THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE

DEPARTMENT OF BIOCHEMISTRY AND MOLECULAR BIOLOGY

THE ROLE OF SMALL MOLECULES IN REPROGRAMMING
HUMAN ASTROGLIAL CELLS INTO NEURONS

GRACE LEE
SPRING 2016

A thesis
submitted in partial fulfillment
of the requirements
for baccalaureate degrees in Biochemistry & Molecular Biology and Biology
with honors in Biology

Reviewed and approved* by the following:
Gong Chen
Professor of Biology
Thesis Supervisor
Kevin Alloway
Professor of Neural and Behavioral Sciences
Honors Adviser

* Signatures are on file in the Schreyer Honors College.

i

ABSTRACT

Previous studies have demonstrated that overexpression of a single neural transcription factor
NeuroD1 can efficiently reprogram mice astrocytes into functional neurons both in vitro and in vivo
(Guo et al., 2014). In this study, a combination of nine small molecules were sequentially applied to
convert human astroglial cells into neurons in vitro within 8-10 days with a conversion efficiency of
67%. Protein and gene expression analyses during astrocyte-to-neuron conversion process reveal that
small molecules, which modulate GSK3/WNT, TGFβ/BMP, Notch, retinoic acid, and sonic
hedgehog signaling crucial for neurodevelopment, work together to activate transcription and
translation of neural transcription factors NGN2 and NeuroD1. Small molecules mediate chemical
reprogramming by largely inducing neuronal signals and suppressing glial fate of the human
astrocytes. Small-molecule-derived human neurons are either excitatory glutamatergic or inhibitory
GABAergic, and electrophysiology data show that the neurons can fire action potentials and have
synchronous burst activities. This study suggests that chemical reprogramming enables a new
approach to using regenerative medicine as a therapy for neurodegenerative diseases and brain
injuries in future applications.

NOTE: The names of the small molecule compounds used for core drug treatments are not specified
in the thesis due to conflict with patent application process and manuscript publication.

ii

TABLE OF CONTENTS
LIST OF FIGURES ...........................................................................................................iii
LIST OF TABLES .............................................................................................................iv
ACKNOWLEDGEMENTS ...............................................................................................v
Chapter 1 Using Small Molecules to Reprogram Astrocytes into Neurons.......................1
Reprogramming Astrocytes to Generate Neurons ........................................................... 1
Using Small Molecules to Reprogram Astrocytes into Neurons ..................................... 2

Chapter 2 Materials and Methods ......................................................................................5
Mouse and Human Astrocyte Cell Culture ...................................................................... 5
Chemical Reprogramming of Astrocytes into Neurons in vitro....................................... 5
Time-Lapse Imaging of Conversion Process ................................................................... 7
Immunocytochemistry to Analyze Protein Expression .................................................... 7
Gene Expression Analysis by qRT-PCR and PCR Array ................................................ 8
In Vitro Electrophysiology ............................................................................................... 10

Chapter 3 Results ...............................................................................................................11
Screening of Small Molecule Compounds ....................................................................... 11
Effect of Small Molecules on Mouse Astrocytes in vitro ................................................ 13
Reprogramming Human Astrocytes into Neurons by Small Molecules in vitro.............. 15
Protein Expression Changes during Conversion .............................................................. 19
Gene Expression Changes during Reprogramming ......................................................... 22
Role of Each Small Molecule Compound ........................................................................ 25
Functional Characterization of Converted Neurons ......................................................... 27
Core Drug versus MCM Treatment ................................................................................. 28

Chapter 4 Discussion .........................................................................................................32
Small Molecules with Mouse versus Human Astrocytes ................................................. 32
Role of Small Molecules in Chemical Reprogramming .................................................. 33
Mechanisms Involved in Astrocyte-to-Neuron Conversion ............................................. 35
Improving Reprogramming Efficiency ............................................................................ 38
Conclusion ....................................................................................................................... 39

Appendix A Supplemental Information ............................................................................40
BIBLIOGRAPHY ..............................................................................................................41

iii

LIST OF FIGURES

Figure 1. Small Molecules Cause Mouse Astrocytes to Become Elongated and Fibroblast-like
in Morphology in vitro ...............................................................................................14
Figure 2. Small Molecule Treatment of Mouse Astrocytes Do Not Yield Many Neuron-like
Cells Expressing Neuronal Protein Markers. .............................................................15
Figure 3. Time-lapse Imaging Reveals Direct Conversion of Human Astrocytes into Neurons
by Small Molecules (MCM) in vitro. .........................................................................16
Figure 4. Small Molecules (MCM) Convert Human Astrocytes into Neurons Expressing
Neuronal Proteins in vitro ..........................................................................................17
Figure 5. Small Molecules (MCM) Convert Human Astrocytes into Neurons with High
Conversion Efficiency. ...............................................................................................18
Figure 6. Majority of the Small-molecule Induced Human Neurons are Glutamatergic While
Some are GABAergic Neurons ..................................................................................19
Figure 7. Protein Expression Levels of Neural Transcription Factors and Neuronal Proteins
Increase during Conversion of Human Astrocytes into Neurons ...............................21
Figure 8. PCR Array Reveals Transcriptional Activation of Neural Transcription Factors and
Immature Neuronal Genes during Chemical Reprogramming ...................................23
Figure 9. Transcriptional Levels of Neural Transcription Factors Increase While Astroglial
Genes Decrease during the Conversion Process.........................................................24
Figure 10. Effect of Individual Small Molecule Compounds on Transcription of Neural
Transcription Factors and Astroglial Genes of Treated Human Astrocytes ...............26
Figure 11. Electrophysiology Data Reveals Small-molecule Induced Human Neurons Are
Capable of Firing Action Potentials and Exhibit the Potential to Form Robust Synaptic
Networks ....................................................................................................................28
Figure 12. Core Drug Treatment Activates Transcription of Neural Transcription Factors and
Early Neuronal Genes While Reduces Glial Gene Expression during Conversion ...29
Figure 13. Core Drugs Induce Greater Transcriptional Activation of Neural Transcription
Factors Compared to 9 Small Molecules Treatment (MCM) .....................................31

iv

LIST OF TABLES

Table 1. Small Molecules (MCM) and Control Treatment Protocol. ................................6
Table 2. Sequences of Primers Targeting Human Genes for qRT-PCR. ...........................9
Table 3. Selection Criteria for Small Molecule Screening ................................................11
Table 4. Small Molecule Compounds Used for Chemical Reprogramming .....................13
Table 5. Genes Analyzed in the Human Neurogenesis PCR Array ...................................40

v

ACKNOWLEDGEMENTS
I would like to acknowledge Dr. Gong Chen for supervising my honors thesis research and
allowing me to conduct research in his lab for the duration of three years. I would also like to thank
graduate student Lei Zhang for providing mentorship and teaching me experimental and data analysis
methods. I would like to acknowledge Dr. Kevin Alloway as well for reading this thesis and
providing feedback.
In addition, I would like to note that members of the Master Conversion Molecule project
team in the Chen Lab, Jiuchao Yin, Ningxin Ma, and Hana Yeh, have collaborated under the
leadership of Lei Zhang to investigate chemical reprogramming of astrocytes into neurons. While all
members were involved in the drug screening process as well as cell culture, Jiuchao Yin and Hana
Yeh largely worked on immunocytochemistry, Ningxin Ma performed epigenetic regulation studies,
Lei Zhang did electrophysiology and in vivo work, and I mainly conducted time-lapse imaging and
gene analysis. Some of the work presented here include data published on Cell Stem Cell for which I
have fifth authorship (Zhang et al, 2015). To provide a more holistic picture of the overall study on
small-molecule-driven chemical reprogramming, I have included data from work performed by lab
members, Hana Yeh, Jiuchao Yin, and Lei Zhang.

