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SUMMARY
Recent studies have demonstrated that human astrocytes and fibroblasts can be directly converted into functional neurons by small mol-

ecules. However, fibroblasts, as a potentially better cell resource for transplantation, are not as easy to reprogram as astrocytes regarding

their fate to neurons, and chemically induced neurons (iNs) with low efficiency from fibroblasts resulted in limited application for the

treatment of neurological disorders, including depression. Here, we report that human fibroblasts can be efficiently and directly reprog-

rammed into glutamatergic neuron-like cells by serially exposing cells to a combination of smallmolecules. These iNs displayed neuronal

transcriptional networks, and also exhibitedmature firing patterns and formed functional synapses. Importantly, iNs could integrate into

local circuits after transplantation into postnatalmouse brain. Our study provides a rapid and efficient transgene-free approach for chem-

ically generating neuron-like cells from human fibroblasts. Furthermore, our approach offers strategies for disease modeling and drug

discovery in central nervous system disorders.
INTRODUCTION

Direct lineage conversion transforms fully differentiated

cell types by simultaneous introduction of transcription

factors, and offers a promising alternative cell-based ther-

apy for numerous major diseases. Moreover, the estab-

lished technology of induced pluripotent stem cells (iPSCs)

can be used to help solve the challenging problemof an un-

available and limited cell supply for cell therapy (Takahashi

and Yamanaka, 2006). Even although iPSC technology

is relatively easier to manipulate and provides more oppor-

tunities for generating renewable sources of multiple func-

tional cell types, there are still significant barriers such

as time-consuming induction, tumorigenesis, and indeter-

minate differentiation (Bellin et al., 2012). Therefore,

identifying faster, safer, and more efficient strategies for

generating terminally mature cells is of utmost importance

for potential clinical applications, and especially cell thera-

pies for neurological disorders.

Based on the framework of iPSC technology, and by simi-

larly introducing cell-type-specific transcription factors,

several groups have succeeded in inducing fibroblasts to

functional neurons without occurrence of a dedifferenti-

ated intermediate state or involvement of cell division

(Pang et al., 2011; Vierbuchen et al., 2010). Rapid and

straightforward conversion for generation of distinct

neuronal subtypes such as dopaminergic neurons (Caiazzo

et al., 2011), g-aminobutyric acid (GABA)-ergic neurons

(Colasante et al., 2015), and motor neurons (Son et al.,
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2011) makes the approach particularly convenient for cell

replacement and drug discovery in vitro. However, ineffi-

cient neuronal conversion is amajor limitation for regener-

ative medicine, especially when starting from human

somatic cells.

Several studies have shown that chemical compounds

can facilitate the developmental process and increase re-

programming efficiency to neurons by regulating specific

involved signaling pathways (Chambers et al., 2012; Liu

et al., 2013; Zhang et al., 2012). Although the efficiency is

higher in human fetal or postnatal fibroblasts with the

assistance of small molecules, adult fibroblasts are still re-

fractory to transforming their identities under the same

conditions (Ladewig et al., 2012; Liu et al., 2013). Recently,

several groups have shown that small molecules can

convert human astrocytes or fibroblasts into functional

neurons, with a yield of up to 85% neuron generation

from fetal and adult astrocytes (Gao et al., 2017; Zhang

et al., 2015), which is lower from human fibroblasts, with

an efficiency of no more than 15% (Hu et al., 2015). How-

ever, as resources for cell therapies, fibroblasts are better

starting cells for neuronal reprogramming because of easier

access for acquisition and better patient tolerance than as-

trocytes. Consequently, low reprogramming efficiency of

human fibroblasts to neurons must be increased for

broader application in neurological diseases.

Here, we screened a different set of small molecules that

can efficiently convert human fibroblasts into neuron-like

cells without overexpression of transcription factors. The
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Figure 1. Small Molecules Can Efficiently Reprogram Fibroblasts to Neurons
(A and B) Identification of human newborn foreskin fibroblasts (HNFFs). (A) Immunofluorescence staining of FSP1 (green) and HuNu (red)
of HNFFs. (B) Quantitative immunostaining analysis of human fibroblasts and neural lineage cells. ***p % 0.001.
(C) Schedule of experiments for reprogramming human fibroblasts to neurons using small molecules (SM).

(legend continued on next page)
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rapid and efficient transgene-free approach to neuronal cell

induction offers an alternative choice for disease modeling

and regenerative medicine.
RESULTS

Identification of Small Molecules that Efficiently

Convert Human Fibroblasts into Neurons

To efficiently convert human fibroblasts into neurons us-

ing only small molecules, we first chose a younger cell

line, human newborn foreskin fibroblasts (HNFFs), which

were predicted to have a higher reprogramming efficiency

than older cell lines (Ladewig et al., 2012; Liu et al., 2013;

Pfisterer et al., 2016). To avoid contamination of neural

lineage cells in the cultured HNFFs, we examined the initial

cells by immunofluorescence analysis. Appropriately, no

positive signal was detected for the neural progenitor cells

(NPCs) marker NESTIN, astrocytic marker glial fibrillary

acidic protein, neuron marker, neuron-specific class III

b-tubulin (TUJ1), or the oligodendrocytic marker, myelin

basic protein (Figures S1A–S1H). To further exclude the

presence of NPCs and neurons, we cultured HNFFs in

neuronal induction medium for 2 weeks and did not

observe any increase in genes that are highly expressed in

neural lineages, as shown by real-time qRT-PCR analysis

(Figure S1I). Furthermore, immunostaining showed that

approximately 97% of cultured HNFFs were doubly immu-

nopositive for the fibroblast-specific marker, fibroblast-spe-

cific protein 1 (FSP1) and the human cell-specific marker,

human nuclear protein (HuNu) (Figures 1A and 1B). Alto-

gether, these results cooperatively show no detectable

contaminations of neural lineage cells in the cultured

HNFFs, and confirm the purity of the preliminary cell

type for the subsequent experiments.

