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Induced pluripotent stem cells (iPSCs) are useful for modeling neuron

development and related diseases. Cortical interneurons are essential play-

ers in neuropsychiatric diseases such as autism. miRNAs are a class of piv-

otal regulators in neural differentiation. Using a previously established

model of cortical interneuron differentiation from human embryonic stem

cells, we profiled miRNAs involved in differentiation from human iPSCs.

A number of miRNAs were modulated in the differentiation process. This

study captured the temporal in vitro neurogenesis from iPSCs to mature

cortical interneurons. The specific miRNAs identified at each stage of dif-

ferentiation are of potential use for drug discovery and prospective clinical

applications.

Human-induced pluripotent stem cells (iPSCs) are an

useful platform for modeling human diseases. Due to

the lack of effective therapies for many neurodegenera-

tive disorders, iPSC differentiated toward neural lin-

eages of the central nervous system (CNS) is very

promising. Early related studies of using iPSCs in neu-

rodegenerative diseases include midbrain dopamine

neurons in Parkinson’s disease (PD) [1], motor neu-

rons in amyotrophic lateral sclerosis (ALS) [2] and

spinal muscular atrophy (SMA) [3]. Recent studies

show the possibility of treating some other neuronal-

related dysfunctions with iPSC-derived neuronal cells,

such as schizophrenia [4] or autism [5]. However, the

neuron subtypes critical for modeling schizophrenia or

autism are still not well established. Protocol for the

derivation of embryonic stem cell (ESC)-derived corti-

cal projection neurons has been established [6], while

the other essential neuron subtypes, such as cortical

interneurons, which are involved in schizophrenia or

autism, are needed to model these neurological disor-

der [7]. Recently, differentiation of cortical interneur-

ons from ESC has been reported [8].

Here, we validate the efficient differentiation of

human cortical interneurons from human iPSCs

in vitro. It demonstrates that the specific differentiation

of distinct human cortical interneuron populations

from iPSCs could be achieved by combining tankyrase

inhibitor XAV939, sonic hedgehog (SHH) recombinant
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protein, BMP inhibitor LDN193189, inhibitor of acti-

vin receptor-like kinase SB431542 and SHH activator

purmorphamine treatment. However, how to efficiently

apply iPSC-derived cortical interneuron into clinical

application is still a big challenge, which requires a

more comprehensive elucidation of the molecular regu-

lation involved in directing the differentiation.

miRNAs are a group of master regulators in balanc-

ing between stem cell self-renewal and neural lineage

differentiation [9]. However, little knowledge is known

about the role of miRNA as potential key regulators

of neurogenesis during cortical interneuron differentia-

tion. In the current study, we investigated global

miRNA profile using the platform of iPSCs differenti-

ation into cortical interneurons. Taking advantage of

miRNA sequencing analysis, we demonstrated the dis-

tinct miRNA profiles during the differentiation process

from undifferentiated iPSCs to mature cortical

interneurons. This study has expanded our under-

standing of the role of miRNA during cortical

interneuron differentiation and maturation.

Materials and methods

Cortical interneuron differentiation from iPSCs

Human iPSCs were maintained on mouse embryonic fibrob-

lasts and dissociated with accutase for differentiation or dis-

pase for passaging. The source of iPSCs is iBC-1.2, which is

a normal iPSC line generated at our own lab. It was derived

from dermal fibroblast of a male healthy donor (age 32). The

iPSC line has been characterized for pluripotency and nor-

mal karyotype [10]. Differentiation media [knockout serum

replacer (KSR) + N2 medium for neural induction,

N2 + B27 (GIBCO) for neural patterning and neurobasal

medium + B27 for neuronal differentiation] were described

previously [8] and are shown in Fig. 1A. The involved com-

pounds include XAV939 (2 mM; Stemgent, Lexington, MA,

USA), LDN193189 (100 nM; Stemgent), SB431542 (10 mM;

Tocris Bioscience, Avonmouth, Bristol, UK), purmor-

phamine (2 mM; Calbiochem, Darmstadt, Germany) and

Recombinant SHH (C25II; 500 ng�mL�1).