1

Chapter 1
Using Small Molecules to Reprogram Astrocytes into Neurons

Reprogramming Astrocytes to Generate Neurons
Brain injury or neurodegenerative diseases such as Alzheimer’s and Lou Gehrig’s disease
commonly involve irreversible neuronal loss. Although adult neurogenesis can occur in the hippocampus
and subventricular zone of the brain, neuron regeneration via this pathway carries limited capacity to
repair brain damage or compensate for degenerating neurons. Regeneration of neurons are restricted to
confined regions of the brain and migration of the newborn neurons are limited (Ming et al., 2011).
Considering the limitation of adult neurogenesis, effective methods to provide new neurons in the injured
or diseased brain have been the target of potential therapy for brain injury and neurodegenerative
diseases.
Current brain repair approaches largely involve cell replacement therapies using exogenous cells
derived from embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) to make neurons
(Sahni and Kessler, 2010; Takahashi and Yamanaka, 2006). Transplantation therapies using ESC or iPSC
derived cells have also been investigated in neurodegenerative disease models (Dimos et al., 2008; Kriks
et al, 2011). Although these methods carry great potential for regenerating neurons, their clinical
applications face major challenges including immunorejection, tumorigenesis, and uncertainty in
differentiation (Lee et al., 2013). Such complications can be avoided in in situ experiments, which aim to
reprogram endogenous brain cells into functional neurons. In situ approach allows for direct regeneration
of neurons in the brain, and thus, there is no need for invasive and risky procedures such as cell
transplantation. In the brain, the main target for such reprogramming are the astroglial cells.
The central nervous system (CNS) is comprised of two major cell types: neurons and glial cells.
Neurons are excitable cells that conduct electrical impulses and carryout the major functions of the CNS.
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On the other hand, glial cells function as supporters of neurons. The most abundant type of glial cells in
the CNS are the astrocytes which protect neurons. In brain injury or neurodegenerative disorder models,
astrocytes become highly activated and reactive astrocytes proliferate to form glial scars. The abundance
of astrocytes in the brain and abnormal increase of these cell types in brain pathology make these cells the
major target for cellular reprogramming to regenerate neurons and compensate for neuronal loss.

Using Small Molecules to Reprogram Astrocytes into Neurons
Researchers have demonstrated that astroglial cells can be directly reprogrammed into functional
neurons in vitro and in vivo by overexpressing transcription factors such as NeuroD1, SOX2, NGN2, and
ASCL1 (Guo et al., 2014; Heinrich et al., 2014; Liu et al., 2015). Indirect reprogramming in which
astrocytes first de-differentiate into neuroblasts and then differentiate into neurons can also be achieved
by activation of transcription factors (Niu et al., 2013; Su et al., 2014). However, these studies on the
activation of transcription factors in brain cells have largely employed a gene therapy approach which
requires usage of virus vectors. Retroviruses or lentiviruses are the common transfer vectors used to
introduce genes to cells, and these viruses can be toxic, possibly leading to adverse side effects. Effective
delivery of viral vectors also requires sophisticated brain surgery which holds its own health risk.
Therefore, alternative methods of regulating the expression of transcription factors are necessary for
reprogramming astrocytes to neurons.
One novel approach to converting cells is to use small molecule compounds. Small molecules are
low molecular weight compounds (< 900 Daltons) that regulate biological processes. Most natural and
synthetic drugs are considered small molecules. Small molecules can affect cellular processes by
modulating signaling pathways involved in cell proliferation, differentiation, or death. Using small
molecule compounds to reprogram astrocytes into neurons holds less risk and is more applicable. Unlike
viral vectors, small molecule compounds are non-immunogenic and less invasive. They can be easily
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synthesized and carry the potential of being delivered by ingestion. Small molecule usage also potentiates
gradient chemical therapy which mimics morphogen gradients essential in neurodevelopment such as
WNT, BMP, and sonic hedgehog signaling. Despite these advantages, small molecule approach also
holds limitations including nonspecific delivery of drugs, toxicity at high concentrations, and short halflives. However, with the emergence of nanotechnology, small molecules can be delivered via
nanoparticles to avoid in vivo degradation and nonspecific delivery, reducing potential side effects.
Previous studies have shown that small molecules can help with cell reprogramming by
regulating transcription factors and modulating epigenetic mechanisms (Li et al., 2014; Hou et al., 2013).
Using cocktails of small molecules, mouse embryonic fibroblasts have been successfully converted to
pluripotent stem cells, neuroprogenitor cells (NPCs), and neurons (Hou et al, 2013; Cheng et al., 2014;
Hu et al., 2015; Li et al., 2015). Huo et al. obtained chemically induced pluripotent stem cells from mouse
somatic cells using a cocktail of VPA [an inhibitor of histone deacetylase], CHIR99021 [GSK-3 kinase
inhibitor], 616452, Tranylcypromine [monoamine oxidase inhibitor], DZNep [inhibitor of histone
methyltransferase], and forskolin [cAMP agonist] (2013). Cheng et al. demonstrated that neural
progenitor cells can be induced from somatic cells by a combination of VPA, CHIR99021, and Repsox
[TGF-β pathway inhibitor] (2014). Li et al. showed that mouse fibroblasts can be directly reprogrammed
into functional neurons by using I-BET151 [BET family bromodomain inhibitor which disrupts fibroblast
fate], ISX9 [neurogenesis inducer], forskolin, and CHIR99021 (2015).
Small molecules can also induce neural differentiation of stem cells (Chambers et al., 2012).
Chambers et al. reported that dual inhibition of SMAD signaling by Noggin and SB431542 induces
neural conversion of human embryonic stem cells (2009). Chang et al. also demonstrated that small
molecules can accelerate differentiation of human pluripotent stem cells into functional nociceptors
(2012). LDN193189 and SB431542 was used to inhibit SMAD signaling followed by CHIR99021,
SU5402 [potent inhibitor of VEGF, FGF, PDGF tyrosine kinase signaling], and DAPT [γ-secretase
inhibitor; blocks Notch signaling] to initiate neural induction (2012).

4
Previously, our lab has reported that retroviral activation of a single neural transcription factor,
NeuroD1, can reprogram reactive glial cells into functional neurons in stab-injured or Alzheimer’s disease
model mice (Guo et al., 2014). In this study, it was hypothesized that an appropriate combination of small
molecules will be able to substitute the virus-mediated gene expression of NeuroD1and activate
endogenous neural transcription factors to effectively reprogram astrocytes into neurons. My honors
thesis reveals a novel method in which astrocytes from the human brain can be directly reprogrammed
into neurons via a stepwise application of small molecules. Chemical reprogramming of human astrocytes
into neurons carries the potential of opening a new alternative approach for treating brain injury and
neurodegenerative diseases in the future.
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Chapter 2
Materials and Methods

Mouse and Human Astrocyte Cell Culture
For cell culture, mouse astrocytes were obtained from wild type C57/BL6 mice pups. Human
astrocytes were purchased from ScienCell (HA1800, California) or GIBCO (N7805-100); these primary
cultures have been isolated from human fetal brain tissue. All cell cultures were plated in DMEM/F12
medium (GIBCO) which contains 10% fetal bovine serum (GIBCO), penicillin/streptomycin (GIBCO),
and 3.5 mM glucose (Sigma), supplemented with B27 (GIBCO), 10 ng/ml epidermal growth factor (EGF,
Invitrogen), and 10 ng/ml fibroblast growth factor 2 (FGF2, Invitrogen). Cell cultures were incubated
under conditions of humidified air with 5% CO2 at 37◦C.

Chemical Reprogramming of Astrocytes into Neurons in vitro
For chemical reprogramming, astrocytes were cultured on coverslips (12 mm) coated with polyD-lysine (PDL, Sigma) at a density of 50,000 cells per coverslip in 24-well plates (BD Biosciences). Prior
to chemical treatment, the cells were cultured in human astrocyte medium until 90% confluency was
reached at which point half of the medium was substituted with N2 medium containing DMEM//F12
(GIBCO), penicillin/streptomycin (GIBCO), and N2 supplements (GIBCO). The time point when N2
medium was mixed to cell culture was designated as day 0 (D0) of drug treatment. Cells were treated with
N2 medium containing appropriate combinations of small molecules for a duration of 9 days. Details of
the small molecule treatment as well as control are summarized below (Table 1). The combination of 9
small molecule compounds used for chemical reprogramming have been named Master Conversion
Molecules or MCM. After completion of drug treatment at D9, the culture medium was replaced with
neuronal differentiation medium (NDM) containing DMEM/F12 (GIBCO), 0.5% FBS (GIBCO), 3.5 mM
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glucose (Sigma), penicillin/streptomycin (GIBCO), and N2 supplement (GIBCO). Every week, 200 ul of
NDM medium was added to each well in 24-well plate to maintain consistent osmolarity. Brain-derived
neurotrophic factor [BDNF] (20 ng/ml, Invitrogen), Insulin-like growth factor-1 [IGF-1] (10 ng/ml,
Invitrogen), and neurotrophin 3 [NT3] (10 ng/ml, Invitrogen) were added every four days to NDM until
D30 in order to promote synaptic maturation of the reprogrammed neurons (Song et al., 2002).

