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SELECTIVE GENERATION OF DOPAMINERGIC PRECURSORS FROM

HUMAN FIBROBLASTS BY DIRECT LINEAGE CONVERSION

Miao He, M.S.

University of Nebraska Medical Center, 2018

Advisors: Ka-Chun Siu, Ph.D. and Jialin C. Zheng, Ph.D.

Transplantation of dopaminergic precursors (DPs) is a promising therapeutic
strategy of Parkinson’s disease (PD). However, limited cell source for dopaminergic
precursors has become a major obstacle for transplantation therapy. In the first part of
the study, we demonstrated that Foxa2 is superior to LmxZla in inducing dopaminergic
neuronal differentiation from induced neural progenitor cells (iNPCs). Based on the
results above and some other published results, our group demonstrated that mouse
fibroblasts can be reprogrammed into induced dopaminergic precursors (iDPs) through
ectopic expression of transcription factors Brn2, Sox2 and Foxa2(1). In the current study,
we hypothesized that similar strategy can be applied to generate human iDPs for future
cell therapy of PD. We overexpressed transcription factors Brn2, Sox2 and Foxa2 in
human fibroblasts and observed formation of neurospheres in the cultures. Subsequent
characterization of the precursor colonies confirmed the generation of human induced
dopaminergic precursors (hiDPs). These hiDPs were capable of self-renewal, proliferate,
and differentiation. The hiDPs demonstrated high co-positive rate of midbrain neural
progenitor markers DCX, Corin and neural progenitor marker Nestin by immunostaining.
More importantly, the hiDPs also expressed high levels of ventral mesencephalon
related neural progenitor marker genes such as Lmxla, NIKX6.1, Corin, Otx2 and
Mashl. After differentiation, those cells exhibited significantly higher levels of major

functionally relevant proteins in dopaminergic neurons, including TH, DAT, AADC,



Lmx1B and VMAT2. Together, these results suggest that human iDPs can be generated
by direct reprogramming of fibroblasts. These human iDPs may serve as a safe and

effective cell source for transplantation treatment of PD.
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CHAPTER 1: INTRODUCTION

Since the application of nuclei transfer technique which demonstrates the
multipotency of differentiated cells, scientists have made great effort to optimize the
reprogramming strategy to increase the safety and efficiency of conversion(2-6). The
ultimate purpose is to provide sufficient cells for transplantation therapy or to build

appropriate disease models for further study.

Parkinson’s disease (PD) is among the most prevalent neurodegenerative disorders
which affects 1-2% of the population over 70 years old(7, 8). Key symptoms of PD result
from loss of dopaminergic neurons in the substantia nigra, including rigidity,
bradykinesia, resting tremor and postural instability(9). In later stages of the disease,
pathological cell death occurs in the midbrain, basal forebrain and neocortex. This
progressive brain-wide degeneration is also associated with the onset of dementia,
autonomic dysfunction, and severe postural instability. Even though most of the patients
with PD are sporadic, there are still 15% of the patients having family history and 5-10%
inherit in a monogenic fashion(10, 11). Studying Parkinson related gene mutations could
also help us understand better the pathogenesis of PD. To date, at least 23 loci and 19
parkinsonism-causing genes have been identified by scientists. Familial PD has been
linked to heritable autosomal dominant, recessive and X-linked mutations. Autosomal-
dominant mutations in SNCA(12), PARK3(13), UCHL1(14), LRRK2(15), NR4A2(16),
GIGYF2(17, 18), HTRA2(19), VPS35(20), EIF4G1(21), TMEM230(22), CHCHD2(23)
and RIC3(24), as well as, autosomal-recessive mutations in PRKN(25), PINK1(26),
ATP13A2(27), PARK7(28), FBXO7(29), DNAJC6(30), SYNJ1(31), PLA2G6(32) and
VPS13C(33) have been implicated in the onset and progression of PD. Recently,
PARK10(34), PARK16(35) and PARK12(17) with X-linked inheritance have also been

found to be associated with parkinsonism. Gene locus includes PARK 1-23. PD is



incurable to date, existing pharmaceutical and surgical treatments such as L-3, 4-
dihydroxyphenylalanine (L-DOPA), dopamine receptor agonists and deep brain
stimulation (DBS) can only ameliorate symptoms and signs. None of these therapeutic
approaches can cure or even reverse the development of disease(36, 37). Besides,
although initially beneficial, the effectiveness of the above pharmaceutical and surgical
treatments declines throughout disease progression. The development of stem cell
based therapeutic approach brought hope of curing PD by replacing lost neurons,
compensating their function and preventing further neuronal dysfunction and death.
Compared to the compensatory dopamine provided temporarily by medications,
dopamine-producing neurons derive from transplanted neural stem cells can produce
dopamine inside patients’ substantia nigra and enhance the recovery of dopamine
signaling in damaged neural circuitry. It has already been proved that transplanted
embryonic dopamine neurons can significantly improve motor function in early onset PD
patients(38). Besides, neural stem cells are more suitable PD models compared to other
somatic cells(39-42). There are two leading theories as to how these transplanted neural
stem cells provide therapeutic potential. One is that those cells may directly replace
damaged neurons, the other one is those cells can indirectly protect neurons after

injection through release of neurotrophic and immunomodulatory factors(43-46).

