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Fig. 1. Differential gene expression in iNs converted with AB-shREST-miR9/124 vs AB-shREST. (A) MA plot at day 5 indicating average gene

expression of the samples AB-shREST-miR9/124 (n = 3) compared to AB-shREST (n = 3). At this time point, genes related to ion and calcium

regulation such as PALM3, CACNG8, and TNNT1 were found to be upregulated in the AB-shREST-miR9/124 condition. (B) MA plot at day 24

indicating average gene expression of the samples AB-shREST-miR9/124 (n = 3) compared to AB-shREST (n = 3). At this time point, the

general high divergence of gene expression can be found in between the conditions. (C) Scatter plot of top genes at day 5 and day 24

indicating an upregulation of the neuronal genes POU3F2, NPTX1, RIMS4, and C1QL in AB-shREST-miR9/124 sample. (D) Plots of differential

expression for genes related to neuronal maturation and function such as SNAP29, FGF12, SYT1, and PFN2 in AB-shREST-miR9/124 samples

at day 5 and day 24. Plots show an increase in these genes at day 24 in AB-shREST-miR9/124-converted cells. Analysis performed with two-

way ANOVA and multiple comparison analysis with the Bonferroni post hoc correction. **** P < 0.0001, *** P = 0.003. Graphs showing

mean values and relative CI. All transcriptional analyses (A–D) were performed using data from biological replicates (n = 3) for each group. (E)

Example of whole-cell patch-clamp recording performed on AB-shREST and AB-shREST-miR9/124 conditions at day 24. (F) Plot of RMP

values from AB-shREST condition and AB-shREST-miR9/124 condition. Values show immature RMP for both conditions. Plots indicating the

mean of RMP and relative SEM calculated from Student’s t-test analysis. (G) Examples of inward sodium/outward potassium currents from

whole-cell patch-clamp recordings for AB-shREST condition (left panel) and AB-shREST-miR9/124 condition (right panel). All recordings

showed an absence of currents. (H) Examples of induced APs from whole-cell patch-clamp recordings for AB-shREST condition (left panel)

and AB-shREST-miR9/124 condition (right panel). All recordings showed an absence of induced APs. (I) Examples of spontaneous firing from

whole-cell patch-clamp recordings for AB-shREST condition (left panel) and AB-shREST-miR9/124 condition (right panel). All recordings

showed an absence of activity. Electrophysiological recordings (E–I) were performed on AB-shREST condition (n = 14 recorded cells) and AB-

shREST-miR9/124 condition (n = 12 recorded cells). MA: M (log ratio) and A (mean average); logFC: logarithmic fold changes; SEM: standard

error of the mean.
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DIV. Analysis performed with one-way

ANOVA and multiple comparison analysis
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Scale bar = 100 µm. *P < 0.05.
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With the conditions for long-term cultures optimized,

we next compared neuronal maturation of cells con-

verted using either the AB-shREST or AB-shREST-

miR9/124 conditions in long-term cultures on PFL.

Increase in mature neuronal marker expression

and electrophysiological properties over time in

iNs converted using a combination of shREST

and miR9/124

We first investigated the morphological differences

between cells converted with the AB-shREST or AB-

shREST-miR9/124. We also included cells converted

in the presence of miR9/124 but not shREST (AB-

miR9/124). To investigate the effect on conversion effi-

ciency and potential differences in morphology

between the groups, cultures were stained for TAU

and MAP2, two microtubule-associated proteins

expressed in mature neurons (Fig. 3A–C). Quantifica-

tion of the number of cells that expressed both TAU

and MAP2 was performed with automated and unbi-

ased high-content screening (Cellomics; Fig. 3D). The

analysis showed that while AB-shREST and AB-

miR9/124 reprogrammed iNs with a similar efficiency,

the highest number of neurons that had matured to

express these two proteins was detected when cells
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Fig. 3. Conversion efficiency and morphological maturation of reprogrammed human adult neurons. (A–C) Representative images of DAPI/