Immunofluorescence

Cells (~ 1 9 105) were cultured on a cover glass in a 12-

well plate with 700 lL of medium. The neural cells were

allowed to grow to desired morphology and density before

staining procedure. Cells were first washed once with PBS

and fixed by 4% paraformaldehyde/4% sucrose in PBS at

room temp, followed by permeabilization and DNA

denaturation by 0.2% TritonX-100 in 4 M HCl. After

that, the cells were washed with PBS and blocked in

80 lL BSA (3%). The cells were incubated with anti-

FOXG1 (ab18259; Abcam), Ki-67 (BD, 550609), Otx1/2

(ab21990; Abcam, Cambridge, MA, USA), PAX6

(ab195045; Abcam), NESTIN (BD, 561230), Nkx2.1

(MAB5460; Millipore, Darmstadt, Germany), MAP2

(M4403; Sigma, St. Louis, MO, USA), GABA (A2052;

Sigma) VGAT (131011; Synaptic systems, Goettingen,

Germany), SYNAPSIN (Abcam), TBR1 (ab31940;

Abcam), GAT1 and Glutamate (ab1511; Millipore) in

BSA (3%) at 4 °C overnight, and then conjugated with

and Hoechst 33342 or DAPI. The glass slides were

mounted with a cover slip before imaging.

RT-qPCR

Total RNA was extracted by Trizol reagent (Invitrogen,

Waltham, MA, USA) according to standard protocol. The

concentration and quality of all RNA samples were evalu-

ated by Nanodrop 2000 (Thermo, Waltham, MA, USA),

and the 260/280 and 260/230 values of all samples were

above 1.8 and 1.9, respectively. Gene reverse transcription

was performed with a MasterMix kit (Takara, Mountain

View, CA, USA) and miRNAs reverse transcription was

performed with a TaqMan reverse transcription kit (Life

technology, Waltham, MA, USA) following the standard

manuals. Quantitative PCR of gene was performed using a

Universal SYBR Green Master mix (Applied Biosystems,

Waltham, MA, USA) and miRNAs qPCR was performed

using a TaqMan specific miRNAs probe (Life technology)

on a StepOnePlus real-time PCR system (Applied Biosys-

tems). Gene expression was normalized to Gapdh and miR-

NAs expression was normalized to U6 unless otherwise

stated.

Electrophysiology

Microelectrode arrays (MEAs) recordings were performed

as described previously [11].

miRNA profiling

Total RNA was isolated for small RNA library construc-

tion and further to be next generation deep sequenced.

The sequencing tags were aligned by BOWTIE 2 [12].

Known miRNAs were analyzed by mapping to miRNA

sequences from MIRBASE V21 [13]. Novel miRNA were pre-

dicted using MIRDEEP2 [14]. Based on the known miRNA

and novel miRNA sequence information, miRNA expres-

sion were calculated by counting the number of tags

mapped to the miRNA, and finally, normalized to tags

per million (TPM).

Time point specificity index (TSI)

To evaluate the expression pattern during cortical interneu-

ronal differentiation, we calculated a time point specificity
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Fig. 1. Directed differentiation of cortical interneuron from human iPSCs. (A) Schematic illustration of three stages of cortical interneuron

differentiation; (B–D) Immunofluorescence for neuronal markers at precursor, immature and mature stages of cortical interneuron

differentiation; the scale bar represents 100 lm; (E) qPCR for specific neuron markers during differentiations of excitatory and cortical

interneurons.
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index (TSI) for each miRNA similar to [15]. This index is a

measurement for the miRNA expression specificity regard-

ing to different time points. TSI value ranges from 0 to 1,

with value close to 0 representing miRNAs expressed in all

time points and value of 1 representing miRNAs expressed

in only one time point. The TSI for a miRNA j is calcu-

lated as

TSIj ¼
PN

i¼1ð1� xj; iÞ
N� 1

where N corresponds to the total number of time points

measured and xj, i is the TPM value of time point i normal-

ized by the maximal TPM of any time point for miRNA j.

The reason to select miRNA families containing at least five

mature miRNAs is because five is an appropriate number to

examine TSI distribution within one family [15].

Differential expression analysis of miRNAs

To detect differentially expressed miRNAs during cortical

interneuronal differentiation, we compared D11, D25 and

D80 miRNomes to D0 miRome. An R package named

DEGseq [16] was used which assume a binominal distribu-

tion model of read count (not TPM) for each miRNA to

calculate the P-values and fold change. Calculated P-value

< 0.01 and fold change larger than 2 were set as the cut-

off to identify significantly differentially expressed miR-

NAs.

Clustering of miRNA expression

Normally, miRNAs with similar expression patterns usually

have functional correlation. To display the clustering infor-

mation of defined set of miRNAs, heatmap analysis based

on the miRNA expression value was conducted. While for

the sample clustering, we took all miRNA TPM as input

and used hcust in R to get the dendrogram.

Search for target genes of miRNAs and for

miRNAs of given genes

Known human miRNA-target interactions (MTI) were

downloaded from the miRTarBase [17] database (http://mir

tarbase.mbc.nctu.edu.tw/php/download.php; cataloged as

hsa_MTI.xlsx; accessed on 10/07/2017). List of the targets

of downregulating and upregulating known miRNAs were

retrieved taking miRNA names as the key. List of miRNAs

that target given genes were obtained taking gene names as

the key.