For the applications, it would be more desirable to generate proliferative induced
neural progenitor/stem cells (INPCs/iNSCs), instead of neurons with no proliferation
ability, from somatic cells(47-51). However, even though iNPCs hold great potential in
regenerative medicine, they have an intrinsic potential for multi-lineage differentiation
into astrocytes, oligodendrocytes, and dozens of neuronal subtypes(47, 49, 50, 52-54).
The directed differentiation of these precursors into a highly defined state for therapeutic

use might be challenging if the underlying mechanisms of differentiation are not fully



understood. Therefore, the induction of restricted neural progenitors might be better
suited to regenerate specific populations of neural cells following degeneration(55). Our
initial studies have shown that skin fibroblasts can be successfully converted into
induced neural progenitors (5F-INPCs) by a set of five transcription factors, including
Brn2, Sox2, TLX, Bmil and c-Myc (51). However, the dopaminergic differentiation

efficiency of 5F-INPCs in response to sonic hedgehog (SHH)/fibroblast growth factor 8

(FGF8) stimulation remains low (<5%). Therefore, we kept on looking for more superior

strategy.

Recently, several different research groups including ours have lay the focus on how
to directly reprogram somatic cells to functional induced dopaminergic
progenitors/precursors (iDPs)(1, 56, 57). The major potential advantage is that iDPs are
restricted to dopaminergic neuronal lineage during the process of differentiation. Our lab
has already successfully generated mouse iDPs through direct reprogramming(1).
However, whether this strategy can be successfully applied on human cells is still
unclear. We hypothesized that similar strategy can be applied to generate human iDPs
for future cell therapy of PD. The transition from mouse to human cells is an essential
step before this strategy can be used on real patients. This study would focus more on

how to generate human iDPs from human skin fibroblasts by direct reprogramming.



CHAPTER 2: METHODS

2.1 Cell preparation, retroviral packaging, infection and direct reprogramming.

Human skin fibroblasts were isolated from the left leg of a female fetus aged 20
weeks, which was obtained from elective aborted specimens following completion of the
abortion procedure through collaborative works with the Birth Defects Research
laboratory at University of Washington. The protocol is in compliance with all relevant
state and federal regulations and is approved by the University of Nebraska Medical
Center (UNMC) Institutional Review Board (IRB#: 123-02-FB). Fibroblasts were cultured
in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS, 1xNon-Essential
Amino Acid, 50U/ml penicillin, 50ug/ml streptomycin at 37 °C in a 5% CO humidified
atmosphere. Fibroblasts were used within passage 2-5 to avoid replicative senescence.
Human Brn2 ORF, Foxa2 ORF and Sox2 ORF were cloned into pMXs-retroviral vectors
respectively (Cellbiolabs, RTV-010). Retroviruses (pMXs) were generated with Plat-GP
packaging cells. Plat-GP cells were seeded at 3.2-3.6x10° cells per 100mm poly-L-
ornithine (PLO) /laminin coated dish. 24 hours after seeding, 10ug DNA of pMXs-based
retroviral vectors encoding human Sox2, Brn2 and Foxa2 together with 5ug DNA of the
vesicular stomatitis virus envelope G protein (VSV-G) expressing packaging plasmid
(pcMV-VSV-G) were introduced into Plat-GP cells using Lipofectamine LTX & PLUS™
transfection reagent (Invitrogen). To be specific, dilute 15ug DNA in 1ml Opti-MEM®
Medium, then add 15ul PLUS™ Reagent. After 5 minutes incubation at room
temperature, add 15ul Lipofectamine® LTX Reagent. Add DNA-lipid complex to cells
after 5 minutes incubation at room temperature. The medium was replaced with 5.5ml of
DMEM containing 5% FBS 24h after transfection. Human fibroblasts (hFbbs) were
seeded at 2-3 x10° cells per 35mm culture dish. At 48h and 72h post-transfection, 5ml

virus-containing supernatants from these Plat-GF cultures were filtered through a



0.45um cellulose acetate filter and collected. Equal volumes of the supernatants from 3
dishes were mixed and supplemented with 10ug/ml polybrene. Human fibroblasts were
incubated in virus/polybrene-containing supernatants overnight. The medium was
changed 72 hours after infection to NeuroCult® human NSC Basal (Stem Cell
Technologies, Inc., Vancouver, BC V5Z 1B3, Canada) Medium supplemented with
NeuroCult® human NSC Proliferation Supplements (Stem Cell Technologies, Inc.),
20ng/ml basic fibroblast growth factor (bFGF, BioWalkersville), 20ng/ml epidermal
growth factor (EGF, BioWalkersville) and 5ug/ml heparin (Sigma-Aldrich, St. Louis, MO).
After 10-21 days, the predicted human iDP colonies were monitored by fluorescence

microscope.

2.2 Quantitative Real-Time reverse transcription polymerase chain reaction.

Total MRNA was isolated with TRIzol Reagent (Invitrogen) and RNeasy Mini Kit
(QIAGEN Inc., Valencia, CA) using a protocol provided by the manufacturer. The
reverse transcription was performed using Transcription 1st Strand cDNA Synthesis Kit
(Roche, USA). The RT-PCR analyses for the detection of human neural stem cell-
specific mMRNAs were performed using SYBR® Select Master Mix (Life Technologies,
Los Angeles, CA) with 0.5ul of cDNA, corresponding to 1ug of total RNA in a 15ul final
volume consisting of 7.5ul SYBR Green, 1.5ul H.O and 5.5l oligonucleotide primer
pairs (synthesized at Fisher) at 10uM. PCR program: 1) 50 °C for 2 minutes, 2) 95 °C for
2 minutes; 3) 95 °C for 15 seconds, 4) specific annealing temperature for 15 seconds
and 5) 72 °C for 1minutes. Steps 2 to 4 were repeated 40 times. All samples were

amplified in triplicate and the means were calculated and used for further analysis.