To determine whether small molecules can rapidly and

efficiently reprogram HNFFs to neurons, our initial

screening identified compounds that predominantly

target epigenetic modifications, metabolic activities, and
(D) Representative morphological changes of fibroblasts after SM expo
(left); or SM at day 7 (middle left), day 14 (middle right), and day 21 (r
on right, 25 mm.
(E) Quantitative analysis of TUJ1+ cells by treating fibroblasts with S
(F) Neuronal yield after 12SM treatment was calculated as the number o
**p % 0.01, ***p % 0.001.
(G and H) Fibroblasts treated with 1% DMSO (G) or small molecules (H
Scale bars, 50 mm.
(I) Fibroblasts cultured in control (1% DMSO) medium were immunos
(J–L) Neurons induced by SM were immunopositive for MAP2 (J), Neu
(M) Neuronal conversion efficiency was represented by percentages
NeuN+/TUJ1+ (87.5% ± 1.1%), and TAU+/TUJ1+ (84.1% ± 2.4%).
All data are presented as mean ± SEM, n > 3 independent experiment
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signaling pathways involved in neuronal fate patterning.

Based on the small molecules identified in the neural

fate modulating process that differentiated from PSCs or

transdifferentiated from somatic cells in previous studies

(Hu et al., 2015; Ladewig et al., 2012; Liu et al., 2013; Zhang

et al., 2015, 2016), we first used CHIR99021, LDN193189,

SB431542, RG108, and dorsomorphin as a basic chemical

neuron-induction combination and then added further

new candidate small molecules on this basis (Table S1).

After initial rounds of screening, we primarily screened a

combination of 16 small molecules, named 16SM, which

contained CHIR99021, LDN193189, SB431542, RG108,

dorsomorphin, DMH1, parnate, SU5402, forskolin,

Y27632, DAPT, purmorphamine, ISX9, IBET151, SU16F,

and P7C3-A20. This combination led to a neuronal

morphology in approximately 40% of cultured HNFFs at

day 14, as shown by positive TUJ1 immunostaining (Fig-

ures S2A and S2B). To identify the essential compounds

of 16SM, we sequentially removed each compound and

exposed fibroblasts to the remaining factors. Exclusion of

parnate and IBET151 resulted in a dramatic increase in

neuronal production, while removal of SU5402, SU16F,

andDMH1had a slightly positive effect on neuronal gener-

ation. Together, the remaining 11 small molecules (11SM)

were sufficient and essential for induction of neuronal re-

programming with a yield of TUJ1+ cells of up to 61%

(Figure S2B).

To further improve the reprogramming efficiency,weper-

formed another round of testing.We found that addition of

a mitogen-activated protein kinase inhibitor, PD0325901

(Zhu et al., 2010), further increased the yield of neuron-

like cells (Figure S2C). Although the transforming growth

factor b (TGFb) type I receptor kinase (ALK-5) inhibitor,

SB431542, promoted neuronal conversion from PSCs or fi-

broblasts (Rodriguez-Martinez and Velasco, 2012), we

substituted it with A83-01, a more potent inhibitor that

suppresses signaling of ALK-4, -5, and -7 and has been

shown to play an important role in cell fate transformation

in recent studies (Cao et al., 2016; Zhao et al., 2015).
sure. Phase-contrast images of cells treated with 1% DMSO at day 7
ight). Scale bar of two images on left, 50 mm; scale bar of two images

M for 0, 7, 10, 14, and 21 days. **p % 0.01, ***p % 0.001.
f TUJ1+ neurons divided by the number of initial human fibroblasts.

) were immunostained with DCX (red) and TUJ1 (green) at day 10.

tained with MAP2 (red) and TUJ1 (green).
N (K), and TAU (L) at day 14.
of DCX+/TUJ1+ (91.8% ± 1.2%), MAP2+/TUJ1+ (75.2% ± 1.7%),

s. Scale bars in (G) to (L), 50 mm.



Collectively, the reprogramming efficiency was signifi-

cantly boosted (up to 76% TUJ1+ cells at day 14) with

PD0325901 and A83-01 supplementation to the 11SM

cocktail (SB431542 was excluded from 12SM) (Figure S2C).

Although 12SM treatment resulted in a higher reprog-

ramming efficiency from HNFFs to neurons, severe cell

death occurred with continuous exposure for long-term

culture. To reduce cell death, we decided to divide 12SM

into two groups. After several rounds of attempts, we

found a combination A, which mainly inhibited the fibro-

blast signaling pathway and initiated neural fate transfor-

mation (Figures S2D–S2F) (CA: containing CHIR99021,

LDN193189, RG108, dorsomorphin, P7C3-A20, A83-01,

and ISX9). The addition of combination B maintained

cell survival and enhanced reprogramming efficiency

(CB: containing forskolin, Y27632, DAPT, PD0325901,

A83-01, purmorphamine, and P7C3-A20). A83-01 and

P7C3-A20 were the mutual compounds in both groups. Af-

ter several trials, we found that by adding CA and CB in a

stepwise manner, as shown in Figure 1C, conversion of

iNs showed a good balance of both higher efficiency and

improved survival rate. However, neither CA nor CB alone

could effectively generate neuron-like cells (Figures S2D

and S2G). This combination of CA and CBwas used in sub-

sequent assays after the optimization of concentrations

(Table S2 and Figure S2H).