KEGG and GO enrichment analysis

Selective list of genes found to be targeted by downregu-

lating/upregulating miRNAs were subjected to KEGG

pathway and GO enrichment analysis using DAVID 6.8

online tools [18] (https://david.ncifcrf.gov/home.jsp) with

default parameters. All human genes were used as the

background.

Results

Directed differentiation of human iPSCs to

cortical interneuron

Cortical interneurons were differentiated from iPSCs

through three stages, namely neural induction, neural

patterning and neural differentiation, according to the

previous report [8] (Fig. 1A). Approximately 10 days

after neural induction, neural rosette-like structure was

formed, resembling the early neural tube (Fig. S1A).

The numerous clusters of columnar cell-formed

rosettes were manually picked to eliminate contamina-

tion from other non-neural cells.

Immunofluorescence showed that the derived neuron

progenitors were positive for the progenitor markers

Nestin. Precursor markers FOXG1 (forebrain marker)

and PAX6 were also expressed (Fig. 1B). Proliferation

marker Ki-67 was also highly expressed at this time

point. Forebrian progenitor marker NKX2.1 began to

express while OTX1/2 (general anterior marker) did

not show up. Under the defined culture conditions

with specific supplements SHH and Par, neural pro-

genitor could be cultured up to 80 days, consistent

with a previous report [19]. After 12 days of neural

patterning, neural progenitor gave rise to neurons pos-

itive for NKX2.1, among which some expressed the

precursor of cortical neuron markers, such as GABA

(cortical interneural marker), MAP2, TBR1 and also

the neural synapse marker SYNAPSE (Fig. 1C). The

last stage is to induce precursor to mature cortical

interneurons (termed as ‘neural differentiation’) for up

to 80 days. The specific cortical interneural markers,

such as TBR1, GABA, MAP2, GAT, VGAT, glu-

tamine, were all highly expressed, suggesting the differ-

entiation efficiency is robust (Fig. 1D). In addition,

spontaneous firing was detected at day 80 (Fig. S1B)

and several markers were also compared between exci-

tatory and cortical interneuronal differentiation by

qPCR (Fig. 1E), which further confirmed the speci-

ficity of our differentiation condition.

Distribution of miRNAs during cortical

interneuronal differentiation from hiPSCs

To delineate the dynamic change of miRNAs along

cortical interneuronal differentiation, we performed

deep miRNA sequencing to reveal the miRNome
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across four time points (D0, D11, D25, D80) repre-

senting hiPSCs, neuron progenitor cells, immature

neurons and mature neurons, respectively. The read

count was normalized to TPM for each miRNA. Thus,

we could compare the same miRNA expression across

different time points. In total, without considering

TPM cutoff, there were 1787 known miRNAs and 270

novel miRNAs detected in at least one time point

(Table S1). However, when we set the TPM ≥ 10

(Fig. S1C) as the cutoff for a miRNA to be detected,

the number of known miRNAs dramatically dropped

to 587, and novel miRNA dropped to 42 (Table S1).

The number of miRNAs detected in individual samples

distributed evenly as shown in Fig. 2A,B. Based on

our filtered dataset, we firstly constructed the dendro-

gram of our differentiation samples (Fig. S1D). It

showed that D0 and D11 samples clustered together

while D25 and D80 samples clustered together. This

result indicated that the generated miRNomes are rep-

resentative of distinct stages of neuronal differentia-

tion. By intersecting the miRNAs in each sample

(Fig. 2C), we found that most of the miRNAs were

widely expressed in more than one samples. To present

more comprehensive information on the temporal dis-

tribution of miRNAs, we applied the miRNA TSI

(time point specific index; 0–1) [15] in our dataset. We

calculated TSI for all miRNAs (Fig. S1E) and TSI for

162 miRNAs expressed in all four samples (Fig. 2D).

It was found that although the 162 miRNAs were

expressed in all four samples based on TPM cutoff,

they still had significant expression level difference

across samples (wide TSI distribution). We further

examined the miRNAs with TSI score of 1 (Table S1).

Most of them were specifically expressed at one time

point with TPM lower than 100 which is a relatively

small value when compared to the abundant TPM as

high as thousands or even more.