2.3 Immunocytochemistry.

The cultured cells were fixed in 4% formaldehyde for 15 minutes at room
temperature, and then washed with PBS for 3 times, 10 minutes per time. The fixed cells
were simultaneously permeabilized and blocked with 0.2% Triton X-100 and 5% horse
serum in PBS for 30 minutes at room temperature. Cells were incubated with primary
antibodies as listed in Table 2 overnight at 4°C, and then washed with PBS for 3 times
and incubated for 2h at room temperature with secondary antibodies (Table 2).
Fluorescent images were obtained using a Zeiss 710 Confocal Laser Scanning

Microscope (Carl Zeiss, Oberkochen, Germany).

2.4 Cell proliferation rate

The CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay (Promega) was
used to determine the number of viable cells in proliferation. To be specific, cells were
seeded into 96-well tissue culture plates (Fisher scientific). The reagent MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] was
added to the wells in the proportion of 20 pl per 100 yl medium. After the plates were
incubated at 37°C for 1-4 hours, optical density (OD) 490 values were read and

calculated with BioTek Gen5 data analysis software.

2.5 Differentiation.

For neuronal differentiation, SHH/FGF8 dependent protocol was used: Cells were
plated on PLO/laminin coated coverslips in 24-well plate with DMEM/F12 containing 1x

N2, 100ng/ml FGF8 (Peprotech), 100ng/ml SHH (Peprotech) and 10ng/ml bFGF



(Peprotech) for 6 days, then switched to DMEM/F12 containing 1x N2, 1x B27, 0.2mM
ascorbic acid (Sigma), 0.1mM B-mercaptoethanol, 1.0mM dibutyrylcAMP (Sigma),
10ng/mL glial cell line-derived neurotrophic factor (GDNF) (Peprotech), and 10ng/mL
brain-derived neurotrophic factor (BDNF) (Peprotech) for another 4-8 weeks. The

medium was changed every 3 days.

2.6 Statistical Analyses.

Statistical analyses were performed using GraphPad Prism 7.00 and IBM SPSS
Statistics Version 22. The data presented are means with standard deviations unless
specified otherwise. Normality of data was tested using the Shapiro-Wilk Test.
Differences between groups were compared using the one-way ANOVA with Bonferroni
correction for multiple comparisons unless specified. A P of < 0.05 was considered as
significant. All assays were performed in triplicate, with triplicate samples in each

experiment.



CHAPTER 3: RESULTS

3.1 Foxa2 is superior to Lmxla in converting mouse iNPCs into neural progenitors
with midbrain identity

The iINPCs (induced by 5 factors, including Brn2, Sox2, TLX, Bmil and c-Myc) were
infected with retroviruses encoding Foxa2 or Lmx1a or both Foxa2 and Lmxla
respectively. The expression of Foxa2 and Lmxla was engineered under the control of
doxycycline (Dox) (Fig. 2A). Then we compared the growth rate of different cell lines
(iNPCs, Lmxla-iNPCs, Foxa2-iNPCs, Lmxla-Foxa2-iINPCs) at day 1, 3, 5 and 7 (Fig.
2B). Dox negative groups were also tested as control. Our results showed that Lmx1a-
Foxa2-iNPCs cell line has the lowest cell growth rate at all the time points, followed by
Foxa2-iINPCs and Lmx1a-iNPCs. iNPCs cell line demonstrated the most active
proliferative activity.

iINPCs exhibited the highest level of neural progenitor markers Nestin, CD133 and
Mushashi compared to other cell lines (Fig 1C-E). The difference was most significant
between iINPCs and Lmxla-Foxa2-iNPCs cell line (p<0.001). However, Lmxla-Foxa2-
iINPCs expressed the highest levels of dopaminergic neuron proliferative progenitor cell
markers Corin and Otx2, followed by Lmxla-iNPCs (Fig. 1F, G). Foxa2-iNPCs
expressed the highest level of Pitx3, which is another dopaminergic neuron proliferative
progenitor marker, followed by Lmxla-Foxa2-iNPCs (p<0.05, compared to iNPCs) (Fig.
1H). After 6 weeks of differentiation in the presents of SHH and FGF8 stimulation, the
differentiation efficiency of different cell lines into dopaminergic neurons was tested (Fig.
2). PT-PCR was performed to identify the relative levels of tyrosine hydroxylase (TH) in
the resulting cells after differentiation. Cells derived from Lmx1a-Foxa2-iNPCs cell line
expressed the highest level of TH (p<0.001), followed by the cells derived from Foxa2-

INPCs (p<0.05), Lmx1a-iNPCs and iNPCs (Fig. 2A). Cells overexpressed both Lmxla



and FoxaZ2 also exhibited the highest level of mature neuronal marker MAP2 (p<0.0001),
followed by cells overexpressed only Foxa2 (p<0.01), Lmxla and iNPCs (Fig. 2C). More
iINPCs with overexpression of Foxa2 differentiated into dopaminergic (DA) neurons
(3.6% TH and MAP2 positive cells) compared to those overexpressed Lmxla (1.5% TH
and MAP2 positive cells) according to the immunostaining results (Fig. 4). Cells from
Foxa2-iNPCs expressed the highest level of another general neuronal marker Tujl
(p<0.0001), followed by Lmxla-Foxa2-iNPCs and Lmx1a-iNPCs (p<0.01). The results of
immunostaining are consistent with that of RT-PCR (Fig. 3). On the other hand, unlike
cells from iNPCs cell line, cells from Lmxla-Foxa2-iNPCs expressed much lower levels
of glial-lineage related genes, such as astrocyte marker GFAP and S1008 (Fig. 2 D, E).
In sum, the number of TH, Tuj1l and MAP2 positive cells were ranked in the sequence of
Lmxla-Foxa2-iINPCs, Foxa2-iINPCs, Lmx1a-iNPCs and iNPCs. In contrast, the levels of
GFAP positive cells were ranked in the sequence of INPCs, Foxa2-iINPCs, Lmxla-iNPCs