When investigating the conversion process, we found

that sporadic cells of fibroblasts (HNFFs) progressively

shrank at day 4 while lamellipodia gradually contracted

and cell soma rounded up at day 7; control wells with no

small-molecule treatment (1% dimethyl sulfoxide

[DMSO]) still sustained the spindle morphology of fibro-

blasts (Figure 1D). Reprogramming efficiency achieved a

peak at day 14 (82.1% ± 1.6% TUJ1-postive cells), as shown

bybright-field imaging (Figure 1D) and TUJ1 immunostain-

ing analysis at different time points (Figure 1E). The

neuronal yield was also assessed at different time points

(Figure 1F). The results also indicated that efficiency at day

21 obviously decreased, which probably resulted from

toxicity of small molecules. To verify this, we detected the

expression of caspase-3 at days 7, 10, 14, 21, and 30 by im-

munostaining, and quantitative analysis showed that the

apoptosis rate of iNs induced by small molecules are gradu-

ally increased after chemical treatment (Figures S2I andS2J).

To further confirm the identity of iNs, we examined

immunoreactivity of a series of identified neuronal

markers expressed at different neurodevelopmental stages

including doublecortin (DCX), microtubule-associated

protein 2 (MAP2), NeuN, and TAU. Immunostaining

analysis indicated that these markers were co-expressed

with TUJ1 (Figures 1H and 1J–1L), with double-positive

percentage of 91.8% ± 1.2%, 75.2% ± 1.7%, 87.5% ±

1.1%, and 84.1% ± 2.4%, respectively (Figure 1M). Nearly
no DCX+/TUJ1+ or MAP2+/TUJ1+ double-positive fluores-

cent signals were detected in the control group (Figures

1G and 1I). Taken together, these results suggest that the

screened chemically defined neuronal induction medium

successfully reprogrammed human fibroblasts to neurons

with a high efficiency.

Small Molecules Mainly Reprogram HNFFs to

Glutamatergic Neurons

To investigate specific subtypes of iNs based on released

neurotransmitters, we examined the expression of vesicu-

lar glutamate transporter 1 (VGlut1) (a glutamatergic

neuronal marker), GABA (a GABAergic neuronal marker),

tyrosine hydroxylase (TH) (a dopaminergic neuronal

marker), and choline acetyltransferase (ChAT) (a cholin-

ergic neuronal marker) by immunoreactivity. We found

that the majority of MAP2+ cells were co-expressed with

VGlut1 (89.1% ± 0.9%) (Figures 2A and 2E), with %8%

MAP2+ cells immunopositive for GABA (Figures 2B and

2E). Almost no positive TH+ or ChAT+ immunostaining sig-

nals were detected (Figures 2C–2E). To further identify spe-

cific regional identity of iNs in the central nervous system,

we examined immunoreactivity of defined markers along

the anterior to posterior axis. Accordingly, we found that

>90% of MAP2+ cells were immunopositive for the fore-

brain marker, forkhead box G1 (FOXG1) (Figures 2F and

2I), while only sporadic cells were immunopositive for

the posterior marker, homeobox B4 (HOXB4) (Figures 2G

and 2I) and midbrain marker, engrailed homeobox1

(EN1) (Figures 2H and 2I). These data indicate that the

screened chemical compounds mainly induce fibroblasts

toward a forebrain excitatory neuronal fate.

To determine whether human fibroblasts across different

ages can be rapidly and efficiently induced to neuron-like

cells using the same 12SM cocktail, we obtained human

foreskin fibroblasts from 2-year-old, 29-year-old, and 36-

year-old donors (abbreviated as HFF2Y, HFF29Y, and

HFF36Y, respectively). Similarly, we first confirmed the cell

identity and excluded the contaminations with neural line-

age cells by immunostaining analysis (data not show). After

sequential exposure to the same combination of small mol-

ecules, HFF2Y, HFF29Y, andHFF36Y showedmorphological

changes to neuron-like cells by 7 days. Furthermore, these

inducedmorphologically neuron-like cells were also immu-

nopositive for the neuronal markers TUJ1 and MAP2 (Fig-

ures 2J–2L) at day14.Reprogramming efficiencyof the three

cell lines also reached a peak between days 10 and 14. In

brief, we found that fibroblasts from younger donors were

more susceptible to chemical treatment than adult fibro-

blasts (Figures 2M and2N), which is in accordancewith pre-

vious conclusions (Ladewig et al., 2012; Liu et al., 2013).

To explore whether 12SM can convert human fibroblasts

of different origins to neurons, we obtained human fetal
Stem Cell Reports j Vol. 13 j 862–876 j November 12, 2019 865