Utilizing our dataset, we further determined the

extent to which miRNA families showed similar abun-

dances at specific stage of neuronal differentiation by

calculating TSI for mature miRNAs inside each fam-

ily. Out of 589 miRNA families from the miRBase

V21 analyzed [20], 37 miRNA families with at least

five mature miRNAs were found (Table S1). The rea-

son to select miRNA families containing at least five

mature miRNAs is because five is an appropriate

number to examine TSI distribution within one family

and it is also a parameter described in another paper

[15]. Among these 37 miRNA families, nine families

were excluded since < 3 mature miRNAs of each fam-

ily were detected in our dataset. As a result, 28

miRNA families were included in our analysis

(Fig. 2E). We found that family let-7 has the highest

TSI value. Most members of this family showed stage-

specific abundance in neurons (Fig. S2A). Similarly,

the miR-302 family, with members including -3p and -

5p mature forms of a/b/c/d isoforms was specifically

highly expressed in hiPSCs stage (Fig. S2B). Interest-

ingly, some members in these miRNA families are

involved in neuronal function or hiPSCs/ESCs pluripo-

tency [21–24]. It suggests that the expression abun-

dance together with the TSI value could be an

important indicator for a miRNA to possibly be func-

tioning in the corresponding stage during the differen-

tiation process.

We also queried whether the -3p and -5p mature

forms of miRNAs were coexpressed during neuronal

differentiation process. To limit the biases of miRNAs

that are annotated with only one mature form, we

only included miRNAs with two mature forms. By

analyzing 146 pairs of miRNAs, we found that the -3p

and -5p forms were not always consistently expressed

during neuronal differentiation (Fig. 2F, Table S1). At

D0, D25 and D80, some of them were -5p biased

expressed, while some of them were -3p biased

expressed, and some of them are equally expressed

(Fig. 2F and Fig. S2C–D). However, at D11, the con-

sistency between -3p and -5p was high. This phe-

nomenon is interesting. It indicated one possibility

that when the balance between -3p and -5p is affected,

abnormal developmental process might happen. How-

ever, the mechanism is currently unknown for how -3p

and -5p are selected to be expressed. Further research

on this observation is required.

Differential expression of miRNAs during cortical

interneuronal differentiation

To reveal differentially expressed miRNAs during the

cortical interneuronal differentiation, we compared

D11, D25 and D80 to D0, respectively, using the

method described as in the Methods section.

Fig. 2. Characteristics of miRNAs during cortical interneuron differentiation. (A) Distribution of known and novel miRNAs detected in each

sample; (B) Distribution of miRNAs under defined TPM cutoff in each sample; (C) Venn diagram of miRNAs with TPM ≥ 10 in each sample;

(D) Time point specificity (TSI) distribution of miRNAs detected in all samples; (E) Barplot of TSI value (mean � SD) in miRNA families

which contain at least five members and at least three out of which were detected (TPM ≥ 10) in our dataset. Number of miRNA members

and number of detected miRNA members in each miRNA family were indicated in top circles; (F) Heatmap for the 146 pairs of miRNAs

with -3p and -5p mature forms at each time point. Normalized TPM values were used.
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Nonredundantly, there were 552 miRNAs found to be

differentially expressed during the differentiation pro-

cess (Table S2). From the heatmap of these miRNAs

shown in Fig. 3A, they fell into distinct clusters.

Examples from each cluster were shown (Fig. 3B). The

Taqman-based qPCR quantification of miR-376c-3p,

miR-369-3p, miR-302b-5p and miR-125b-2-3p was

consistent with the sequencing result (Fig. 3C).

In order to narrow down the differentially expressed

miRNA candidates important for cortical interneu-

ronal differentiation, we set more stringent criteria. For

downregulating miRNAs, miRNAs met the following

criteria were included: (a) significantly downregulated

at two or more time points with fold change larger

than 6.5 when compared to D0; (b) TPM for miRNAs

at D0 is larger than 100; (c) TSI value for miRNAs is

larger than 0.8. For upregulating miRNAs, first, we

only considered miRNAs expressed in another dataset

which ensures the miRNAs included are brain-

expressed rather than individual heterogeneity by

applying an external dataset [25]. Second, miRNAs

were retained if they were significantly upregulated at

one time point with fold change larger than 6.5 as well

as with TPM larger than 100 at one time point. Apply-

ing these criteria, we generated miRNA candidate list

including 58 downregulated miRNAs and 98 upregu-

lated miRNAs (Table S2). Among them, the functional

role of some known miRNAs has been proven in iPSCs

such as, miR-302 family [26], miR-372 [27] and miR-

367 [28]. On the other hand, the well-known brain-

enriched miRNAs such as the let-7 family [29], miR-

124 [30] and miR-9 [31] were also found in the list.