and Lmxla-Foxa2-iNPCs (Fig. 5).
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Figure 2. Differentiation efficiency of different cell lines into neurons with
dopaminergic neuron identity. (A) Comparison of TH expression level between
different cell lines after 2-month differentiation by RT-PCR; (B) Comparison of Tujl
expression level between different cell lines after 2-month differentiation by RT-PCR; (C)
Comparison of MAP2 expression level between different cell lines after 2-month
differentiation by RT-PCR; (D) Comparison of GFAP expression level between different
cell lines after 2-month differentiation by RT-PCR; (E) Comparison of S1003 expression
level between different cell lines after 2-month differentiation. Different cell lines include
INPCs, Lmxl1a-iNPCs, Foxa2-iINPCs, Lmxla-Foxa2-iNPCs. *denotes p < 0.05, **denotes
p<0.01, **denotes p<0.001, ***denotes p<0.0001 compared to iINPCs.



Figure 3. Comparison of the percentage of TH and Tujl positive neurons after
differentiation from different cell lines. (A) Expression of TH and Tuj1 in cells
differentiated from different cell lines by immunostaining; (B) Percentage of TH or Tujl
positive cells differentiated from different cell lines. Different cell lines include iNPCs,
Lmxla-iNPCs, Foxa2-iINPCs, Lmxla-Foxa2-iNPCs. *denotes p < 0.05, ***denotes
p<0.001, ***denotes p<0.0001 compared to iNPCs.
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Figure 4. Comparison of the percentage of TH and MAP2 positive neurons after
differentiation from different cell lines. (A) Expression of TH and MAP2 in cells
differentiated from different cell lines by immunostaining; (B) Percentage of TH or MAP2
positive cells differentiated from different cell lines. Different cell lines include iNPCs,
Lmxla-iNPCs, Foxa2-iNPCs, Lmxla-Foxa2-iNPCs. *denotes p < 0.05, **denotes
p<0.01, **denotes p<0.001, ****denotes p<0.0001 compared to iINPCs.



14

Lmx1a

Foxa2

Lmx1a+

Foxa2
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Figure 5. Comparison of the percentage of Tujl and GFAP positive neurons after
differentiation from different cell lines. (A) Expression of Tuj1 and GFAP in cells
differentiated from different cell lines by immunostaining; (B) Percentage of Tujl or
GFAP positive cells differentiated from different cell lines. Different cell lines include
INPCs, Lmxl1a-iNPCs, Foxa2-iINPCs, Lmxla-Foxa2-iNPCs. *denotes p < 0.05, **denotes
p<0.01, **denotes p<0.001, ***denotes p<0.0001 compared to iINPCs.
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3.2 Foxaz2, Brn2 and Sox2 can convert human fibroblasts into neural progenitors
with midbrain identity

Based on the results above and some other results that have already been
published(1). Our lab initially examined the role of Foxa2 and two other known
reprogramming factors Sox2 and Brn2 in the direct conversion of mouse somatic cells
into dopaminergic neural progenitors and achieved success(1). Thereafter, whether this
strategy can be applied on human somatic cells was tested. Human fetus fibroblasts
were isolated and cultured. The fibroblasts were transfected with retroviruses encoding
Brn2, Sox2 and Foxa2 following the schematic procedure in Fig. 6A. During day 10-21
post-transfection, we observed the colony formation of cells (Fig. 6B). Eight colonies
were obtained in total, however only three of them were confirmed to be expandable
clones after subculture. PT-PCR was performed to identify the relative levels of Foxa2,
Sox2 and Brn2 in the resulting cells after subculture. Only the cells (named hiDPs,
human induced dopaminergic progenitors) from one of the three expandable clones
retained high expression levels of Foxa2, Sox2 and Brn2 compared to the original
human skin fibroblasts (hFbbs) (Fig. 6C). Cells from the other two expandable clones
only expressed high levels of Sox2 and Brn2, indicating the failure of Foxa2 transfection.
The hiDPs were characterized through the expression levels of several key neural
progenitor marker genes in hiDPs and hFbbs by real-time RT-PCR analysis (the
sequences of primer pairs were listed in Table 1). Importantly, the hiDPs expressed high
levels of dopaminergic neuron proliferative progenitor cell markers, including Corin
(Lrp4), Lmx1a, Otx2, Mash1, Pitx3 and Nkx6.1 (p<0.05, compared to hFbbs) (Fig. 7C).
These genes were previously reported to specifically expressed in dopaminergic neuron
proliferative progenitor cells(20,23,27,28). The hiDPs exhibited high co-positive
expression of Corin and Nestin, at the rate of 91.22+7.19% (Fig. 7A, B). The cells also

displayed high co-positive rate of Corin and doublecortin (DXC) (94.75+3.95%) by
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immunofluorescent staining (Fig.7A, B). These results suggest that fibroblasts could
acquire the mesencephalic regional identity and dopaminergic neural fate through the
forced over expression of transcription factors human Brn2, Sox2 and Foxa2. The

results above are similar to what has been received from the study of mouse

fibroblasts(1).
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Figure 6. Generation of human induced dopaminergic neuron progenitors. (A)

Strategy of hiDP generation by ectopic expression of Sox2, Brn2 and Foxa2; (B) hiDP
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clone formation at 20 dpi under microscope; (C) The overexpression of Sox2, Brn2 and

Foxa2 in hiDPs derived from human fibroblasts.