Figure 2. Characterization of Small-Molecule-Induced Neurons from Human Fibroblasts
(A–D) Immunostaining analysis of induced neurons with antibodies to MAP2 and markers of neuronal subtypes at day 14: VGlut1 (A), GABA
(B), TH (C), and ChAT (D).
(E) Quantitative analysis showed no positive TH+ or ChAT+ immunostaining signal. n > 3 independent experiments; ***p % 0.001.
(F–H) Immunostaining analysis of induced neurons with antibodies to MAP2 and markers of specific regions at day 14: FOXG1 (F), HOXB4
(G), and EN1 (H).
(I) Quantitative analysis of immunostaining for region-specific markers in converted neurons. n = 4 independent batches; ***p% 0.001.
(J–L) Immunostaining analysis of iNs reprogrammed from human foreskin fibroblasts originating from 2-year-old (J), 29-year-old (K), and
36-year-old (L) donors (abbreviated HFF2Y, HFF29Y, and HFF36Y, respectively) with antibodies to TUJ1 (green) and MAP2 (red).
(M and N) Quantitative analysis of TUJ1+ (68.9%, 38.0%, and 25.9%, respectively) (M) and MAP2+ (61.9%, 36.0%, and 24.9%, respec-
tively) (N) cells of HFF2Y, HFF29Y, and HFF36Y treated with 12SM. **p % 0.01.
All data are presented as mean ± SEM, n = 3 independent experiments. Scale bars, 50 mm (A–D and F–H) and 25 mm (J–L).
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Figure 3. Induced Neurons from Fibroblasts Are Fully Mature and Electrophysiologically Functional
(A) Immunostaining of HuNu (red), synapsin I (magenta), and MAP2 (green) distinguished iNs from co-cultured astrocytes. Scale bars,
10 mm.
(B) Patch-clamp recordings were performed in iNs co-cultured with astrocytes. Bright-field image showing the pipette and cells. GFP
reflects the transfected adeno-associated virus. Scale bars, 10 mm.
(C) Representative traces of voltage responses (action potentials [APs]) elicited by a series of injected currents in iNs at each development
stage (from 30 days post treatment [DPT] to 60 DPT). n = 42.
(D) Representative current responses (inward and outward currents, black) evoked by a series of voltage steps (n = 29). Representative
traces are shown (blue) after tetrodotoxin (TTX) treatment. Magnification of a series of inward current spikes is shown in the hashed boxes.
(E) Representative traces of APs at 40–60 DPT (black) and blockage of TTX (blue). n = 7.

(legend continued on next page)
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dermal fibroblasts (HFDFs; ScienCell, catalog #2300) (Fig-

ures S3A and S3B) and exposed them to chemical-induced

medium. Similar to bright-field morphological alterations

of HNFFs, >75% of HFDFs gradually retracted their cyto-

plasm and formed globular cell bodies resembling

neuron-like cells (Figure S3C). Furthermore, they expressed

neuronal markers such as TUJ1, MAP2, and TAU at day 14

(Figures S3D and S3E). Analysis of related data indicated

that neuronal reprogramming efficiency from HFDFs was

comparable with that of HNFFs (Figure S3F). In addition,

12SMwas capable of converting human adult dermal fibro-

blasts (ScienCell, catalog #2320) into neuron-like cells but

with a lower efficiency (Figure S3G).

Human Fibroblast Transdifferentiated Neurons Are

Electrophysiologically Mature

For long-term culture, we trypsinized and replated iNs

on mouse primary astrocytes at 14 days post treatment

(DPT) with small molecules. Immunostaining with synap-

sin I showed that iNs cultured on mouse astrocytes ex-

hibited strong synaptic puncta along dendrites at 30 DPT

(Figure 3A). Todeterminewhether iNs are electrophysiolog-

ically mature in addition to the possession of morpholog-

ical and immunocytochemical neuronal characteristics,

we performed whole-cell patch-clamp recording. For

improved targeting of iNs cultured on astrocytes, GFP-ex-

pressing adeno-associated virus was transfected to fibro-

blasts before exposure to small molecules (Figure 3B). We

elicited action potential (AP) trains by injecting a series of

currents into the soma of cultured cells (Figure 3C). In all

detected iNs with APs, repetitive discharge showed that

cells exhibited more mature firing patterns at 40–60 DPT

(n = 33) compared with 30 DPT (n = 9) (Figure 3C). To

test the existence of excitability of these cells, we next

investigated the inward and outward currents evoked by a

series of voltage pulses (Figure 3D). The recordings showed

significant voltage-activated currents (Figure 3D, left panel)

that could be blocked by tetrodotoxin (TTX) (Figure 3D,

right panel). Addition of TTX also resulted in blockage of

evoked APs and spontaneous APs (Figures 3E and 3F). These

pharmacological results of evoked currents and APs show

that these cells already have neuron-like membrane

properties and activities. Furthermore, the majority of re-

corded cells exhibited self-driven, excitatory postsynaptic

currents (ePSCs) consistent with VGlut1 expression, which

could be abolished by a an AMPA/kainite receptor

antagonist, CNQX, and an NMDA receptor antagonist,
(F) Spontaneous APs were recorded (black) at 45 DPT. No current inject
(n = 11).
(G) Excitatory postsynaptic currents (ePSCs) of iNs were recorded after
glutamatergic specific antagonists, CNQX and APV. This blockage was
(n = 6).
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APV. Furthermore, the lower trace displayed the washout

of CNQX, and APV recovered excitatory synaptic responses

(Figure 3G). These ePSCs showed that these cells are able to

connect in a mainly glutamatergic way. Altogether, these

data indicated that iNs induced by the defined chemical

compounds are electrophysiologically functional.

To investigate whether iNs derived from adult fibroblasts

are electrophysiologicallymature, we performedwhole-cell

patch-clamp recording around 40 days after chemical treat-

ment. INs induced from HFF29Y and HFF36Y evoked APs

by step-depolarizing the membrane in the current-clamp

mode (Figures S4A–S4D). However, the ratio of iNs eliciting

APs was much higher in younger iNs (42 of 63 HNFF-iNs)