Based on the downregulating and upregulating

miRNA candidate list, we further found their down-

stream targets using information from the miRTarBase

database to reveal their functions. In total, 7419 tar-

gets were found for the 58 downregulated miRNAs

(Table S2), while 4471 targets for the 92 upregulated

miRNAs (Table S2). In further in silico functional

analysis, we only considered predicted genes targeted

by more than two miRNAs. Selectively, 2010 gene

from the downregulating miRNAs and 1472 genes

from the upregulating miRNAs were analyzed with the

DAVID web tool [18] to identify the associated GO

terms and KEGG pathways (Table S3). The top-

enriched KEGG pathways and GO terms were shown

in Fig. 3D. Most of the target genes were associated

with cancer pathways, stem cell pluripotency regula-

tory pathways, FoxO signaling pathway and neu-

rotrophin signaling pathway. The obtained results

suggest that these differentially expressed miRNAs

play a substantial role in the regulation of pluripo-

tency and the neuronal differentiation.

In addition to the global analysis on the down-

stream targets of the differentially expressed miRNAs

during neuronal differentiation, we also utilized our

miRNome data to identify upstream miRNAs that

potentially target genes known to be involved in corti-

cal interneuronal differentiation. Using miRTarBase

database [17], miRNAs that targeted PAX6, FOXG1,

CLASS III Beta-TUBULIN, NKX2.1, NKX6.2,

OLIG1, LHX6, CALB1, VGAT, SST and MASH1

were found (Table S4). As an example, the inverse

expression of miR-200c and CLASS III Beta-TUBU-

LIN indicated hsa-miR-200c-3p might play an impor-

tant role in cortical interneuron differentiation by

repressing CLASS III Beta-TUBULIN expression

(Fig. 3E).

Discussion

Modeling human psychiatric disease such as autism

mainly focuses on using patient-specific iPSC-derived

neurons [4,5]. However, the in vitro differentiation

culture usually contains different neuronal subtypes,

which complicate the analysis. Therefore, for model-

ing human disease, it is always important to obtain

pure and mature cortical interneurons. The current

study shows that the mature cortical interneurons

could be differentiated from iPSCs in vitro, which

could be used as a powerful platform for understand-

ing mechanism leading to the dysfunction of cortical

interneuron and prescreening of drugs for neurode-

generative diseases, such as schizophrenia and autism,

in vitro.

miRNAs are proven to be involved in CNS develop-

ment. To understand the role of miRNAs from iPSCs

to cortical interneuron, we have compared the expres-

sion profiles of miRNAs during this process. miRNA

profiling for each stage was shown in our results. The

significant changes of well-studied miRNA clusters in

iPSCs, such as miR-302 family [26], miR-372 [27] and

miR-367 [28] were included. The well-known brain-

enriched miRNAs such as the let-7 family [29], miR-

124 [30] and miR-9 [31] also showed neuron-specific

expression.

Most previous neuronal differentiation gave rise to

a mixed population, which is a main paradigm for

future potential application. Several groups of miR-

NAs were divided into different groups at different

stage of the differentiation process including iPSCs,

neuronal progenitor, immature and mature cortical

interneuron. Due to multitargeting property of miR-

NAs, the dynamic expression patterns of miRNAs

indicate a complex regulatory network during differen-

tiation of cortical interneuron.
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Fig. 3. Dynamics of miRNAs during directed differentiation of cortical interneuron. (A) Clustering of miRNAs during directed differentiation of

cortical interneuron; (B) Four clusters of miRNAs show different dynamic expression patterns; (C) qPCR validation for typical individual miRNA

from four clusters; (D) GO analysis of upregulated and downregulated miRNAs during differentiation of cortical interneuron; (E) Opposite

expression patterns and potential interaction of miR-200c and CLASS III Beta-TUBULIN during differentiation of cortical interneuron.
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MiR-200c is one of the miRNAs functioning in cell

proliferation [32,33]. It was also reported to promote

iPSCs reprogramming and several other lineages differ-

entiation including neurogenesis [34–38]. Consistently,
high expression of miR-200c in iPSCs was observed in

our results. Based on the bioinformatics analysis,

CLASS III Beta-TUBULIN was predicted as a poten-

tial direct target of miR-200c, which implies that miR-

200c might directly interfere with the expression of

CLASS III Beta-TUBULIN. Furthermore, the inverse

expression between miR-200c and CLASS III Beta-

TUBULIN indicates that miR-200c may suppress the

expression of CLASS III Beta-TUBULIN. It is also

interesting to note that the changes of miR-200c dur-

ing differentiation of mouse primary cortical neurons

were consistent with our findings [35]. However, the

specific role of miR-200c in cortical interneuronal dif-

ferentiation definitely needs further investigation.

Epigenetic modification greatly affects neural differ-

entiation from iPSC [39,40]. Other studies demonstrate

that miR-200 family is tightly regulated by epigenetic

modifications during tumorigenesis [41,42]. In addition,

according to our results in this report, the dynamic

expression of miRNAs at different time points strongly

suggests the involvement of epigenetic modification in

regulating miRNA expression. As a result, it is worthy

of paying attention to interactions among the epigenetic

modification, miRNA and related neural targets during

cortical interneuron in the future study.