A

NESTIN

(@

Relative expression of genes

EA Corin*/Nestin”
E= Corin'/DCX"

L2 hFbbs
EA hiDPs

Co-positive (%)

(Fold changes to hFbbs)

Figure 7. Characteristics of hiDPs. (A) Expression of DCX, Corin and Nestin in hiDPs
cells by immunostaining; (B) Co-positive rate of Corin/Nestin and Corin/DCX; (C) The
expression of a specific set of neural progenitor marker genes. GAPDH and human
fibroblasts (hFbb) served as internal and negative control respectively. *denotes p <
0.05, ***denotes p<0.001, ****denotes p<0.0001 compared to hFbbs.

3.3 hiDPs express specific dopaminergic progenitor markers and has
dopaminergic neuronal-restricted differentiation potential

We further validated whether the iDPs are dopaminergic neuronal lineage-restricted
by differentiating the iDPs into neurons in the presence of SHH and FGF8 stimulation

followed by the treatment of BDNF, GDNF and ascorbic acid (AA) for neuronal
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maturation. After 4-8 weeks of differentiation, we tested the differentiation efficiency of
hiDPs into dopaminergic neurons (Fig. 8 and 9). The results demonstrated that the
neurons derived from hiDPs expressed high levels of TH after 4-week and 8-week
differentiation (compared to both hiDPs before differentiation and hFbbs), suggesting
dopaminergic neuronal lineage-restricted fate for the iDPs (Fig. 8 and 9). They also
exhibited significantly higher levels of major functionally relevant proteins in
dopaminergic neurons, including TH, DAT, AADC, Lmx1b and brain-specific isoform of
the vesicular monoamine transporter (VMATZ2) compared to both the original hFbb cells
and hiDPs before differentiation (Fig. 9). To be specific, after 8 weeks of differentiation,
the level of TH, DAT and Lmx1b in cells from hiDPs were relatively higher than those
after 4 weeks of differentiation. Additionally, about 91.28% of the Tuj1+ neurons are TH+
dopaminergic neurons. About 96.67% of the TH+ neurons are NeuN positive, about
86.75% of the TH+ dopaminergic neurons are MAP2 positive neurons, indicating the
mature neuron nature of the neurons derived (Fig. 8B).

Those results suggest that iDPs can effectively differentiate and generate mature

and functional DA neurons.
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Figure 8. hiDPs differentiate into neurons with dopaminergic neuron identity. (A)
Expression of TH, VMAT2, AADC and neuron marker NeuN, MAP2 and Tujl; (B) Co-
positive rate of TH/NeuN, TH/MAP2, TH/Tuj1 and VMAT2/AADC.
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Figure 9. The expression of a specific set of dopaminergic neuron marker genes in
cells differentiated from hiDPs. (A) The expression of TH, DAT, VMAT2, AADC, MAP2
and LMX1B after 4 weeks of differentiation; (B) The expression of TH, DAT, VMAT?2,
AADC, MAP2 and LMX1B after 4 weeks of differentiation. *denotes p < 0.05, **denotes
p < 0.01, **denotes p<0.001, ****denotes p<0.0001 compared to hiDPs before

differentiation and hFbbs.
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CHAPTER 4: DISCUSSION

PD is a movement disorder secondary to loss of dopaminergic neurons in the pars
compacta region of the substantia nigra. Therefore, cell replacement therapy offers a
potential means for curing this disease. Dopaminergic neuron progenitors from fetal
ventral mesencephalon tissue have been transplanted into the striatum of PD patients
with good results in several cases(58, 59). However, ethical concerns of using fetal
tissues limited its use in the growing PD patient population. Direct reprogramming has
been accepted as a safer and more efficient way to obtain desired type of cells(57).
Several groups have previously proven that Sox2 and Brn2 are critical for the direct
conversion of fibroblasts into INPCs(49, 51, 52, 60, 61). By expressing defined transcript
factors in addition to Brn2 and Sox2, we think it is possible to directly convert somatic
cells to neuronal lineage-restricted progenitors. Since the cooperation of SHH-Foxa2
and Wntl-Lmxla pathways plays a significant role in the development of dopaminergic
progenitors and DA neurons, we studied the role of Foxa2 and Lmx1a in promoting the

differentiation of mouse iINPCs (5 factors) into DA neurons(62).

The fact that Lmxla-Foxa2-iNPCs cell line has the lowest proliferation rate and
expresses low level of neural progenitor markers is consistent with its tendency of
differentiation. Foxa2-iNPCs and Lmx1a-iNPCs also exhibit lower proliferation rate and
lower level of neural progenitor markers compared to iNPCs. In contrast, Lmxla-Foxa2-
iINPCs, followed by Foxa2-iNPCs and Lmx1a-iNPCs, express higher levels of
dopaminergic neuron proliferative progenitor cell markers compared to iINPCs, indicating
some mesencephalic dopaminergic progenitor characteristics of these cells. After
differentiation, cells derived from Lmxla-Foxa2-iNPCs are the most superior in DA
neuron differentiation efficiency, followed by cells from Foxa2-iNPCs, then Lmx1la-

iINPCs. All of the above cell lines yield more DA neurons than iNPCs after differentiation,
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indicating the critical function of Foxa2 and Lmx1a in DA neuron development. iNPCs
that overexpress both Foxa2 and Lmx1a demonstrate a superior DA neuron
differentiation efficiency compared to iINPCs and iNPCs that only overexpress Foxa2 or
Lmxa2. Recent evidence has indicated that Foxa2 is an upstream factor and can
positively regulate Lmx1a/b in SHH and Wntl signaling which is significant in midbrain
DA neuron development(62). Our results also suggest that Foxaz2 is superior to Lmxla in
directing the differentiation from progenitors to DA neurons. Therefore, Foxa2, along with
the other 2 known reprogramming factors Sox2 and Brn2, was used for further study to

develop mouse and human fibroblasts into dopaminergic progenitors.