than that in the older iNs (5 of 13 HFF29Y-iNs and 4 of

11 HFF36Y-iNs).

RNA-Sequencing Analysis of Small-Molecule-Induced

Fate Changes from Fibroblasts to Neurons

Although it turned out that 12SM was able to induce the

neuronal morphological changes and stimulate expression

of pan-neuronal markers, the detailed dynamic alterations

were still not fully known. To address this, we performed

comparative transcriptome analyses of primary neurons

(PNs) derived from human embryonic brains (ScienCell,

catalog #1525), nontreated HNFFs, and 12SM-treated

HNFFs at days 7 and 14. First, to evaluate the overall corre-

lation between the different cell types, we performed prin-

cipal component analysis on the genome expression

profiles (Figure 4A). The first three components capturing

94.32% of the total variance in the profile demonstrated

obvious changes in cellular phenotype. Meanwhile, the hi-

erarchical clustering of differentially expressed genes indi-

cated a gradual variation in tendency from fibroblasts to

neurons (Figure 4B). On the basis of gene expression pro-

files, we screened 26 neuron-enriched genes and 14 fibro-

blast-enriched genes, and showed that these genes were

dramatically upregulated and downregulated in day-14

iNs and PNs, respectively. Regulated genes were substanti-

ated by gene ontology (GO) analysis (Figure 4C). We

further screened the most significant 20 upregulated genes

based on their enrichment scores and established corre-

sponding GO terms for biological processes. Surprisingly,

we found that there were 14 common GO terms in both

day-14 iNs and PNs when compared with fibroblasts (Fig-

ure 4D), and most of the common GO terms were associ-

ated with neuronal fate development (Figure 4E). However,

the top corresponding GO terms of differentially expressed
ion was applied. Blocking the effect of TTX is shown in the blue trace

45–60 DPT (upper trace). These PSCs were blocked (middle trace) by
rescued after washout through artificial cerebrospinal fluid (aCSF)



(legend on next page)
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genes of day-14 iNs versus PNs indicated the synapse

maturation in iNs was less than PNs to a certain degree

(Figure S4E).

On the basis of gene expression profiles, 12SM gradually

inhibits the development of fibroblasts and activates cell

transcriptional networks resembling endogenous neurons.

To further examine the early stage of the reprogramming

process, we performed qRT-PCR targeting stimulation of

the neural pioneer transcription factors and inhibition of

fibroblast-enriched transcription factors. We found that

the expression of neural-fate-determining factors was prin-

cipally increased within the first 7 days, especially at days 5

and 7. Our results also show that compared with NeuroD1

and NeuroD4, neurogenin2 (Ngn2) and Ascl1 were domi-

nant transcription factors for neuronal conversion (Fig-

ure 4F). Meanwhile, fibroblast-specific genes markedly

decreased with temporal progression (Figure 4G). Taken

together, these data indicate that 12SM can successfully

initiate neuronal fate-determining transcription factors in

conversion from fibroblasts to neurons.

Survival andMaturation of ConvertedNeurons In Vivo

To determine whether neuron-like cells induced by small

molecules in vitro can successfully survive andmature in vivo,

we trypsinized cultured cells at 10 DPT into single cells and

collected them. Digested cells (containing reprogrammed

neurons and nonreprogrammed fibroblasts) were trans-

planted into the cortex ofneonatal immunodeficient, severe

combined immunodeficiency (SCID) mice (Figure 5A). To

distinguish injectedhuman-inducedneurons fromhost resi-

dent mouse brain neurons, we used an antibody, STEM121,

which is specifically andhighly expressed in thehumancen-

tral nervous system, in addition to the classical human-spe-

cific marker, HuNu. At 14 days post cell injection, grafted

cellsmainly repopulated the cortex ofmouse brain, as deter-

mined by STEM121 andNeuN immunostaining (Figure 5B).

At higher magnification, we observed that most STEM121+

cells were also NeuN+ (Figure 5C). Further immunostaining

showed that the majority of transplanted cells were doubly
Figure 4. Small Molecules Induced Global Transcriptional Alterat
(A) Transcriptional profiles of HNFFs, day-7 iNs, day-14 iNs, and PN ar
for 68.34%, 18.53%, and 7.45%, respectively.
(B) Heatmap showing differential expression profile data of genes (fo
day-7 iNs, day-14 iNs, and PN. Arrays with the same name in the h
upregulated genes and green indicates downregulated genes.
(C) Heatmap showing differential expression of 26 neuron-enriched ge
genes for each group are listed (right). Red indicates upregulated ge
(D and E) Venn plot showing the most significant 20 upregulated gene
terms for biological processes (E) in day-14 iNs and PNs.
(F and G) Expression of determinant genes in neural development (F) a
and 21 were validated by real-time qRT-PCR. All experiments were pe
presented as mean ± SEM.
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positive for HuNu and MAP2 (Figure 5D). Two weeks later,

positive synaptophysin signal was readily apparent in a

portion of STEM121+ cells (Figure 5E), indicating that in-

jected iNsmay integrate into local circuits. Twomonths after

transplantation, some grafted iNs were still alive and main-

tained their neuronal identity, as shown by NeuN detection

(Figure 5F). However, the survival rate of iNs inmouse brain

gradually decreased over time (Figure 5G).

We further explored whether transplanted iNs could be

electrophysiologically mature in vivo. To distinguish iNs

from the mouse resident neurons in the brain slices, we in-

fected human fibroblasts with EGFP before chemical treat-

ment (Figure 5H). At 40 DPI, APs were evoked by injecting

current steps in GFP-positive cells (Figure 5I), and inward

sodium current responses were also elicited by a series of

voltage steps (Figure 5J). Moreover, we also recorded ePSCs

of GFP-positive cells (Figure 5K), which indicated that

transplanted iNs could form functional synapses and inte-

grate into local circuits.
Dissecting the Reprogramming Role of Each

Compound

To evaluate the specific influences of each individual small

molecule on the reprogramming processes, we imple-

mented a series of tests by sequentially removing each

compound from the 12SM mixture. Compared with the

effectiveness of 12SM, absence of P7C3-A20 and ISX9 re-

sulted in the greatest decrease of the induced neuronal

number (Figures 6A–6D). Absence of purmorphamine

and dorsomorphin also significantly lowered the genera-

tion of iNs (Figures 6E and 6F). Similarly, removing

CHIR99021, forskolin, and LDN193189 had a negative in-

fluence on the maturity of iNs to a certain extent (Figures

6G–6I). Absence of RG108, PD0325901, and A83-01 had

a slight effect on the conversion rate (Figures 6J–6L).