TAU+/MAP2+ iNs at 24 DIV. (D) Example of cell body and neurite detection using a high-content screening analysis. (E) Quantification of the

number of the DAPI/TAU+/MAP2+ (n = 3 in each condition). Statistical analysis performed using one-way ANOVA with the Bonferroni

post hoc correction revealed that AB-shREST-miR9/124 conversion showed a highest number of neurons. *P < 0.05. (F) Quantification of

neurite length (n = 3 in each condition). Statistical analysis was performed using one-way ANOVA with the Bonferroni post hoc correction,

no differences between the conditions were detected. (G) Quantification of cell body area (n = 3 in each condition). Statistical analysis was

performed using one-way ANOVA with the Bonferroni post hoc correction, no differences between the conditions were detected. Error

bars: SEM. SEM: standard error of the mean. Scale bar = 75 µm.
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were converted with miR9/miR124 together with

shREST (Fig. 3E). The combined AB-shREST-miR9/

124 conditions also displayed a trend toward having

longer neurites (Fig. 3F), while the cell body area

appeared to be similar among all conditions (Fig. 3G).

This result is in line with the bioinformatics data,

showing that at this stage of reprogramming, iNs are

expressing mature neuronal markers of the cytoskele-

ton but are not yet electrophysiologically functional.

Next, we analyzed the effect of miR9/miR124 and

shREST on functional maturation at a later stage of

the reprogramming process. We first performed an

extensive gene expression analysis targeted to detect

relevant genes of neuronal functions (neuronal ion

channels) after 90 days in culture. Here, we found an

upregulation of 10 genes related to voltage-gated

sodium channels in the AB-shREST-miR9/124 condi-

tion compared to AB-shREST condition (Fig. 4A),

suggesting a more mature neuronal phenotype when

miR9/124 has been added. When looking for specific

neurotransmitter phenotypes, cells showed a similar

expression of somatostatin-, GABAergic-, glutamater-

gic-, acetylcholinergic-, and dopaminergic-related genes

(SSTR1, GABRA1, GRIA2, CHRMA43, and DRD1;

Fig. 4B). To further assess the functional maturation,

iNs converted using the different conditions were

recorded after 80–85 days in vitro (DIV) and using

whole-cell patch-clamp technique. Neuronal-like cells

were identified based on morphology (cell body shape,

presence of protrusions, and dendrites) in the cultures

and targeted with microelectrodes for single-cell elec-

trophysiological recordings (Fig. 4C, upper picture).

Monitoring of the passive membrane properties was

performed in order to compare iNs among the differ-

ent conditions (Table S5). In voltage-clamp mode, we

checked the presence of inward sodium and outward

potassium currents in all the cells as a measure of the
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Fig. 4. Whole-cell patch-clamp recordings of iNs converted with

different vectors at 80 DIV. (A) Fold change of the top upregulated

neuronal and ion channel-related genes in AB-shREST-miR9/124 as

compared to AB-shREST. Significantly up- and downregulated

genes are in red and blue, respectively. (B) Relative fold change

expression for specific genes such as SSTR1, GABRA1, GRIA1,

CHRNA3, and DRD1 indicating similar expression of neuronal

subtype generated in both AB-shREST1 (n = 3) and AB-shREST-

miR9/124 (n = 3) conditions. Statistical analysis was performed

using Student’s t-test, no differences between the conditions were

detected. (C) Representative image of a patched iN and repre-

sentative inward sodium/outward potassium electrophysiological

recording of iNs reprogrammed using AB-shREST1-miR9/124. (D)

Quantification of Inward sodium current (AB-shREST, n = 9; AB-

miR9/124, n = 7; AB-shREST-miR9/124, n = 7). Analysis performed

using one-way ANOVA with the Bonferroni post hoc correction

revealed higher sodium currents in AB-shREST-miR9/124 condition.

(E) Quantification of the number of cells firing APs in each group

(AB-shREST, n = 9; AB-miR9/124, n = 7; AB-shREST-miR9/124,

n = 7). (F) Example of mature induced AP in an iN cell repro-

grammed using AB-shREST1-miR9/124. (G) Example of immature

induced AP present in an iN cell reprogrammed using AB-shREST.