Recently, Kim and colleagues demonstrated that mouse fibroblasts can be directly
reprogrammed to functional and proliferating midbrain induced dopaminergic
progenitors/precursors (iDPs) by the induction of Sox2, KlIf4, c-Myc and Oct4 and further
culture in presence of SHH and FGF8(57). After differentiation, the reprogrammed iDPs
yielded a higher proportion of TH+/TuJ1+ dopaminergic neurons than iNPCs (<3%),
especially with the co-inhibition of Jak and Gsk3p (57.2+7.2%). Based on the above and
some other experimental results, our group optimized the reprogramming strategy and
proved that mouse fibroblasts could be directly converted into iDPs with forced ectopic
expression of three transcription factors (Brn2, Sox2 and Foxa2)(1). The derived mouse
iDPs expressed high levels of specific neural progenitor markers and midbrain specific
markers including Corin, Otx2 and Lmx1a. The major advantage was that iDPs were
restricted to dopaminergic neuronal lineage during the process of differentiation. After
differentiation, more than 90% of the Tuj1+ neurons are TH+ dopaminergic neurons. The
efficiency of differentiation remained high even in absence of the pre-patterning
morphogens SHH and FGF8, strongly suggesting the dopaminergic neural properties of

those mouse iDPs. Importantly, after cell transplantation into SCID mice, the majority of
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grafted iDPs differentiated into mature DA neurons rather than astrocytes without tumor
formation. Based on the preliminary work, we conducted direct reprogramming by
combining Sox2, Brn2, Foxa2 and successfully converted human fibroblasts into hiDPs.
The expression of TH, a dopamine processing enzyme, and vesicular transporters of
dopamine indicate the hiDPs we obtained acquired functional dopamine synthesis and
processing mechanisms. Moreover, differential gene expression analyses confirmed
broad upregulation of neurogenic- and dopamine-related RNA transcripts. The high co-
positive rate of Tujl and TH, as well as TH and MAP2/TH and NeuN, supports the high
efficiency of dopaminergic neuron specific differentiation from the hiDPs. TH is an
enzyme involved in the synthesis of dopamine and norepinephrine (NE), which generally
used in the field as a marker for dopaminergic neurons. Tuj1l, MAP2 and NeuN are
general neuronal markers. MAP2 is more in the cell soma, NeuN is more in the nucleus,
while Tujl/beta Il tubulin is more in the processes. MAP2 and NeuN are generally more
mature markers than Tujl. The dopaminergic neuron-like cells we derived from hiDPs
also overexpress DAT, AADC, Lmx1B and VMAT2. DAT, AADC, Lmx1B and VMAT2 are
widely used dopaminergic neuron markers(63-65). DAT is a transmembrane transporter
that controls the re-uptake of extracellular dopamine into presynaptic neurons. Lmx1B is
a transcription factor involved in a number of processes during dopaminergic neuron
development. The presence of aromatic L-amino acid decarboxylase (AADC)
determines the ability of the neuron to make dopamine from L-DOPA (differential
expression of dopaminergic cell markers in the adult zebrafish). The vesicular
monoamine transporter 2 (VMAT2) has been suggested to be an excellent marker of
presynaptic dopaminergic nerve terminals(66). Overexpression of these markers

indicate the functional dopaminergic neuron nature of the neurons derived.
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The hiDPs we developed have great potential in basic research and clinical
application. Firstly, those cells are more appropriate PD models given the pathology of
PD. They can better simulate those cells primarily affected under real disease
circumstance and can help us understand better the pathology of certain gene
mutations. To date, several groups have used iPSCs derived dopaminergic neurons with
common PD mutations to study PD onset in living cells and obtained significant findings

(67).

Moreover, hiDPs generated from direct reprogramming can provide a safe cell
source for the cell replacement therapy. Skin fibroblasts are relatively easy to obtain
from patients. Besides, hiDPs derived from fibroblasts provide a source of autologous
tissue for grafting. Without the potential for immune rejection, hiDPs can be a safe and
effective cell-based treatment for PD. In addition, hiDPs circumvent the limitations
including neoplasia, low efficiency of differentiation and lack of the potential to self-
renew(68). According to our results, the efficiency of differentiation from hiDPs to
dopaminergic neurons is above 80% with certain differentiation protocols. In addition,
hiDPs, like iPSCs, benefit from its capacity of self-renewal and can serve as targeted
cells for gene editing technologies(69). Last but not least, hiDPs and the neurons they
differentiated into can be used as excellent tools for drug screening and helpful in finding
and evaluating new drugs. In sum, derivation of hiDPs may be a promising approach
that can be applied therapeutically to restore function in patients with PD, as well as

tools for PD mechanism study and drug screening.

Some shortages of our study are: 1) the lack of in vivo study in a neurotoxin 1-
methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP) mouse model of PD or other PD
mouse models; 2) the lack of electrophysiological study of possible functional membrane

properties of the neurons derived from hiDPs.
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In this study, with the same reprogramming strategy, we successfully converted
human fibroblasts directly into human iDPs by overexpressing defined transcription
factors Foxa2/Brn2/Sox2 and confirmed our hypothesis. The hiDPs we developed also
express high levels of midbrain progenitor specific markers including Corin (Lrp4),
Lmxla, Otx2, Mash1, Pitx3 and Nkx6.1. We believe the generation of hiDPs is a new
and promising approach of cell-based treatment strategy for PD, as well as a safer and
reliable way to build PD cell models. Expansion of the engineered hiDPs may be able to