Table 1. Small Molecule (MCM) and Control Treatment Protocol.
Days in
Treatment

Control

Small Molecule (MCM)

D0

½ HA medium

½ HA medium

½ N2 medium

½ N2 medium

Change to 1% DMSO
N2 medium

Change to N2 medium with

Refresh with 1% DMSO
N2 medium

Change to N2 medium with

D1

D3

D7

D9

Refresh with 1% DMSO
N2 medium

Change to NDM

TTNPB (0.5 uM, Tocris #0761)
SB431542 (5 uM, Tocris #1614)
LDN193189 (0.25 uM, Sigma #SML0559)
Tzv (0.5 uM, Cayman #14245)

CHIR99021 (1.5 uM, Tocris #4423)
DAPT (5 uM, Sigma #D5942)
VPA (0.5 uM)
Tzv (0.5 uM)

Change to N2 medium with
SAG (0.1 uM, Cayman #11914)
Purmo (0.1 uM, Cayman #10009634)
Tzv (0.5 uM)

Change to NDM with
BDNF (20 ng/ml, Invitrogen)
NT3 (10 ng/ml, Invitrogen)
IGF-1 (10 ng/ml, Invitrogen)
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Time-Lapse Imaging of Conversion Process
For time-lapse imaging, GFP-positive human astrocytes were generated by virus transduction. 1ul
pCAG::GFP-IRES-GFP retroviral suspension was added to human astrocyte cultures in T25 flasks. Two
hours post viral transduction, TrypLE was applied to dissociate cells and the cells were plated on poly-Dlysine (PDL)-coated coverslips (cell density of 50,000 cells per coverslip) in 24-well plates. Clusters of
GFP-positive cells were imaged with epifluorescent microscope (Nikon TE-2000-S) at days 0, 2, 4, 6, 8,
and 10 either with or without MCM treatment described previously. Images were taken at consistent time
points prior to changing the medium with new group of drugs for the treatment day.

Immunocytochemistry to Analyze Protein Expression
For immunostaining, cells on coverslips were fixed with 4% paraformaldehyde (PFA) in 1x PBS
for 15 minutes at room temperature. Cells were washed with 1x PBS three times for 5 minutes each and
blocked with blocking buffer (2.5% normal goat serum, 2.5% normal donkey serum, 0.1% Triton X-100
in 1x PBS). Cell were incubated with combinations of primary antibodies for various protein markers of
interest in the blocking buffer at 4◦C overnight. After primary antibody staining, cells were washed three
times with 1x PBS. Secondary antibodies (anti-mouse, rabbit, or chicken) conjugated with Alexa 647,
Alexa 546, and Alexa Fluor 488 (1:800, Molecular Probes) diluted in blocking solution were used to
incubate cells for 1 hour at room temperature in dark. After washing in 1x PBS three times, cells on
coverslips were mounted onto microslides with an anti-fading mounting solution with DAPI (Invitrogen).
Immunofluorescence images were taken by epifluorescent microscope (Keyence BZ-9000) or confocal
microscope (Olympus FV1000). FV10-ASW 3.0 Viewer software (Olympus) was used to generate and
analyze z-stacks of digital images.
For data and statistical analysis of immunostaining, cell counting was performed on images taken
at several randomly chosen fields for each coverslip. Image J software was used to analyze fluorescence
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intensity. Student’s t test and one-way ANOVA test were used to compare between two groups of data
and to conduct statistical analyses of multiple groups of data, respectively.

Gene Expression Analysis by qRT-PCR and PCR Array
RNA extraction
During the chemical conversion process (D0, D2, D4, D6, D8, and D10), total RNA from human
astrocytes were extracted using Macherey-Nagel NucleoSpin® RNA kit. Three repeats of culture cell
batches were analyzed for replication and statistical analysis. For each coverslip in the wells of 24-well
plate, 350 ul of lysis buffer was added and cell lysates were collected. Homogenized cell lysates were
mixed with 70% ethanol and ran through the NucleoSpin® RNA Column to bind RNA. The column was
digested with rDNase at room temperature for 15 minutes and pure RNA was eluted with 40 ul RNasefree H2O, yielding RNA concentrations between 30 to 300 ng/ul per well. NanoDrop was used to measure
RNA concentration and check RNA quality by A260/A280 ratios. All isolated RNA had A260/A280 ratio
between 2 and 2.15, which confirms RNA purity. Isolated RNA samples were stored at -80◦C.

cDNA Synthesis and Quantitative Real-Time PCR
For quantitative Real-Time PCR (qRT-PCR), cDNA was synthesized from mRNA using
qScriptTM cDNA SuperMix (Quanta Biosciences). For each sample, 1 ug of total RNA template was used
and 20 ul of reverse-transcriptase reaction volume was incubated at 25◦C for 5 min, 42◦C for 30 min, and
85◦C for 5 min. cDNA synthesis product was then diluted 5-folds by adding 80 ul RNase/DNase-free
H2O.
Forward and reverse primers for qRT-PCR were designed with Applied Biosystems Primer
Express software. Sequences of the primer sets used are listed below (Table 2).
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Table 2. Sequences of Primers Targeting Human Genes for qRT-PCR.
Gene name

Forward primer sequence (5’ to 3’)

Reverse primer sequence (5’ to 3’)

GAPDH

TGGGCTACACTGAGCACCAG

GGGTGTCGCTGTTGAAGTCA

NEUROD1

CCTGCAACTCAATCCTCGGA

GGCATGTCCTGGTTCTGCTC

NGN2

ATTTGCAATGGCTGGCATCT

CACAGCCTGCAGACAGCAAT

GFAP

CGCAGTATGAGGCAATGGC

ACCACTCTTCGGCTTCATGC

ALDH1L1

CGCTGTACAACCGCTTCCTC

CCTGCACCATCCCTTTGATG

DCX

TGCTTGGGCCTCACACTAGC

CATATACCGCAATCAAGAAATACTC

qRT-PCR reactions were set up by mixing 5 ul or one-tenth of cDNA corresponding to 1 ug of
total RNA with1 ul of forward and reverse primers (400 nM per reaction), 12.5 ul of PerfeCTaTM SYBR®
Green SuperMix, ROXTM(Quanta Biosciences), and RNase/DNase-free H2O to form a final reaction
volume of 25 ul. For core drug experiments, the PCR reactions were optimized by reducing the final
reaction volume to 12 ul while keeping the relative amounts of reagents the same. Real-time cycler
Applied Biosystems® StepOnePlusTM was used for amplification and data collection. 40 PCR cycles of
95◦C for 15s and 65◦C for 45s were conducted followed by melt curve analysis to assess primer
specificity. Data analysis for gene expression fold changes were done by the Comparative Ct method
(ΔΔCT Method) which allows for relative quantification. GAPDH was used as internal control gene and
relative gene expressions of various group samples were analyzed with respect to gene expression at D0
for control group (fold change of 1). Two replicates of each PCR reactions with three repeated batches of
cell samples were performed for statistical analysis.

RT2 First Strand Synthesis and RT2 Profiler PCR Array Human Neurogenesis
RT2 Profiler PCR Array Human Neurogenesis (QIAGEN, PAHS-404ZC-12) was conducted on
human astrocyte cell cultures for control groups (D0, D4, and D8) and small molecule treated groups (D4
and D8). RT2 First Strand Kit (QIAGEN #330401) was used to synthesize cDNA from total RNA
extracted via NucleoSpin® RNA kit. For each 96-well PCR array plate, cDNA was synthesized by
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incubating 0.5 ug of total RNA mixed with 19.5 ul reverse-transcription master mix (total reaction
volume of 20 ul) at 42◦C for 15 min followed by 95◦C for 5 min. 81 ul of RNase-free H2O was added to
the 20 ulcDNA synthesis reaction volume to dilute the sample. For each 96-well PCR array plate,
RT2SYBR Green qPCR mastermix (QIAGEN #330522) was added to 101 ul of the diluted cDNA, and 25
ul of PCR components mix were transferred to each well of Human Neurogenesis PCR array plate. PCR
reaction and data collections were done by real-time cycler Applied Biosystems® StepOnePlusTM. 40
PCR cycles of 95◦C for 15 seconds and 60◦C for 1 min were ran for amplification, and the following melt
curve analysis assessed the specificity of primers. Threshold values for the tested genes were set at same
values for all RT2 Profiler PCR Array runs in the same analysis. Quantification of the collected data was
done using RT2 Profiler PCR Array Data Analysis version 3.5 (QIAGEN). Gene expression levels of the
control group at D0 with no drug treatment were set as control (fold change of 1) for data analysis.