Taken together, the current study shows that

miRNA could be divided into several distinct clusters

based on the global miRNA-seq data and specific

miRNA in each cluster might play distinct role at dif-

ferent stages of cortical interneural differentiation.

This in vitro differentiation model provides a robust

platform for recapitulating cortical interneuron devel-

opment process and can be used as a useful model to

identify possible key miRNA regulators. Furthermore,

the specific miRNAs that are identified in different dif-

ferentiation stages could be considered as a potential

biomarker or drug target of neurodegenerative disor-

ders. This work also supports the perspective view that

in vitro neuronal differentiation can provide a robust

platform for neuronal disease modeling and related

drug screening in vitro and potential cell replacement

therapy in future clinical applications.

Acknowledgements

This work was supported by the Hong Kong General

Research Fund (Project number 14169717) of the

Research Grants Council, CUHK Special Budget for

Key Laboratories Approved by the State Ministries to

support the MOE Key Laboratory for Regenerative

Medicine (CUHK-Jinan University): One-off Funding

for Joint Lab/Research Collaboration (MOE Key

Laboratory for Regenerative Medicine, Project

3132969; CUHK-CAS GIBH Joint Research Labora-

tory on Stem Cell and Regenerative Medicine, Project

3132966 and 4930732).

Author contributions

JT, DDC, LL and HHC participated in carrying out

the experiment and writing up the manuscript. HHC

and WYC participated in project design. All authors

read and approved the final manuscript.

References

1 Kriks S, Shim J-W, Piao J, Ganat YM, Wakeman DR,

Xie Z, Carrillo-Reid L, Auyeung G, Antonacci C, Buch

A et al. (2011) Dopamine neurons derived from human

ES cells efficiently engraft in animal models of

Parkinson’s disease. Nature 480, 547–551.
2 Dimos JT, Rodolfa KT, Niakan KK, Weisenthal LM,

Mitsumoto H, Chung W, Croft GF, Saphier G, Leibel R,

Goland R et al. (2008) Induced pluripotent stem cells

generated from patients with ALS can be differentiated

into motor neurons. Science 321, 1218–1221.
3 Ebert AD, Yu J, Rose FF Jr, Mattis VB, Lorson CL,

Thomson JA and Svendsen CN (2009) Induced

pluripotent stem cells from a spinal muscular atrophy

patient. Nature 457, 277–280.
4 Brennand K, Simone A, Jou J, Gelboin-Burkhart C,

Tran N, Sangar S, Li Y, Mu Y, Chen G, Yu D et al.

(2011) Modelling schizophrenia using human induced

pluripotent stem cells. Nature 473, 221–225.
5 Marchetto MCN, Carromeu C, Acab A, Yu D, Yeo

GW, Mu Y, Chen G, Gage FH and Muotri AR (2010)

A model for neural development and treatment of rett

syndrome using human induced pluripotent stem cells.

Cell 143, 527–539.
6 Espuny-camacho I, Michelsen KA, Gall D, Linaro D,

Hasche A, Lambert N, Gaspard N, Pe S, Bali C, Orduz

D et al. (2011) Article Pyramidal Neurons Derived from

Human Pluripotent Stem Cells Integrate Efficiently into

Mouse Brain Circuits In Vivo. Neuron 77, 440–456.
7 Insel TR (2010) Rethinking schizophrenia. Nature 468,

187–193.
8 Maroof AM, Keros S, Tyson JA, Ying SW, Ganat YM,

Merkle FT, Liu B, Goulburn A, Stanley EG, Elefanty

AG et al. (2013) Directed differentiation and functional

maturation of cortical interneurons from human

embryonic stem cells. Cell Stem Cell 12, 559–572.
9 Shi Y, Zhao X, Hsieh J, Wichterle H, Impey S,

Banerjee S, Neveu P and Kosik KS (2010) MicroRNA

510 FEBS Open Bio 8 (2018) 502–512 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Dynamic miRNAome during interneurons differentiation J. Tu et al.



regulation of neural stem cells and neurogenesis. J

Neurosci 30, 14931–14936.
10 Cheung HH, Liu X, Canterel-Thouennon L, Li L,

Edmonson C and Rennert OM (2014) Telomerase

protects Werner syndrome lineage-specific stem cells

from premature aging. Stem Cell Reports 2, 534–546.
11 Hales CM, Rolston JD and Potter SM (2010) How to

culture, record and stimulate neuronal networks on

micro-electrode arrays (MEAs). J Vis Exp 39, 1–7.
12 Langmead B and Salzberg SL (2012) Fast gapped-read

alignment with Bowtie 2. Nat Methods 9, 357–359.
13 Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman

A and Enright AJ (2006) miRBase: microRNA

sequences, targets and gene nomenclature. Nucleic Acids

Res 34, D140–D144.