Removal of DAPT and Y27632 had little effect on the re-

programming efficiency (Figures 6M and 6N). Quantitative

analysis of NeuN (Figure 6O) also revealed that the effect of
ions with Differentiation of Fibroblasts to Neuron-like Cells
e plotted along the first three principal components, which account

ld change >2, p < 0.05) for samples in the following order: HNFFs,
eatmap indicate independent biological replicates. Red indicates

nes and 14 fibroblast-enriched genes in the samples. Representative
nes and green indicates downregulated genes.
s based on enrichment scores (D) and established corresponding GO

nd inhibition of fibroblast-specific genes (G) at days 1, 3, 5, 7, 9, 14,
rformed with three replicates. Data were normalized to control and
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each small molecule on reprogramming efficiency was

distinguished to varying degrees.

Fibroblasts Did Not Pass through a Pluripotent State to

Neuronal Conversion

To determine whether the initial cell transition occurred

through a pluripotent state or neural progenitor state, we

examined propagation during the first 3 days and at day

5 using expression of Ki67 (Figure S5A), which is widely re-

garded as a proliferation marker. Immunostaining showed

that exposing fibroblasts to 12SM cocktail resulted inmark-

edly reduced proliferative ability during the first 2 days,

with only 10% of cultured cells showing a positive Ki67

signal at day 2, which was barely noticeable at day 5 (Fig-

ure S5B). However, the expression of Ki67 did not show

obvious changes when cells were cultured in control me-

dium or fibroblast medium (Figures S5C and S5D). To

further examine the reprogramming process at the early

stages, we collected treated cells at the same time points

and performed qRT-PCR primarily focused on genes highly

expressed in PSCs or neural stem cells, including octamer-

binding transcription factor 4 (OCT4), nanog homeobox

(NANOG), sex-determining region Y-box 2 (SOX2),NESTIN,

and paired box 6 (PAX6) (Figure S5E). We found that these

enriched genes in pluripotent and neural stem cells were

barely detected by qRT-PCR, and almost no positive signals

were apparent by immunostaining (data not shown) in

early stages after 12SM treatment. These results imply

that the reprogramming process is directly induced and

does not exhibit a dedifferentiated intermediate toward a

highly proliferated pluripotent or neural stem cell.

The Different Reprogramming Progress of iNs Induced

by VCRFSGY and 12SM

To further detail the differences of reprogramming progress

between VCRFSGY (VPA, CHIR99021, RepSox, forskolin,
Figure 5. Survival and Maturation of Converted Neurons In Vivo
(A) Experimental schedule for transplantation of chemical compound
(B) Transplanted human iNs were identified in the cortex by immuno
jection (14 DPI). n = 4 mice.
(C) Positive immunostaining signals for STEM121 (green) and NeuN (
(D) Transplanted small-molecule-converted neurons co-expressed Hu
(E) Transplanted small-molecule-converted neurons were doubly imm
DPI. n = 3 mice.
(F) Transplanted iNs survived more than 2 months in vivo and were
n = 3 mice.
(G) Quantitative analysis of survival rate of transplanted neurons at
(H) The representative bright-field and GFP images of whole-cell reco
(I) Action potentials were evoked by injecting current steps in GFP-p
(J) Representative current responses (inward and outward currents) ev
current spikes is shown in the hashed boxes (n = 12).
(K) Excitatory postsynaptic currents (ePSCs) of converted neurons we
All data are presented as mean ± SEM. Scale bars, 100 mm (B), 25 mm
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SP600625, GO6983, and Y-27632) in the previous report

(Hu et al., 2015) and 12SM, we observed the dynamic

morphological responses to different treatments in early

stages (Figure S6A). We found that HNFF morphologies

were significantly changed after exposure to VCRFSGY at

day 1, whereas cells treated with 12SM were basically

consistent with these cultured in medium without small

molecules. However, the morphological changes from

fibroblasts to neurons in 12SM-treated groups were gradu-

ally increased and slightly higher than that in VCRFSGY-

treatment groups at day 3. The reprogramming efficiency

in 12SM-treated groups was still enhanced from day 3 to

day 7, but in VCRFSGY-treatment groups there were no

obvious neuronal morphological changes at the same

time. At later stages, there were no more significant

changes in both groups treated with small molecules. We

found that reprogramming conditions of dynamic changes

in HFF-29Y were similar to those of HNFF but with a lower

efficiency (Figure S6B).
DISCUSSION

In this study, our results show that human fibroblasts can

be efficiently reprogrammed to functional neuron-like cells

over a period of 10 days by treatment with 12 chemical

compounds in a stepwise additive manner. In addition,

these iNs could survive for at least 2 months and exhibited

robust electrophysiological activity when co-cultured with

astrocytes. Furthermore, after transplanting the converted

neurons into the mouse brain, the cells could successfully

survive in vivo and integrate into resident circuits.

In our screening of effective small molecules for reprog-

ramming neuronal conversion, we mainly focused on

chemicals known to play important roles in the neural

fate patterning, especially signaling pathways, including
-converted human neurons into postnatal mouse cortex.
staining with STEM121 (green) and NeuN (red) at 14 days post in-

red) were detected at 14 DPI.
Nu (green) and MAP2 (red) at 14 DPI.
unopositive for STEM121 (green) and synapsin I (SYNI, red) at 30

identified by co-expression with HuNu (green) and NeuN (red).

different times in vivo (n = 3 mice at each stage).
rding from GFP-positive cells in brain slices.
ositive cells (n = 10).
oked by a series of voltage steps. Magnification of a series of inward

re recorded at days 30–40 (n = 6).
(C–F, larger images), 10 mm (C–F, smaller images) and 10 mm (H).