In Vitro Electrophysiology
Multiclamp 700A patch clamp amplifier (Molecular Devices, Palo, Alto, CA) was used to
conduct whole-cell patch clamp recording as described by Guo et al (2014). Spontaneous events, resting
potential, and action potentials were detected for the converted neurons at approximately two months
after small molecule treatment. Generally, membrane potentials were kept at -70 mV for voltage-clamp
experiments, but the holding potential was changed to 0 mV for IPSCs recordings. pClamp 9 software
(Molecular Devices, Palo Alto, CA) was used to acquire data for Na+ and K+ currents and action
potentials, and MiniAnalysis software (Synaptosoft, Decator, GA) was used to study spontaneous
synaptic events at room temperature (22-24◦C).
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Chapter 3
Results

Screening of Small Molecule Compounds
Based on literature sources revealing the use of various small molecules for somatic cell
differentiation and neurodevelopment, we identified 20 potential candidates that met our selection criteria
(Chambers et al, 2009; Huangfu et al., 2008; Ladewig et al., 2012; Li et al., 2011; Liu et al., 2013; Sirko
et al., 2013; Zhang et al., 2011). The major selection criteria for small molecules were 1) to inhibit
astrogliogenesis, 2) to induce neurogenesis, and 3) and to promote neural differentiation through
regulation of appropriate cellular signaling pathways (Table 3). The 20 small molecules selected for
functional screening include: RepSox, dorsomorphin, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-Sphenylglycine t-butyl ester (DAPT), BMS-299897, LDN193189, SB431542, CHIR99021, TWS119,
Y27632, Smoothened agonist (SAG), purmorphamine (Purmo or PMM), retinoic acid (RA), TTNPB,
Thiazovivin (TZV), valproic acid (VPA), forskolin, BIX01294, RG-108, ISX9, and Stattic. These small
molecules target signaling pathways crucial for neurodevelopment and neurodifferentiation such as
TGFβ/BMP, WNT/GSK3β, Retinoic Acid (RA), sonic hedgehog, DNA methylation, and histone
deacetylation.

Table 3. Selection Criteria for Small Molecule Screening
Small Molecule Group

General Function

Gliogenesis inhibition

Inhibition of SMAD and BMP pathway

Neurogenesis induction

Inhibition of Notch pathway
Activation of WNT pathway

Neural differentiation promotion

Activation of sonic hedgehog signaling
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Using the 20 selected small molecule compounds, we tested more than 100 combinations and
sequences of drug treatments on mouse and human astrocytes in vitro. Even with the same combination
and order of small molecules, we had to test different concentrations of each compound in order to reduce
cell death and maximize cell conversion. Initial testing of small molecules revealed that adding several
small molecules at one time point with high concentrations results in massive cell death within 2 days of
treatment. To reduce cell death and to approach cell conversion in a stepwise manner of first reducing
glial fate and then activating neural pathway, we added specific groups of small molecules sequentially
over the course of 9 days.
Based on our extensive functional screening process, we were able to identify a cocktail of 9
small molecule compounds that can reprogram human astrocytes into neurons in 8-10 days when added
sequentially (Table 1, Table 4). The first group of small molecules added to inhibit glial signaling
pathways are: TTNPB [retinoic acid receptor agonist], LDN193189 [BMP receptor inhibitor], SB431542
[TGF-β/activin receptor inhibitor]. Following this, second combination of small molecules is added to
activate signals involved in inducing neurogenesis: CHIR99021[glycogen synthase kinase 3 (GSK-3)
inhibitor, activator of WNT pathway], DAPT [γ-secretase inhibitor, inhibitor of notch signaling], and
VPA [histone deacetylase inhibitor]. Last group of drugs is added to activate sonic hedgehog signaling for
neuronal differentiation: SAG and Purmo [sonic hedgehog signaling pathway agonists]. TZV [Rhoassociated kinase (ROCK) inhibitor] is added throughout 9 days of small molecules treatment to promote
cell survival. Summary of the cocktail of 9 small molecules used for chemical reprogramming and their
functions is provided in Table 4. We name these 9 small molecules the Master Conversion Molecules
abbreviated as MCM throughout this paper. After completion of small molecules treatment at 9 days in
treatment or D9, neurotrophic factors including BDNF, NT3, and IGF-1 are added to promote maturation
of converted neurons. Treatment details for chemical reprogramming of human astrocytes into neurons
are provided in Methods (Table 1).

13
Table 4. Small Molecule Compounds Used for Chemical Reprogramming
Groups

Small Molecule Compounds and Their Functions
•
•

TTNPB = Retinoic acid receptor ligand
Dual inhibition of SMAD pathway
- SB 431542 = Activin-like kinase 5 (ALK5) inhibitor,
TGF-β receptor inhibitor
- LDN193189= BMP receptor inhibitor

•
•
•

VPA = Histone deacetylase inhibitor, anticonvulsant
CHIR99021 = GSK-3 inhibitor, activates WNT pathway
DAPT = γ-secretase inhibitor, notch pathway inhibitor

Sonic Hedgehog
Pathway Activation

•
•

SAG = SMO agonist
Purmorphamine (Purmo) = activates SMO receptor

Cell Survival

•

Thiazovivin (TZV) = Rock inhibitor, help neuronal survival

Priming
Reduce Glial
Signaling Pathway

Neural Differentiation

Effect of Small Molecules on Mouse Astrocytes in vitro
Our initial testing for the small molecule compounds was done with mouse astrocytes in vitro.
Small molecules treatment cause morphological changes in the mouse astrocytes, yet do not result in the
conversion of these astrocytes into neurons. In addition, some combinations of small molecule
compounds cause little changes in morphology while some also result in massive cell death of mouse
astrocytes. Generally, addition of small molecules causes mouse astrocytes to become more dimensional
compared to the control group without drug treatment. One of several combinations of small molecule
compounds which causes morphological changes of mouse astrocytes include the following: BIX-01294
[histone methyl transferase inhibitor], RG-108 [DNA methyl transferase inhibitor], VPA, CHIR99021,
LDN193189, SB431542, forskolin, and Purmo (Figure 1). At the end of treatment with these compounds
at D6, mouse astrocytes become more elongated and fibroblast-like in morphology (Figure 1).
Immunostaining for neuronal markers reveals very few elongated cells with branch formations that are
positive for Tuj1 [neuron-specific class III beta tubulin] and DCX [neuronal migration protein] (Figure 2).
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However, no significant differences between the treatment groups and the control group are observed.
Accordingly, the small molecule compounds we tested are not sufficient to efficiently reprogram mouse
astrocytes into neurons.

Figure 1. Small Molecules Cause Mouse Astrocytes to Become Elongated and Fibroblast-like in
Morphology in vitro. Phase images of mouse astrocytes untreated or treated with small molecules in
vitro at 2, 6, and 9 days in treatment (DIT). For Group 1, cells were treated with BIX-01294 (1uM), RG108 (20 uM), VPA (1 mM), CHIR 99021 (3 uM), LDN 193189 (0.5 uM), and SB 431542 (10 uM) in
NPC medium for 2 days followed by addition of Forskolin (10 uM) and Purmo (1 uM) at 5 DIT. In
Group 2, cells were treated with same combinations of drugs but with one-third concentrations for CHIR,
LDN, and SB compounds. In control groups, cells were cultured in NPC medium with no chemical
additions.
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Figure 2. Small Molecule Treatment of Mouse Astrocytes Do Not Yield Many Neuron-like Cells
Expressing Neuronal Protein Markers. Representative immunostaining images of mouse astrocytes
untreated or treated with small molecules in vitro at 10 DIT. Cells are stained for Tuj1, DCX, GFAP, and
DAPI as indicated. Small molecule treatments for Group 1 and Group 2 are the same as in Figure 1.

Reprogramming Human Astrocytes into Neurons by Small Molecules in vitro
Although small molecules we tested are not capable of successfully converting mouse astrocytes
into neurons, we are able to reprogram human astrocytes into neurons using a cocktail of 9 drugs or MCM
(Table 4). Treatment of human astrocytes with MCM causes neuron-like morphology changes throughout
the conversion process (Figure 3). Morphological changes during the chemical reprogramming process
were visualized by time-lapse imaging of retrovirus-transduced GFP-positive human astrocytes from D0
to D8 of MCM treatment (Figure 3). While the astrocytes stay relatively static, the converted neurons tend
to migrate and thus, following the same GFP-positive cells was challenging. Time-lapse imaging shows
that small molecule treatment causes GFP-positive live astrocytes to transform from a flat, polygonal
astroglial morphology into neuron-like cells with long neurites by D8 (Figure 3). Once converted into
neuron-like morphology, the GFP-positive cells tend to cluster into groups for the MCM group. In
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contrast to the MCM-treated group, the control group (1% DMSO) contains no such morphological
changes and cells remain as astroglial morphology (Figure 3). Following live-cell imaging,
immunostaining with neuronal markers MAP2 [microtubule associated protein 2] and NeuN [neuronalspecific nuclear protein] reveals that the GFP-positive cells with neuron-like morphology in the MCM
group also express the two neuronal markers at 10 days after initial drug treatment (Figure 3).