14 Friedl€ander MR, MacKowiak SD, Li N, Chen W and

Rajewsky N (2012) MiRDeep2 accurately identifies

known and hundreds of novel microRNA genes in

seven animal clades. Nucleic Acids Res 40, 37–52.
15 Ludwig N, Leidinger P, Becker K, Backes C, Fehlmann

T, Pallasch C, Rheinheimer S, Meder B, St€ahler C,

Meese E et al. (2016) Distribution of miRNA

expression across human tissues. Nucleic Acids Res 44,

3865–3877.
16 Wang L, Feng Z, Wang X, Wang X and Zhang X

(2009) DEGseq: an R package for identifying

differentially expressed genes from RNA-seq data.

Bioinformatics 26, 136–138.
17 Chou CH, Chang NW, Shrestha S, Da Hsu S, Lin YL,

Lee WH, Yang CD, Hong HC, Wei TY, Tu SJ et al.

(2016) miRTarBase 2016: updates to the experimentally

validated miRNA-target interactions database. Nucleic

Acids Res 44, D239–D247.

18 Huang DW, Sherman BT and Lempicki RA (2009)

Bioinformatics enrichment tools: paths toward the

comprehensive functional analysis of large gene lists.

Nucleic Acids Res 37, 1–13.
19 Koch P, Opitz T, Steinbeck JA, Ladewig J and Br€ustle

O (2009) A rosette-type, self-renewing human ES cell-

derived neural stem cell with potential for in vitro

instruction and synaptic integration. Proc Natl Acad Sci

USA 106, 3225–3230.
20 Kozomara A and Griffiths-Jones S (2014) MiRBase:

annotating high confidence microRNAs using deep

sequencing data. Nucleic Acids Res 42, 68–73.
21 Rybak A, Fuchs H, Smirnova L, Brandt C, Pohl EE,

Nitsch R and Wulczyn FG (2008) A feedback loop

comprising lin-28 and let-7 controls pre-let-7

maturation during neural stem-cell commitment. Nat

Cell Biol 10, 987–993.
22 Cao DD, Li L and ChanWY (2016) MicroRNAs: key

regulators in the central nervous system and their

implication in neurological diseases. Int J Mol Sci 17, 1–28.
23 Subramanyam D, Lamouille S, Judson RL, Liu JY,

Bucay N, Derynck R and Blelloch R (2011) Multiple

targets of miR-302 and miR-372 promote

reprogramming of human fibroblasts to induced

pluripotent stem cells. Nat Biotechnol 29, 443–448.
24 Leonardo TR, Schultheisz HL, Loring JF and Laurent

LC (2012) The functions of microRNAs in pluripotency

and reprogramming. Nat Cell Biol 14, 1114–1121.
25 Wu YE, Parikshak NN, Belgard TG and Geschwind

DH (2016) Genome-wide, integrative analysis implicates

microRNA dysregulation in autism spectrum disorder.

Nat Neurosci 19, 1463–1476.
26 Miyoshi N, Ishii H, Nagano H, Haraguchi N, Dewi

DL, Kano Y, Nishikawa S, Tanemura M, Mimori K,

Tanaka F et al. (2011) Reprogramming of mouse and

human cells to pluripotency using mature microRNAs.

Cell Stem Cell 8, 633–638.
27 Pfaff N, Fiedler J, Holzmann A, Schambach A, Moritz

T, Cantz T and Thum T (2011) miRNA screening reveals

a new miRNA family stimulating iPS cell generation via

regulation of Meox2. EMBO Rep 12, 1153–1159.
28 Kuo CH, Deng JH, Deng Q and Ying SY (2012) A

novel role of miR-302/367 in reprogramming. Biochem

Biophys Res Commun 417, 11–16.
29 Makeyev EV, Zhang J, Carrasco MA and Maniatis T

(2007) The MicroRNA miR-124 Promotes Neuronal

Differentiation by Triggering Brain-Specific Alternative

Pre-mRNA Splicing. Mol Cell 27, 435–448.
30 Cheng L-C, Pastrana E, Tavazoie M and Doetsch F

(2009) miR-124 regulates adult neurogenesis in the

subventricular zone stem cell niche. Nat Neurosci 12,

399–408.
31 Yoo AS, Sun AX, Li L, Shcheglovitov A, Portmann T,

Li Y, Lee-Messer C, Dolmetsch RE, Tsien RW and

Crabtree GR (2011) MicroRNA-mediated conversion

of human fibroblasts to neurons. Nature 476, 228–231.
32 Uhlmann S, Zhang JD, Schw€ager A, Mannsperger H,