Figure 6. Assessing the Individual Role of
Each Chemical Compound in the Reprog-
ramming Process
(A) Immunostaining of TUJ1 and NeuN of
HNFFs cultured in control medium for
14 days.
(B) Immunostaining of TUJ1 and NeuN of
HNFFs exposed to 12SM medium for 14 days.
(C–N) Immunofluorescence staining of TUJ1
and NeuN of HNFFs by sequentially removing
P7C3 (C), ISX9 (D), purmophamine (E), dor-
somorphin (F), CHIR99021 (G), forskolin (H),
LDN193189 (I), RG108 (J), PD0325901 (K),
A83-01 (L), DAPT (M), and Y27632 (N) from
the 12SM mixture. Scale bar in (N), 50 mm
(applies to all images).
(O) Quantitative analysis of NeuN+ cells
induced by small molecules. Data are pre-
sented as mean ± SEM, n = 3 independent
experiments; *p < 0.05, **p < 0.01, ***p <
0.001.
TGFb, GSK3b, WNT, sonic hedgehog, retinoic acid (RA),

and bone morphogenetic protein. Epigenetic reprogram-

ming is another point to consider in fate transformation.

Consequently, we screened several small molecules modu-

lating DNA methylation and histone methylation and

identified RG108 (a DNA methyltransferases inhibitor)

and parnate (a lysine-specific demethylase 1 inhibitor) as

candidates for 16SM. Surprisingly, we found that removal

of parnate markedly increased the reprogramming effi-

ciency, which is consistent with previous results in the

primary screen (Cao et al., 2016). However, exclusion

of RG108 decreased the number of TUJ1-positive cells.

Compared with parnate, RG108 is a non-nucleoside DNA

methyltransferase that is less damaging to DNA and less

toxic to cells. RG108 also shows lower demethylation and

gene re-expression activity (Fandy, 2009). Even thoughpar-

nate has higher activity, its addition may negatively affect

the activity of the remaining small molecules in the cock-

tail, and it is involved in other signaling pathways, ulti-

mately resulting in inefficient reprogramming.
In these removal experiments, our results show that

P7C3-A20 and ISX9 are the two most significant compo-

nents in the neuronal reprogramming. Compared with

inefficient reprogramming induced by VCRFSGY, our

removal experiments suggest that addition of P7C3-A20,

ISX9, and purmorphamine may play significant roles in

efficient fate transformation from fibroblasts to neurons.

P7C3 is a nicotinamide phosphoribosyl transferase

(NAMPT) that has a profoundly neuroprotective impact

on neurological diseases with cognitive decline, including

Parkinson’s disease (De Jesus-Cortes et al., 2012), amyotro-

phic lateral sclerosis (Tesla et al., 2012), and traumatic brain

injury (Loris et al., 2017). P7C3-A20 is a derivative of P7C3

and a highly effective neuroprotective compound that pro-

motes neurogenesis and inhibits cell death of mature neu-

rons (MacMillan et al., 2011; Pieper et al., 2014). During the

postnatal neurogenesis process, nicotinamide adenine

dinucleotide (NAD) and NAMPT play important roles

(Wang et al., 2016) in neural generation and neuronal sur-

vival. It has been demonstrated that P7C3-A20 binds to
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NAMPT, which is a rate-limiting enzyme in the NAD

biosynthetic process (Wang et al., 2014). In this context,

P7C3-A20 may stimulate NAMPT-relevant pathways to

exert neurogenesis and neuroprotection in fate transforma-

tion from fibroblasts to neurons. ISX9 is also a synthetic

chemical compoundwith an effective role in neuronal gen-

eration (Schneider et al., 2008). Moreover, previous reports

have confirmed that Isx9 plays an important role in the

initiation of neuronal fate from mouse embryonic fibro-

blasts (Li et al., 2015) and human adult astrocytes (Gao

et al., 2017). Although the specific mechanisms for effec-

tiveness of ISX9 in the chemical compounds-driven reprog-

ramming are unclear, its functional role in increasing

neurogenesis andmemory in the adult hippocampus in vivo

suggests the participation of the myocyte-enhancer family

of proteins (MEF2) (Petrik et al., 2012). MEF2 family mem-

bers are identified as important regulators in modulating

neurite growth of TUJ1-expressing neurons in vitro and

embryonic neural stem cell differentiation in vivo in the

developing nervous system (Lam and Chawla, 2007). In

combination with the positive impacts of ISX9 on the

other cell systems (Dioum et al., 2011; Zhang et al.,

2011), additional studies are necessary to clarify the specific

mechanisms of small-molecule-induced reprogramming

from fibroblasts to neurons.

Although many reports have demonstrated that small

molecules can convert one type of terminally differentiated

somatic cell to another fully differentiated cell type, there

are still various major hurdles ahead that must be over-

come. One of the most prominent problems is how small

molecules can be used to coax the initial cells toward a

unique cell line for reprogramming. The beginning of suc-

cessful small-molecule-driven cell reprogramming effec-

tively inhibits signaling pathways enriched in the initial

cells. As a result, suppressing the TGFb signaling pathway

(e.g., with A83-01 or RepSox) and stimulating the WNT

signaling pathway (e.g., with CHIR99021) in mouse or hu-

man fibroblasts are common factors considered in reprog-

ramming (Cao et al., 2016; Fu et al., 2015; Hu et al., 2015;

Li et al., 2015). Besides, the successful conversion involves

synchronous addition of particular developmental growth

factors (such as brain-derived neurotrophic factor and neu-

rotrophin-3 for neurodevelopment, and vascular endothe-

lial growth factor for vasculogenesis), and small molecules

modulating lineage-specific development-related signaling

pathways. However, compared with transcription factor-

induced reprogramming, which is only required for partic-

ipation of fate-determining transcription factors of

relevant cells, in most cases small molecules mediating

cell transformation are not as specific as these latter

methods. Another challenge is the difficulty of obtaining

more specific types of neurons with higher purity.