Figure 3. Time-lapse Imaging Reveals Direct Conversion of Human Astrocytes into Neurons by
Small Molecules (MCM) in vitro. Time-lapse images of GFP-positive human astrocytes untreated
(Control, 1% DMSO) or treated (MCM) with small molecules at D0, D2, D4, D6, and D8 since initial
drug treatment. Column to the very right shows immunostaining results (GFP, NeuN, and MAP2) for the
converted cells in MCM group at D10. n = 3 batches of cell culture.
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Stepwise exposure of human astrocytes to the 9 small molecules (MCM) results in many neuronal
cells that are immunopositive for neuronal makers DCX, Tuj1, and MAP2 at D14 (Figure 4; data
provided by Lei Zhang; Zhang et al, 2015). At 30 days after initial drug treatment (D30), converted
neurons form extensive dendrites (MAP2) and express mature neuronal marker NeuN (Figure 4). In
contrast, the control group (1% DMSO) without MCM treatment have minimal number of cells
expressing neuronal markers DCX, Tuj1, or MAP2 (Figure 4).

Figure 4. Small Molecules (MCM) Convert Human Astrocytes into Neurons Expressing Neuronal
Proteins in vitro. Immunostaining results of human astrocytes treated with small molecules (MCM, D14
and D30) or control (1% DMSO, D14) in vitro. Cells are stained with neuronal protein markers (DCX,
Tuj1, and MAP2) and DAPI (Immunocytochemistry and imaging done by Lei Zhang; Zhang et al., 2015).
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The reprogramming efficiency of MCM treatment was quantified based on the ratio of Tuj1 to
nuclear DAPI (neurons per total cells) of immunostaining results for the cell cultures after 8 days of small
molecule treatment (D8) (Figure 5; data provided by Jiuchao Yin; Zhang et al., 2015). MCM treatment is
capable of successfully converting approximately 67% of human astrocytes into neurons in vitro,
indicating high conversion efficiency (Figure 5).

Figure 5. Small Molecules (MCM) Convert Human Astrocytes into Neurons with High Conversion
Efficiency. Quantification of conversion efficiency based on Tuj1- positive cells in the immunostaining
images of human astrocytes untreated (Control, 1% DMSO) or treated (MCM) with small molecules at
D8. Control, 3.3 ± 0.5%; MCM, 67.1 ± 0.8%; n = 4 batches of cell culture; ***p < 0.001, Student’s t-test.
Size of the scale bar is 20 um (Immunocytochemistry and quantification performed by Jiuchao Yin;
Zhang et al., 2015).

To further characterize the human astrocyte-converted neurons induced by small molecules, cells
were immunostained with various markers for neuronal subtypes including VGluT1 [glutamatergic],
GAD67 [GABAergic], VAChT [cholinergic], TH [dopaminergic], and Isl1 [spinal motor neuron]. The
converted neurons are immunonegative for VAChT, TH, and Is1 while the majority of them are
immunopositive for excitatory glutamatergic marker VGluT1 (88.3 ± 4%, n = 4 batches) and some small
fraction of cells are positive for inhibitory GABAergic marker (8.2 ± 1.5%, n = 3 batches) (Figure 6; data
provided by Lei Zhang and Jiuchao Yin; Zhang et al., 2015). Immunostaining results reveal that most of
our chemically induced neurons are excitatory glutamatergic while some are inhibitory GABAergic in
subtype.
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Figure 6. Majority of the Small-molecule Induced Human Neurons are Glutamatergic While Some
are GABAergic Neurons. Immunostaining result of 2-3 month old small-molecule derived neurons
(MAP2+) stained for (A) VGluT1 [vesicular glutamate transporter 1], (B) GAD67 [glutamate
decarboxylase], (C) VAChT [vesicular acetylcholine transporter], (D) TH [dopaminergic neuronal marker
tyrosine hydroxylase], and (E) Isl1 [spinal motor neuron marker]. (F) Quantification result from
immunostaining: VGluT1, 88.3 ± 4%, n = 4 batches; GAD67, 8.2 ± 1.5%, n = 4 batches (Immunostaining
and quantification done by Lei Zhang and Jiuchao Yin; Zhang et al., 2015).

Protein Expression Changes during Conversion
To more closely investigate the process of chemical reprogramming, we analyzed the protein
expression levels of neural transcription factors as well as neuronal and astroglial markers throughout
small molecule treatment (D0 to D10). Immunostaining results and quantification of protein expression
levels reveal increase of neural transcription factors during chemical reprogramming (Figure 7; data
provided by Hana Yeh; Zhang et al., 2015). Expression levels of endogenous neural transcription factors
including ASCL1 [achaete-scute homolog 1], NGN2 [neurogenin 2], and NeuroD1 [neurogenic
differentiation 1] increase starting from D2 followed by gradual decrease after peak expression at
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different days. ASCL1 significantly increases at D2 by 3-fold, NGN2 expression is highest at D4, and
NeuroD1 peaks at D6 by > 3-fold (Figure 7). Neuronal signals DCX and NeuN gradually increase from
D0 to D10 in the MCM-treated groups (Figure 7). Increase in NeuN expression becomes significant
starting from D6 while expression levels of astrocyte marker GFAP [glial fibrillary acidic protein]
significantly decrease starting from D2 (Figure 7). Increased protein levels of neural transcription factors
and neuronal markers along with suppressed astroglial marker during chemical reprogramming align with
the strategy we approached as well as expected changes in cells during conversion.
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Figure 7. Protein Expression Levels of Neural Transcription Factors and Neuronal Proteins
Increase during Conversion of Human Astrocytes into Neurons. Immunostaining results showing
expression levels of neural transcription factors (ASCL1, NGN2, and NeuroD1), neuronal proteins (DCX
and NeuN), and astrocyte marker (GFAP) during chemical reprogramming of human astrocytes by small
molecules (D0, D2, D4, D6, D8, D10). Normalized intensity of ASCL1, NGN2, NeuroD1, and GFAP as
well as number of NeuN-positive cells per field were quantified; n = 3 batches; scale bars represent 20 um
(Immunocytochemistry and quantification done by Hana Yeh; Zhang et al., 2015).
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Gene Expression Changes during Reprogramming
To further investigate the molecular mechanism by which the small molecules mediate chemical
reprogramming, we analyzed the transcriptional regulation of a panel of genes related to neurogenesis and
neural stem cells during astrocyte-to-neuron conversion. Human Neurogenesis PCR array (QIAGEN) was
used to profile the expression of 84 genes involved in neurogenesis and neural stem cell differentiation.
The array includes genes that regulate cell cycle, proliferation, differentiation, and motility important for
neurogenesis as well as genes related to synaptic functions, apoptosis, and cell adhesion. Various
transcription factors, cofactors, growth factors, and cytokines important for neural stem cells and
neurogenesis are also screened by the array. Details regarding the specific genes as well as their functions
in neurogenesis and neural stem cell are provided in Appendix A.
PCR array reveals significant increase in gene expression of neural transcription factors
(NGN1/2, NeuroD1, and ASCL1) and early neuronal gene (DCX) at day 4 and 8 after initial small
molecule treatment (Figure 8). After 4 days into MCM treatment, ASCL1, NeuroD1, NGN1, and NGN2
genes are upregulated by 31, 81, 116, and 310-fold respectively and their expression levels continue to
remain upregulated by 12, 24, 4, and 5-fold at D8 in comparison to the control group without small
molecule treatment. Transcriptional level of immature neuronal protein DCX increase up to 113 and
2090-fold at D4 and D8 respectively, suggesting that the astrocyte-converted neurons are mostly
immature at the end of MCM treatment at D8. Transcriptional activation of other neuronal genes (MAP2,
ROBO1, TENM1, DRD2, NTN1) is observed ranging from 2 to 30-fold at D4 or D8 in small molecule
treated groups (Figure 8). Glia-related genes (S100A6, ARTN, BDNF, EGF, HEY1, ARTN, DLL1) are
generally shown to be downregulated up to 4-fold at D4 or D8 (Figure 8). On the other hand, no
significant transcriptional changes of these genes are observed for the control group treated with 1%
DMSO at days 4 and 8 (Figure 8). Interestingly, we do not find substantial transcriptional changes for
other genes included in the PCR array.

23

Figure 8. PCR Array Reveals Transcriptional Activation of Neural Transcription Factors and
Immature Neuronal Genes during Chemical Reprogramming. PCR array data comparing expression
levels of glial, neuronal, neural transcription factors (NTF), and stem cell genes in small molecule treated
(MCM) versus control (1% DMSO) groups at D4 and D8. Fold changes are calculated relative to
expression levels of control group at D0. Many other genes involved in various cell signaling pathways
had non-significant expression changes and thus not shown. The genes with statistically significant
change in fold change compared to control group are shown for the MCM group; n = 3 batches, p <0.05,
Mann-Whitney t test (Zhang et al, 2015).