Riazalhosseini Y, Burmester S, Ward A, Korf U,

Wiemann S and Sahin O (2010) miR-200bc/429 cluster

targets PLCgamma1 and differentially regulates

proliferation and EGF-driven invasion than miR-200a/

141 in breast cancer. Oncogene 29, 4297–4306.
33 Humphries B and Yang C (2015) The microRNA-200

family: small molecules with novel roles in cancer

development, progression and therapy. Oncotarget 6,

6472–6498.
34 Wang G, Guo X, Hong W, Liu Q, Wei T, Lu C, Gao

L, Ye D, Zhou Y, Chen J et al. (2013) Critical

regulation of miR-200/ZEB2 pathway in Oct4/Sox2-

induced mesenchymal-to-epithelial transition and

induced pluripotent stem cell generation. Proc Natl

Acad Sci USA 110, 2858–2863.
35 Beclin C, Follert P, Stappers E, Barral S, Nathalie C,

de Chevigny A, Magnone V, Lebrigand K, Bissels U,

Huylebroeck D et al. (2016) miR-200 family controls

late steps of postnatal forebrain neurogenesis via Zeb2

inhibition. Sci Rep 6, 35729.

511FEBS Open Bio 8 (2018) 502–512 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

J. Tu et al. Dynamic miRNAome during interneurons differentiation



36 Huang H-N, Chen S-Y, Hwang S-M, Yu C-C, Su M-

W, Mai W, Wang H-W, Cheng W-C, Schuyler SC, Ma

N et al. (2014) miR-200c and GATA binding protein 4

regulate human embryonic stem cell renewal and

differentiation. Stem Cell Res 12, 338–353.
37 Kim Y, Kim N, Park S-W, Kim H, Park H-J and Han

Y-M (2017) Lineage-specific Expression of miR-200

Family in Human Embryonic Stem Cells during In

Vitro Differentiation. Int J Stem Cells 10, 28–37.
38 Du Z-W, Ma L-X, Phillips C and Zhang S-C (2013)

miR-200 and miR-96 families repress neural induction

from human embryonic stem cells. Development 140,

2611–2618.
39 Bock C, Kiskinis E, Verstappen G, Gu H, Boulting G,

Smith ZD, Ziller M, Croft GF, Amoroso MW, Oakley

DH et al. (2011) Reference maps of human es and ips

cell variation enable high-throughput characterization

of pluripotent cell lines. Cell 144, 439–452.
40 Yao B, Christian KM, He C, Jin P, Ming G and Song

H (2016) Epigenetic mechanisms in neurogenesis. Nat

Rev Neurosci 17, 537–549.
41 Davalos V, Moutinho C, Villanueva A, Boque R, Silva

P, Carneiro F and Esteller M (2012) Dynamic

epigenetic regulation of the microRNA-200 family

mediates epithelial and mesenchymal transitions in

human tumorigenesis. Oncogene 31, 2062–2074.
42 Lim Y-Y, Wright JA, Attema JL, Gregory PA, Bert

AG, Smith E, Thomas D, Lopez AF, Drew PA,

Khew-Goodall Y et al. (2013) Epigenetic modulation

of the miR-200 family is associated with transition to

a breast cancer stem-cell-like state. J Cell Sci 126,

2256–2266.

Supporting information

Additional Supporting Information may be found

online in the supporting information tab for this arti-

cle:
Fig. S1. (A) Neural rosette-like structure was formed

at ~ 10 days after neural induction; (B) Spontaneous

firing was detected at day 80 during differentiation

MEAs; (C) miRNA TPM distribution for the differen-

tiation samples; (D) Clustering dendrogram for the dif-

ferentiation samples. Scale bar: 125 lm; (E) TSI

distribution of all detected miRNAs.

Fig. S2. Dynamic expression (TPM) for (A) hsa-let-7

family, (B) hsa-miR-302 family, (C) hsa-miR-9 and

(D) has-miR-124 during cortical interneuron differenti-

ation from iPSCs.

Table S1. Expression of all miRNAs determined by

RNA-seq at different time points (D0, D11, D25 and

D80). TSI for each miRNA was shown. The lists of

miRNA with TPM >= 10, miRNA family, and 5p/

3p pairs, were shown separately.

Table S2. List of differentially expressed miRNAs

(DEGs). Filtered downregulated/upregulated DEGs

and their predicted mRNA targets were also shown in

separate worksheets.

Table S3. KEGG and GO analyses for the upregulated

and downregulated genes.

Table S4. Predicted upstream miRNAs that potentially

target genes known to be involved in cortical interneu-

ronal differentiation. TPM for each miRNA was

shown.
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