(H) Example of spontaneous firing present in the group AB-

shREST-miR9/124. (I) Absence of spontaneous firing in the group

AB-miR9/124.
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expression of voltage-gated sodium and potassium

channels (Fig. 4C, lower). The currents for each group

of conversion were analyzed and revealed that no, or

only a few, cells showing the presence of inward

sodium currents were present in the group of cells con-

verted with AB-shREST and AB-miR9/124, whereas

the majority of iNs converted with AB-shREST-

miRNA124/9 showed inward currents (Fig. 4D). The

iNs reprogrammed using AB-shREST-miRNA124/9

also showed more mature membrane properties. In

current-clamp mode, steps of currents were injected in

the cells in order to detect their ability to generate

APs. Conversion with AB-shREST-miR9/124 resulted

in a higher proportion of cells capable of firing cur-

rent-induced APs (Fig. 4E). Furthermore, the APs gen-

erated were of higher amplitude in this group

(Fig. 4F), indicating a greater maturation level in com-

parison with cells reprogrammed with miR9/124 or

shREST only, in which only immature APs were

detected (Fig. 4G). In these iNs, the presence of spon-

taneous firing was detected in current mode (Fig. 4H),

indicating that the maturation level in this group was

higher compared to the reprogramming conditions

with miR9/124 or shREST only, where mostly sponta-

neous firing was absent (Fig. 4I).

Discussion

Induced neurons can be used for disease modeling,

diagnostics, and drug screening [2,30,31]. As the tech-

nology becomes more and more refined, the use of iNs

to model neurological diseases is increasing. However,

while conversion of human fetal fibroblasts has been

reported in a growing number of studies [3,4,7,32,33],

only a few studies to date have shown high levels of

neuronal conversion of fibroblasts from aged individu-

als [9,22]. New protocols that allow for the conversion

of adult fibroblasts involve shREST [25] and/or micro-

RNA delivery [14,16]. While it is clear that both these

modulations greatly improve conversion efficiency,

their relative contribution to neuronal maturation is

less clear.

In this study, we report a conversion protocol opti-

mized for long-term culturing of human iNs that

allows for morphological and functional assessments

after long-term culture in vitro under reductionistic

conditions in the absence of feeders. When comparing

iNs converted in the presence of shREST and/or

miR9/124 over time using this protocol, we made a

number of interesting observations. The quantification

of iNs and comparative transcriptional profiling of

the cells at 5 and 24 days after initiation of conver-

sion indicated that while the addition of miRNAs

during the conversion does not increase the neuronal

yield, it does result in increased expression of genes

associated with neuronal function. Already at

24 days, this resulted in more mature iNs although

they were not functional at this time point. Interest-

ingly, when the functional properties of the iNs were

assessed after several more weeks of culturing in vitro,

we found that boosting miRNA expression in addi-

tion to gene delivery and RESTi did not affect the

subtype identity of the neurons, but was beneficial

for functional maturation of iNs. Thus, while the

expression of miR9 and miR124 initiated via shREST

is sufficient for successful conversion using Ascl1 and

Brn2 as conversion factors (this study and in Ref.

[22]), further boosting miRNA expression via viral

delivery results in increased expression of genes asso-

ciated with synaptic function and ion channels, and

also results in accelerated functional maturation. This

lays the foundation for long-term studies of neuronal

functions and disease-associated dysfunctions in

patient-derived iNs.

The long-term culture protocol that allows for

robust functional maturation of iNs in vitro presented

here (Fig. 2A) opens up the possibility of modeling

disease-related properties that develop over several

months in culture, such as synaptic dysfunction, pro-

tein aggregation, and increased sensitivity to environ-

mental factors. Our data also suggest that functional

maturation can, at least in part, be controlled sepa-

rately from neuronal specification during iN conver-

sion. Supporting this, increased and accelerated

maturation via external factors during iN conversion

can also be achieved via the constitutive expression of

SMAD3 [17,34,35]. We anticipate that these findings,

as well as continued studies seeking to identify molec-

ular regulators of neuronal maturation, will enable

more refined and possibly accelerated studies of dis-

ease-related functional properties in vitro.
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