To confirm the results from PCR array and to further investigate the time course of gene
expression changes during chemical reprogramming, we performed quantitative real-time PCR
experiments. Analyzing the transcriptional level of genes at D0, D2, D4, D6, and D8 of MCM treatment
revealed that neural transcription factors gradually increase up to their peaks at different time points:
NGN2 and NeuroD1 transcriptions peak at D4 and D6 respectively (Figure 9). We also found significant
downregulation of glia-related genes: transcriptional levels of GFAP and ALDH1L1 [aldehyde
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dehydrogenase 1 family member L1] are reduced over 200-fold at D4 and over 10-fold at D6 respectively
(Figure 9). On the other hand, these genes have little expression changes in control groups without small
molecule treatment (Figure 9). Time course changes of transcriptional levels for neural transcription
factors (NGN2, NeuroD1) and astrocyte marker (GFAP) during chemical reprogramming align with the
protein expression changes occurring during the conversion process, suggesting that small molecules may
be regulating molecular pathways via transcriptional regulation of essential genes (Figure 7; Figure 9).

Figure 9. Transcriptional Levels of Neural Transcription Factors Increase While Astroglial Genes
Decrease during the Conversion Process. qRT-PCR results for gene expression levels of neural
transcription factors (NGN2 and NeuroD1) and astroglial genes (GFAP and ALDH1L1) in small
molecule treated (MCM) versus control (1% DMSO) human astrocytes at D0, D2, D4, D6, and D8. Fold
changes of gene expression levels are quantified relative to expression levels of control group at
corresponding time points. n = 3 batches, *p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA
followed with Dunnett’s test (Zhang et al., 2015).
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Role of Each Small Molecule Compound
To further study the potency of each small molecule compound on human astrocytes, we
investigated the effect of individual drug treatment on the transcriptional levels of NGN2, NeuroD1, and
GFAP after 1 and 4 days of treatment. For all of the 9 small molecules, culturing human astrocytes for 1
or 4 days with one single drug did not lead to any morphological changes. However, while no astrocyteto-neuron conversion was observed, individual drug treatments changed the transcriptional levels of
essential genes (NGN2, NeuroD1, GFAP) regulated during chemical reprogramming.
Interestingly, NGN2 gene expression is upregulated by all of the small molecule compounds
except for SAG and Purmo, sonic hedgehog activators (Figure 10). Transcriptional levels of NGN2
increase most significantly when human astrocytes are treated with CHIR99021 (10-fold at D1 and 120fold at D4), a GSK-3 inhibitor which promotes homeostasis of neuroprogenitor cells (NPC) and induces
neural differentiation (Hur and Zhou, 2010; Li et al., 2012). Expression levels of NeuroD1 are also
generally upregulated by each of the 9 small molecules treatment, with CHIR99021 having the most
significant effect (over 7-fold at D4; Figure 10). Excluding DAPT and SAG/Purmo, the small molecule
compounds generally cause transcriptional reduction of astrocyte marker, GFAP (Figure 10). TTNPB, an
agonist of retinoic acid receptor which has an essential role in patterning the central nervous system
(Maden, 2002), leads to most significant transcriptional downregulation of GFAP (10-fold at D1 and 27fold at D4; Figure 10). SAG/Purmo has little effect on the transcriptional levels of NGN2, NeuroD1, and
GFAP (Figure 10).
Overall, the individual drug experiments reveal that small molecule compounds used for chemical
reprogramming generally upregulate transcription of neural transcription factors while downregulate
astroglial markers. Compared to single drug treatments, treatment with a combination of the small
molecules induce greater increase and reduction of gene expressions for neural transcription factors and
astroglial genes respectively at D4 (NeuroD1, >80-fold increase; NGN2, >200-fold increase; GFAP,
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>200-fold decrease; Figure 9), suggesting that some of the compounds may have an additive effect on the
signaling pathways involved in astrocyte-to-neuron conversion.

Figure 10. Effect of Individual Small Molecule Compounds on Transcription of Neural
Transcription Factors and Astroglial Genes of Treated Human Astrocytes. qRT-PCR results for
expression of NGN2, NeuroD1, and GFAP genes 24 hours and 4 days after treatment of human astrocytes
with individual small molecule compounds (SB431542, CHIR99021, LDN193189, DAPT, SAG/Purmo,
TTNPB, VPA, and TZV). Fold changes quantified with respect to expression levels of control group (1%
DMSO) at D0. n = 3 batches; *p < 0.05, **p < 0.01, ***p < 0.001; Student’s t-test.
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Functional Characterization of Converted Neurons
The potential functionality of the converted neurons was tested using whole-cell patch clamp
recordings (Data provided by Lei Zhang; Zhang et al., 2015). Electrophysiology data reveal that after 1
month since initial drug treatment, converted neurons can fire Na+ (INa = 1,889 ± 197 pA, n = 10) and K+
(IK = 2,722 ± 263 pA, n = 10) action potentials (Figure 11A). However, only sporadic firing of action
potential is observed for these neurons, suggesting that they are still immature. After 3 months since
initial drug treatment, converted neurons are capable of firing repetitive Na+ and K+ action potentials
suggesting they have matured over time (Figure 11B). Significantly, we observe robust spontaneous
synaptic events: excitatory postsynaptic currents (EPSCs; frequency = 0.66 ± 0.14 Hz; amplitude = 24.8 ±
8.2 pA, n =15) and inhibitory postsynaptic currents (IPSCs; frequency = 0.48 ± 0.21 Hz; amplitude = 23.3
± 6.3 pA, n =2) (Figure 11C). Large periodic burst activities are observed for the converted neurons and
dual whole-cell recordings reveal that adjacent neurons have synchronous burst activities (Figure 11D).
Our data suggest that astrocyte-converted neurons mature by 3 months after initial small molecule
treatment and these neurons have a potential for developing functional networks.
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Figure 11. Electrophysiology Data Reveals Small-molecule Induced Human Neurons are Capable of
Firing Action Potentials and Exhibit the Potential to Form Robust Synaptic Networks.
Electrophysiology data showing (A) representative traces of Na+ and K+ currents recorded in 1-month
and 2-month-old human astrocyte-converted-neurons (B) representative trace of repetitive action
potentials recorded from 2-month-old converted neurons (C) representative traces of spontaneous
synaptic events (left, holding potential = -70 mV) and inhibitory GABAergic events (right, holding
potential = 0 mV) from 2-month-old converted neurons (D) dual whole-cell recording of adjacent neurons
with synchronous firing of action potentials (Electrophysiology performed by Lei Zhang; Zhang et al.
2015).

Core Drug versus MCM Treatment
Based on our analysis of individual drug treatment studies as well as drug withdrawal
experiments (data not shown), we tested if our human astrocytes can be converted into neurons with
fewer combination of more potent small molecule compounds among the 9 drugs used for chemical
reprogramming. After several rounds of screening process, we were able to successfully reprogram
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human astrocytes into neurons with a less number of more crucial small molecules among the initial 9
drugs. Here, the specifics names of these small molecules are not discussed and instead, these compounds
are referred to as core drugs.
To investigate whether chemical reprogramming mediated by core drugs involves similar
molecular mechanisms as the 9 drugs (MCM) treatment, we performed quantitative real-time PCR
experiments to analyze transcriptional changes of NGN2, NeuroD1, DCX, and GFAP during the
conversion process. We found that treatment of human astrocytes with core drugs results in a similar
pattern of transcriptional changes as those induced by MCM treatment (Figure 12). By D4, genes for
neural transcription factors, NGN2 and NeuroD1, are expressed up to 1360 and 80-fold greater
respectively compared to control group with 1% DMSO treatment. Immature neuronal gene DCX is
upregulated by 870-fold at D4 while GFAP transcription is reduced by 30 and 4-fold at D1 and D4
respectively as a result of core drugs treatment.