Based on previously published data (Hu et al., 2015; Li
874 Stem Cell Reports j Vol. 13 j 862–876 j November 12, 2019
et al., 2015; Zhang et al., 2015) and the results of our

studies, iNs in most conditions tend to be glutamatergic

subtypes, and only a small proportion of cells expressing

GABAergic markers are induced by small molecules. Even

though we added specific neuronal development-related

factors (such as RA and fibroblast growth factor 8) to

12SM in this study, it was still difficult to influence iNs

subtypes without the assistance of transcription factors.

This suggests that small-molecule-induced reprogramming

still has various problems that urgently need to be resolved

before the technology can be put into practice.

Regardless of the challenges, rapid and efficient reprog-

ramming from human fibroblasts to neurons by small

molecules offers an alternative strategy for neuronal regen-

eration. Meanwhile, further detailed mechanistic investi-

gation of the reprogramming process based on chemical

compounds will provide a platform for gaining insight

into neurological disease modeling and drug screening.
EXPERIMENTAL PROCEDURES

Generation of Induced Neurons from Human

Fibroblasts by Small Molecules
Fibroblasts were first cultured on poly-D-lysine-coated coverslips

in 24-well plates with 10,000–15,000 cells/well. Cells were main-

tained in fibroblast medium for 24 h. Next, medium was

completely replaced by neuronal induction medium (NIM) con-

sisting of DMEM/F12:neurobasal medium (1:1) supplemented

with 1% N-2, 2% B-27, 40 ng/mL brain-derived neurotrophic fac-

tor, 20 ng/mL glial cell-derived neurotrophic factor, 20 ng/mL in-

sulin-like growth factor 1, and 1 mM GlutaMAX. NIM also

contained small molecules or 1% DMSO in control groups. Fibro-

blasts were treated with NIM containing CA (3 mM CHIR99021,

0.25 mM LDN193189, 10 mM RG108, 1 mM dorsomorphin, 3 mM

P7C3-A20, 0.5 mM A83-01, and 5 mM ISX9). Three days later, half

the mediumwas changed to NIM containing CB (10 mM forskolin,

5 mMY27632, 1 mMDAPT, 1 mMPD0325901, 0.5 mMA83-01, 1 mM

purmorphamine, and 3 mMP7C3-A20) for another 3 days. Half the

medium was again changed with NIM containing CA or CB for

another round. At day 12, half the medium was changed to

neuronal maturation medium (NMM): NIM supplemented with

20 ng/mL neurotrophin-3 (NT-3) and 2 mM Y27632. Half of

NMM was refreshed every 2 days. Information on all small

molecules used in this study are listed in Tables S1 and S2.

Electrophysiology
Whole-cell patch-clamp recordings of iNs in vitro or in brain slices

were performed as described in detail in Supplemental Experi-

mental Procedures and Table S3.

Cell Culture
Human foreskin fibroblasts with different ages were obtained from

dissociated foreskin tissue of healthy donors provided by The

306th Hospital of The People’s Liberation Army of China. Human

fetal and adult dermal skin fibroblasts were purchased from



ScienCell (catalog #2300 and #2320, respectively). The details of fi-

broblasts used in this study are provided in Table S4. Fibroblasts

were cultured in DMEM high-glucose medium (Invitrogen) con-

sisting of 10% fetal bovine serum (Gibco), 1% nonessential amino

acids (Gibco), and 1mMGlutaMAX (Gibco).Mediumwas changed

every 2 days. Human foreskin fibroblasts derived from donors were

approved for collection and application by institutional ethical

committees. The culture of human fetal neural stem cells is

described in detail in Supplemental Experimental Procedures.
Immunocytochemistry
Cells were fixed with 4% paraformaldehyde, washed four times

with PBS, and blockedwith PBS buffer containing 5% (v/v) normal

donkey serum and 0.1% Triton X-100 for 1 h at room temperature

before being incubated in primary antibodies (see Table S5) over-

night at 4�C. Secondary antibodies were then incubated for

40 min at room temperature and mounted in Mounting Medium

with DAPI. Images were observed with a Zeiss Axio Scope A1 and

captured with Zeiss LSM 710 confocal laser scanning microscope.
RNA Isolation and qRT-PCR
Total RNAwas extracted using TRIzol reagent (Invitrogen, #15596-

018). Onemicrogram of total RNAwas reverse transcribed to cDNA

by a Hifair III First Strand cDNA Synthesis kit (gDNA digester plus)

(Yeasen, #11141ES10) following the instructionmanual. qPCRwas

performed with the CFX96 T Real-Time System (Bio-Rad). The

primer sequences and details are listed in Table S6.
Cell Transplantation
All studies on mice were performed in line with the animal policy

of the Institute of Genetics and Developmental Biology, Chinese

Academy of Sciences. Cultured chemically induced neurons were

dissociated with 0.05% Trypsin-EDTA (Gibco) into single cells

and centrifuged for 3 min at 800 rpm. Cell deposits were collected

and resuspended at a density of 13 105/mL inNIM. Cells were then

injected into the brain of SCID mice. The specific methods are

described in detail in Supplemental Experimental Procedures.
Statistical Analysis
Statistical analyses were performed by Student’s t test. Quantitative

data are presented asmeans ± SEMof at least three independent ex-

periments. Probabilities of p < 0.05 were considered as significant

(*p % 0.05, **p % 0.01, and ***p % 0.001 in figures).
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