provide a promising cell model for etiological study and therapeutic cell source for PD.
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hTH Forward | 5-AGCTGTGAAGGTGTTTGAGACGT-3
Reverse | 5-TCGAGGCGCACGAAGTACT-3
hAADC Forward | 5-GGGACCACAACATGCTGCTC-3
Reverse | 5-CCACTCCATTCAGAAGGTGCC-3
hPitx3 Forward | 5-GAGCTATGCAAAGGCAGCTT-3
Reverse | 5-AGTTGAAGGCGAATGGAAAG-3
hLmx1b Forward | 5-AACTGTACTGCAAACAAGACTACC-3
Reverse | 5-TTCATGTCCCCATCTTCATCCTC-3
hDAT Forward | 5-GTATGCTCTGATGCCGTCT-3
Reverse | 5-GTATGCTCTGATGCCGTCT-3
hVMAT?2 Forward | 5-CTTTGGAGTTGGTTTTGC-3
Reverse | 5-GCAGTTGTGATCCATGAG-3
hMAP2 Forward | 5-CAGGAGACAGAGATGAGAATTCCTT-3
Reverse | 5-GTAGTGGGTGTTGAGGTACCACTCTT-3
hNkx6.1 Forward | 5-GGACTGCCACGCTTTAGCA-3
Reverse | 5-TGGGTCTCGTGTGTTTTCTCT-3
hMash1 Forward | 5-CCCAAGCAAGTCAAGCGACA-3
Reverse | 5-AAGCCGCTGAAGTTGAGCC-3
hALDH1Al | Forward | 5-GCACGCCAGACTTACCTGTC-3
Reverse | 5-CCTCCTCAGTTGCAGGATTAAAG-3
hFoxa2 Forward | 5-CTTCAAGCACCTGCAGATTC-3
Reverse | 5-AGACCTGGATTTCACCGTGT-3
hSox2 Forward | 5-CCCACCTACAGCATGTCCTACTC-3

Reverse

5-TGGAGTGGGAGGAAGAGGTAAC-3
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hBrn2 Forward | 5-GGAGTAGGGACACTCCACCA-3
Reverse | 5-CAGGAAGCTGCATTTTGTG-3
hGAPDH Forward | 5-CGACCACTTTGTCAAGCTCA-3
Reverse | 5-TCTACATGGCAACTGTGAGGA-3
mPitx3 Forward | 5-TGCGCTGTCGTTATCGGAC-3
Reverse | 5-GGTAGCGATTCCTCTGGAAGG-3
mLmxla Forward | 5-ACGGCCTGAAGATGGAGGA-3
Reverse | 5-CAGAAACCTGTCCGAGATGAC-3
mcCorin Forward | 5-TGGAGGTGCCTATCAGAGAGA-3
Reverse | 5-GTGAGATCCAGTAACGCATTCA-3
mOtx2 Forward | 5-TATCTAAAGCAACCGCCTTACG-3
Reverse | 5-AAGTCCATACCCGAAGTGGTC-3
MGFAP Forward | 5-CTGGAACAGCAAAACAAGGCGCTGG-3
Reverse | 5-TCCAGCCTCAGGTTGGTTTCATC-3
mNestin Forward | 5-CCCTGAAGTCGAGGAGCTG-3
Reverse | 5-CTGCTGCACCTCTAAGCGA-3
mCD133 Forward | 5-TGTTGTTGGCGCAAATGTGG-3
Reverse | 5-TGTTCCTTGAGCAGATAGGGA-3
mFoxa2 Forward | 5-TCAACCACCCCTTCTCTATCAACAACC-3
Reverse | 5-TGGGTAGTGCATGACCTGTTCGTAGG-3
MGAPDH | Forward | 5-TCACCACCATGGAGAAGGC-3
Reverse | 5-GCTAAGCAGTTGGTGGTGCA-3

Table 2. Primary and secondary antibodies used in the study
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Primary antibody Isotype Dilution Source

MAP2 Mouse 1gG 1:1000 Millipore

TH Rabbit 19G 1:500 abcam

Tujl Mouse IgG 1:1000 Sigma

GFAP Rabbit 1I9G 1:1000 DAKO

Nestin Chicken IgY 1:1000 Novus biologicals

Corin Mouse IgG 1:1000 R&D Systems

DCX Goat IgG 1:1000 Santa Cruz

NeuN Mouse IgG 1:1000 abcam

AADC Rabbit 19G 1:1000 Invitrogen

VMAT2 Mouse IgG1 1:1000 Novus biologicals

Secondary Isotype Dilution Source

antibody

Alexa Fluor® 488 Goat anti-Rabbit Ig G 1:1000 Molecular Probes
Goat anti-Mouse Ig G 1:1000 Molecular Probes
Rabbit anti-Goat Ig G 1:1000 Molecular Probes
Rabbit anti-Mouse Ig G | 1:1000 Molecular Probes
Donkey anti-Goat Ig G | 1:1000 Molecular Probes

Alexa Fluor® 594 Goat anti-Rabbit Ig G 1:1000 Molecular Probes
Donkey anti-Rabbit Ig 1:1000 Molecular Probes
G
Donkey anti-Mouse 1:1000 Molecular Probes
IgG

Alexa Fluor® 647 Goat anti-Chicken IgG | 1:1000 Molecular Probes




29

BIBLIOGRAPHY

1. Tian C, Li Y, Huang Y, Wang Y, Chen D, Liu J, Deng X, Sun L, Anderson K, Qi
X, LiY, Mosley RL, Chen X, Huang J, Zheng JC. Selective Generation of Dopaminergic
Precursors from Mouse Fibroblasts by Direct Lineage Conversion. Scientific reports.
2015;5:12622.