Figure 12. Core Drug Treatment Activates Transcription of Neural Transcription Factors and
Early Neuronal Genes While Reduces Glial Gene Expression during Conversion. qRT-PCR results
for gene expression levels of NGN2, NeuroD1, DCX, and GFAP in human astrocytes treated with core
drugs at D1 and D4. Fold changes were calculated relative to expression levels of control (1% DMSO) at
D0. n = 3 batches.*p < 0.05, **p < 0.01, ***p < 0.001; Student’s t-test.
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We also compared the effectiveness of chemical reprogramming induced by the 9 drugs (MCM)
and the core drugs by immunostaining and gene analysis. qRT- PCR experiments reveal that core drug
treatment results in substantially greater transcriptional activation of neural transcriptional factors (NGN2
and NeuroD1) compared to MCM treatment (Figure 13). Core drugs upregulate transcription of NGN2 by
355 and 1360-fold by D1 and D4 respectively while MCM treatment causes 22 and 160-fold increases at
the corresponding days. NeuroD1 transcription is activated up to 16 and 80-fold at D1 and D4 by core
drugs while MCM group has 3 and 15-fold upregulation for the same days in treatment. Interestingly,
core drugs cause less downregulation of astrocyte marker GFAP compared to MCM groups (Figure 13).
At D1 into treatment, GFAP transcriptional levels are similar (~30-fold decrease compared to control
group) for core drugs and MCM treatment (Figure 13). However, we observe up to 108-fold reduction of
GFAP transcription at D4 for MCM treatment whereas only 4-fold decrease of the gene expression is
observed for core drugs at the same time point. Overall, we find that core drugs induce greater
transcriptional activation of neural transcription factors while they cause smaller downregulation of gliarelated gene compared to MCM treatment.
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Figure 13. Core Drugs Induce Greater Transcriptional Activation of Neural Transcription Factors
Compared to 9 Small Molecules Treatment (MCM). qRT-PCR data for gene expression levels of
NGN2, NeuroD1, and GFAP in Core versus MCM induced reprogramming of human astrocytes into
neurons at D1 and D4. Fold changes were calculated relative to gene expression levels of control (1%
DMSO) group at D0. n = 3 batches. Statistical significance for difference between Core and MCM group
were calculated.*p < 0.05, **p < 0.01, ***p < 0.001; Student’s t-test.
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Chapter 4
Discussion
Our results demonstrate that stepwise application of a cocktail of 9 small molecule compounds
(TTNPB, SB431542, LDN193189, CHIR99021, DAPT, TZV, VPA, SAG, and Purmo) can efficiently
reprogram human astrocytes into neurons in vitro. Our astrocyte-converted-neurons are immunopositive
for neuronal markers (NeuN, TUJ1, MAP2) with the majority of them being excitatory glutamatergic
neurons (88.3 ± 4%) and a small fraction being inhibitory GABAergic neurons (8.2 ± 1.5%). Our
chemically induced human neurons can survive over 5 months, fire repetitive action potentials, and have
spontaneous synaptic events. The potential functionality of the converted neurons remains to be further
investigated.

Small Molecules with Mouse versus Human Astrocytes
The inability of our small molecules to convert mouse astrocytes into neurons in vitro suggest
that mouse and human astrocytes respond differently to small molecules. The effective concentrations as
well as critical treatment length of small molecules for human and mouse astrocytes may differ.
Furthermore, response of human and mouse astrocytes to similar factors or signals can vary. For instance,
inhibition of TGF-β signaling by small molecules impedes human induced pluripotent stem cell (iPSC)
formation while the same inhibitor promotes mouse iPSC formation (Hanna et al., 2010). Reasons behind
the varying responses of human and mouse astrocytes to small molecules are unclear and remain to be
further investigated. Testing different small molecules and more extensively screening for concentrations
and combinations of drugs that induce neuronal conversion can be conducted to achieve successful
reprogramming for mouse astrocytes. For future studies, it would also be interesting to study the effect of
small molecules on mouse astrocytes in vivo either through brain or intraperitoneal injections.
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Role of Small Molecules in Chemical Reprogramming
Time course analyses of protein and gene expression changes during small-molecule induced
reprogramming of human astrocytes to neurons reveal that both protein and transcriptional levels of
neural transcription factors (NGN2, ASCL1, NeuroD1) increase while expression levels of astroglial
genes (ALDH1L1, GFAP) decrease. These results suggest that small molecules exert their effect by
regulating the expression of critical genes at the transcriptional level. Small molecules work together to
inhibit the glial fate of cells while activating signals involved in neurodifferentiation.
Individual drug treatment analyses reveal that CHIR99021, an inhibitor of GSK-3 kinase and
agonist of WNT pathway, plays the most significant role in activating the transcriptional levels of
essential neural transcription factors NGN2 and NeuroD1. On the other hand, TTNPB, an agonist of
retinoic acid signaling, has the largest effect in reducing astroglial gene (GFAP) transcription.
Interestingly, all small molecules tend to increase transcription of neural transcription factors NGN2 and
NeuroD1 while they generally decrease expression of astrocyte marker GFAP. When added in
combinations, the small molecule compounds allow for greater upregulation and downregulation of
neuronal and glial genes respectively compared to single compounds, suggesting that some of the
compounds may be exhibiting an additive effect.
Our results align with the known functional roles of the 9 small molecules used in this study. First
group of small molecules applied to cells include TTNPB [a retinoic acid receptor ligand] and SMAD
pathway inhibitors, SB431542 and LDN193189. Similar to what we expect, these compounds inhibit glial
fate of cells by reducing glial gene expression and activating proneural genes. Second group of
compounds include VPA [histone deacetylase inhibitor], CHIR99021 [GSK3 inhibitor] and DAPT [Notch
inhibitor]. Compounds in the second group also increase and reduce neural and glial gene expressions
respectively, with the exception of DAPT which does not reduce GFAP. This is surprising as Notch
signaling is known to promote gliogenesis and we expect for the Notch inhibitor to reduce glial
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expression accordingly. To further investigate the effect and mechanism of DAPT, we could analyze the
protein expression changes for factors involved in the Notch signaling pathway since DAPT might
function at the post-transcriptional level. Last group of small molecules consists of sonic hedgehog
agonists, SAG and Purmo, and interestingly, these compounds have little effect on transcription of both
neural and glial genes. Again, SAG and Purmo may be affecting cell signaling at the post-transcriptional
level. Also, minimal effect by SAG and Purmo could be explained by the fact that sonic hedgehog is a
morphogen in which gradient of chemicals is essential for signaling.
The cocktail of 9 drugs used in this study mainly induces conversion of human astrocytes into
neurons of two subtypes: excitatory glutamatergic (88.3 ± 4%) and inhibitory GABAergic (8.2 ± 1.5%).
This suggests that our small molecules mediate activation of NGN2 and NeuroD1 to direct neuronal
differentiation into specific subtypes of neurons. According to Schuurmans et al., NGN2 is a neural
transcription factor involved in cell fate determination of glutamatergic neurons in the embryonic brain
development (2004). Aligning with our results, Li et al. observed drastic induction of NGN2 and
NeuroD1 gene expression during their small-molecule-driven reprogramming of mouse fibroblasts into
neurons using ISX, forskolin, CHIR99021, and I-BET151 (2015). Their converted neurons were also
largely glutamatergic (45.8%) or GABAergic (20.8%; Li et al., 2015). In contrast, other studies using
different combinations of small molecules to convert human stem cells into neurons acquired different
neuronal subtypes. Chambers et al. reported that a combination of five small molecules (LDN193189,
SB431542, CHIR99021, DAPT, SU5402) yields hPSC-derived neurons carrying properties of human
nociceptors or sensory neurons expressing Isl1 and BRN3A (2012). This suggests that different
combinations of small molecules can direct differentiation of neurons into specific subtypes. For future
studies, it would be interesting to investigate how different small molecules can specify neuronal
differentiation of human astrocytes into various neuronal subtypes.
It is important to note that we achieved direct chemical reprogramming with human astrocytes
while previous studies have largely used fibroblasts or stem cells to chemically induce neurons. The
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difference in the starting cell types for small-molecule induced reprogramming into neurons may also
explain why we obtained neuronal subtypes different from other groups. In comparison with Li et al.’s
fibroblast-converted-neurons which obtained Tuj1+ neurons 16 days after induction, our small molecules
can achieve chemical reprogramming of astrocytes in shorter time (8-10 days) with longer survival (>
5months) (2015).

Mechanisms Involved in Astrocyte-to-Neuron Conversion
Our results strongly suggest that the 9 small molecules used for chemical reprogramming work
together to inhibit glial pathway while inducing neuronal fate. Based on our observations and our
knowledge of neurodevelopment as well as differentiation, we propose that small-molecule-driven
conversion of human astrocytes into neurons involve the following molecular mechanisms: intrinsic
genetic regulation, external signaling pathways, and epigenetic modulation.

Internal Gene Regulation to Determine Neuronal Fate
During neurodevelopment, signaling pathways, transcription factors, and epigenetic
modifications largely target genes for proneural transcription factors such as NGN1/2, NeuroD1, and
ASCL1. These neurogenic factors belong to the beta-helix-loop-helix (bHLHs) transcription factor
superfamily and play important roles in neural induction. During early neural development, gliogenesis is
repressed and neuronal differentiation is activated byNGN1/2 and NeuroD1 (Miller and Gauthier, 2007;
Hsieh et al., 2004). NGN2 directs neuronal commitment of stem cells and also activates other neural
genes such as NeuroD1 (Urban et al., 2014). NeuroD1 is a strong neuron inducer which specifies neural
fate in hippocampus neurogenesis (Roybon et al., 2009). ASCL1 induces genes involved in cell cycle
progression and promotes neural progenitor cell proliferation as well as neuronal differentiation
(Imayoshi et al., 2013).
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Given the significant roles of these neural factors in neuronal fate determination, it is not
surprising that our small-molecule-driven chemical reprogramming of astrocytes into neurons involves
both transcriptional and translational activation of these genes. Moreover, it is interesting to note that the
expression of these neural factors during conversion follow the known molecular mechanisms and
functional patterns. During chemical reprogramming, we observe increase in the expression levels of
proneural factors (ASCL1, NGN2, NeuroD1) starting from D2 with NGN2 and NeuroD1 expressions
peaking at D4 and D6 respectively, followed by gradual increase in expressions of neuronal proteins DCX
and NeuN. Given the molecular mechanisms of how these genes are regulated, it is not a coincident that
these expression patterns are observed; our chemical reprogramming involves a controlled cascade of
gene and protein expressions.

External Signals to Control Cell Fate
Glial cells and neurons differentiate from neural progenitor cells in response to external signals
that regulate pathways such as GSK3/WNT, TGFβ/BMP, Notch, retinoic acid, and sonic hedgehog.
Glycogen synthase kinase 3 (GSK3) is a serine/threonine kinase which inhibits neuronal differentiation
by suppressing NGN2-mediated transcription (Li et al., 2012). Inactivation of GSK3 leads to neuronal
induction through activation of the WNT/β-catenin pathway (Li et al., 2012). WNT directly activates
genes for neural transcription factors (NGN2, NeuroD1) and WNT/β-catenin activation has been shown
to be critical for hippocampus formation in the embryonic brain as well as adult neurogenesis (Urban et
al., 2014). Bone morphogenetic protein (BMP) and activins are ligands for transforming growth factor
beta (TGF-β) receptor which is a negative modulator of adult neurogenesis (Krieglstein et al., 2011).
TGF-β signaling is transduced by SMAD proteins which translocate into the nucleus as dimers to activate
downstream genes (Krieglstein et al., 2011). Notch signaling promotes astrogenesis and inhibits
neurogenesis by activating effector genes (HES1/5) that directly repress neural factors ASCL1 and NGN2
(Miller and Gauthier, 2007). Retinoic acid (RA) is an important factor for neural stem cell proliferation

37
and neuronal differentiation, and sonic hedgehog (SHH)-based morphogen signaling is critical for pattern
formation of the developing neural tube (Hur and Zhou, 2010; Dessaud et al., 2008).
Based on our observation of protein and gene expression changes, our chemical reprogramming
most likely involves these signaling pathways essential for neurodevelopment. Upregulation of
endogenous neural transcription factors including ASCL1, NGN2, and NeuroD1 during chemical
reprogramming suggest that the small molecules work by modulating GSK3/WNT, TGFβ/BMP, Notch,
retinoic acid, and sonic hedgehog signaling.

Possible Epigenetic Regulation for Cell Differentiation
During early neurodevelopment, epigenetic regulation plays an important role in specifying the
cell fate of precursor cells into neurons or glial cells. DNA methylation of glia-related genes suppress
astrogliogenesis while demethylation of neuronal genes activates neuronal fate (Hirabayashi and Gotoh,
2010). Genes are also regulated by histone modifications such as histone methylation and acetylation.
Histone acetylation of neuron-specific genes such as NeuroD1 activates neuronal differentiation and
accordingly, inhibition of histone deacetylase activity promotes neurogenesis (Hsieh et al., 2004). Hsieh
et al. showed that VPA [inhibitor of histone deacetylase] induces neuronal differentiation of adult neural
progenitors by overexpressing NeuroD1 (2004). Individual drug analysis shows that VPA alone can
upregulate transcription of NGN2 and NeuroD1 at D1 or D4 during chemical reprogramming, and this
suggests that our conversion involves inhibition of histone deacetylation or epigenetic regulation of neural
genes.
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Improving Reprogramming Efficiency
Comparison of core drug and MCM mediated reprogramming suggests that a combination of
fewer small molecules that are more potent can drive successful reprogramming of human astrocytes into
neurons. Reprogramming induced by core drugs display similar pattern of gene expression changes
during the conversion process. In fact, core drug-mediated conversion results in greater upregulation of
neural transcription factors NGN2 and NeuroD1, suggesting that the other small molecules not included
in the core drugs may be dispensable for chemical reprogramming. This observation is significant as
fewer number of small molecule compounds for conversion implies less complications and side effects
for future applications of small molecules for brain therapy.
It is important to note that successful chemical reprogramming is largely dependent on the
conditions of cell culture, and special attention should be paid to prevent contamination of medium,
reduction of pH, and overconfluency of cells. In addition, our study holds limitations as the human
astrocytes used in this study are purchased cortical cell lines derived from human brain tissue, and
different glial cell lineages may respond differently to small molecules. Human astrocytes in culture may
behave differently in vivo as well.
Further studies that could be conducted to improve the efficiency of chemical conversion include:
screening for growth factors or supplements that help survival of converted neurons and modifying the
small molecule protocol to induce specific subtypes of neurons. For future applications of using small
molecules as a brain therapy, challenges such as effectively delivering small molecules across the bloodbrain-barrier to the brain and reducing drug interactions and side effects lie ahead.
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Conclusion
The results of our study support the hypothesis that small molecules can reprogram human
astrocytes into neurons. While mouse astrocyte conversion was not successful, a combination of 9 small
molecules applied sequentially to human astrocytes mediates efficient conversion into neurons that are
capable of firing repetitive action potentials and having spontaneous synaptic events. Mechanisms
underlying chemical reprogramming by the small molecules involve molecular signaling, transcriptional
regulation, and epigenetic modulation to induce neuronal fate and suppress glial fate of the human
astrocytes. These results open up a new possibility for regenerative medicine in which drugs can be used
to regenerate neurons as a therapy for patients with brain injury or neurodegenerative disorders.
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Appendix A
Supplemental Information
Table 5. Genes Analyzed in the Human Neurogenesis PCR Array
Functional Group

Gene Name

Neuronal Migration

ASCL1, CDK5R1, DCX, DRD2, NDN, NEUROG2, NRCAM, NTN1, PAFAH1B1,
ROBO1, SLIT2.

Cell Differentiation

•

•
•

Synaptic Functions

•
•
•
•

Growth Factors &
Cytokines

•
•

Neuronal Differentiation: ASCL1, BDNF, BMP2, BMP4, CDK5R1, CDK5RAP2,
HES1, HEYL, MEF2C, NEUROD1, NEUROG1, NEUROG2, NOG, NRCAM,
OLIG2, PAFAH1B1, PAX3, POU4F1, RTN4, SOX2
Neuronal Cell Fate Determination: ASCL1, NTF3, OLIG2, SOX2
Regulators of Cell Differentiation: HDAC4, MDK, NRG1 (HGL), TENM1, PAX5,
PAX6
Synaptic Plasticity Regulation: ADORA1, APOE, BDNF, DRD2, GRIN1, NF1,
S100B
Synaptic Transmission: APOE, CHRM2, CREB1, DLG4 (PSD95), DRD2, FGF2
(BFGF), GRIN1, PAFAH1B1, SOD1, TH
Synaptogenesis: ACHE, NRCAM, POU4F1
Axonogenesis: APBB1, APP, DCX, DRD2, ERBB2 (HER2), MAP2, NOTCH1,
NRCAM, PARD3, POU4F1, S100A6, S100B
Growth Factors: ARTN, BDNF, EGF, FGF2 (BFGF), GDNF, GPI, MDK, NDP,
NRG1 (HGL), PTN, S100A6, VEGFA
Cytokines: BMP2, BMP4, BMP8B, CXCL1, GPI, IL3, MDK, PTN, TGFB1

Apoptosis

ADORA1, ADORA2A, ALK, APOE, BCL2, EP300, GDNF, NOTCH2, NTN1, PAX3,
RTN4, S100B, VEGFA

Cell Adhesion

DLL1, EFNB1, NRCAM, NRP1, NRP2, RAC1, ROBO1, SLIT2, TNR

Cell Cycle

APBB1, EP300, HDAC4, MDK, KMT2A, NDN, PARD3, PTN

Signal Transduction

•
•
•
•

Transcription
Factors & Cofactors

Notch Signaling: APP, ASCL1, DLL1, HES1, HEY1, HEY2, HEYL, NOTCH1,
NOTCH2, NRG1 (HGL)
WNT Signaling: DVL3, NDP, SHH
TGFβ Signaling: BMP2, BMP4, BMP8B, TGFB1
G-Protein Coupled Receptor Signaling: ADORA1, ADORA2A, CHRM2, CXCL1,
DRD2

APBB1, ASCL1, CREB1, EP300, FLNA, HES1, HEY1, HEY2, HEYL, MEF2C, KMT2A,
NDN, NEUROD1, NEUROG1, NEUROG2, NR2E3, PAX3, PAX5, PAX6, POU3F3,
POU4F1, SOX2, SOX8, STAT3
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