2. Briggs R, King TJ. Transplantation of Living Nuclei From Blastula Cells into
Enucleated Frogs' Eggs. Proceedings of the National Academy of Sciences of the United
States of America. 1952;38(5):455-63.

3. Gurdon JB. The developmental capacity of nuclei taken from intestinal epithelium
cells of feeding tadpoles. Journal of embryology and experimental morphology.
1962;10:622-40.

4, Gurdon JB. The transplantation of nuclei between two species of Xenopus.
Developmental biology. 1962;5:68-83.

5. Gurdon JB. Adult frogs derived from the nuclei of single somatic cells.
Developmental biology. 1962;4:256-73.

6. Gurdon JB, Laskey RA, Reeves OR. The developmental capacity of nuclei
transplanted from keratinized skin cells of adult frogs. Journal of embryology and
experimental morphology. 1975;34(1):93-112.

7. Beal MF. Experimental models of Parkinson's disease. Nature reviews
Neuroscience. 2001;2(5):325-34.

8. Mayeux R. Epidemiology of neurodegeneration. Annual review of neuroscience.
2003;26:81-104.

9. Savitt JM, Dawson VL, Dawson TM. Diagnosis and treatment of Parkinson
disease: molecules to medicine. The Journal of clinical investigation. 2006;116(7):1744-

54.



30

10. Kalinderi K, Bostantjopoulou S, Fidani L. The genetic background of Parkinson's
disease: current progress and future prospects. Acta neurologica Scandinavica.
2016;134(5):314-26.

11. Deng H, Wang P, Jankovic J. The genetics of Parkinson disease. Ageing
research reviews. 2018;42:72-85.

12. Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, Pike B,
Root H, Rubenstein J, Boyer R, Stenroos ES, Chandrasekharappa S, Athanassiadou A,
Papapetropoulos T, Johnson WG, Lazzarini AM, Duvoisin RC, Di lorio G, Golbe LI,
Nussbaum RL. Mutation in the alpha-synuclein gene identified in families with
Parkinson's disease. Science. 1997;276(5321):2045-7.

13. Gasser T, Muller-Myhsok B, Wszolek ZK, Oehlmann R, Calne DB, Bonifati V,
Bereznai B, Fabrizio E, Vieregge P, Horstmann RD. A susceptibility locus for Parkinson's
disease maps to chromosome 2p13. Nature genetics. 1998;18(3):262-5.

14. Liu Y, Fallon L, Lashuel HA, Liu Z, Lansbury PT, Jr. The UCH-L1 gene encodes
two opposing enzymatic activities that affect alpha-synuclein degradation and
Parkinson's disease susceptibility. Cell. 2002;111(2):209-18.

15. Funayama M, Hasegawa K, Kowa H, Saito M, Tsuji S, Obata F. A new locus for
Parkinson's disease (PARK8) maps to chromosome 12p11.2-q13.1. Annals of
neurology. 2002;51(3):296-301.

16. Le WD, Xu P, Jankovic J, Jiang H, Appel SH, Smith RG, Vassilatis DK. Mutations
in NR4A2 associated with familial Parkinson disease. Nature genetics. 2003;33(1):85-9.
17. Pankratz N, Nichols WC, Uniacke SK, Halter C, Murrell J, Rudolph A, Shults CW,
Conneally PM, Foroud T, Parkinson Study G. Genome-wide linkage analysis and
evidence of gene-by-gene interactions in a sample of 362 multiplex Parkinson disease

families. Human molecular genetics. 2003;12(20):2599-608.



31

18. Pankratz N, Nichols WC, Uniacke SK, Halter C, Rudolph A, Shults C, Conneally
PM, Foroud T, Parkinson Study G. Significant linkage of Parkinson disease to
chromosome 2g36-37. American journal of human genetics. 2003;72(4):1053-7.

19. Strauss KM, Martins LM, Plun-Favreau H, Marx FP, Kautzmann S, Berg D,
Gasser T, Wszolek Z, Muller T, Bornemann A, Wolburg H, Downward J, Riess O, Schulz
JB, Kruger R. Loss of function mutations in the gene encoding Omi/HtrA2 in Parkinson's
disease. Human molecular genetics. 2005;14(15):2099-111.

20. Vilarino-Guell C, Wider C, Ross OA, Dachsel JC, Kachergus JM, Lincoln SJ,
Soto-Ortolaza Al, Cobb SA, Wilhoite GJ, Bacon JA, Behrouz B, Melrose HL, Hentati E,
Puschmann A, Evans DM, Conibear E, Wasserman WW, Aasly JO, Burkhard PR,
Djaldetti R, Ghika J, Hentati F, Krygowska-Wajs A, Lynch T, Melamed E, Rajput A,
Rajput AH, Solida A, Wu RM, Uitti RJ, Wszolek ZK, Vingerhoets F, Farrer MJ. VPS35
mutations in Parkinson disease. American journal of human genetics. 2011;89(1):162-7.
21. Chatrtier-Harlin MC, Dachsel JC, Vilarino-Guell C, Lincoln SJ, Lepretre F, Hulihan
MM, Kachergus J, Milnerwood AJ, Tapia L, Song MS, Le Rhun E, Mutez E, Larvor L,
Duflot A, Vanbesien-Mailliot C, Kreisler A, Ross OA, Nishioka K, Soto-Ortolaza Al, Cobb
SA, Melrose HL, Behrouz B, Keeling BH, Bacon JA, Hentati E, Williams L, Yanagiya A,
Sonenberg N, Lockhart PJ, Zubair AC, Uitti RJ, Aasly JO, Krygowska-Wajs A, Opala G,
Wszolek ZK, Frigerio R, Maraganore DM, Gosal D, Lynch T, Hutchinson M, Bentivoglio
AR, Valente EM, Nichols WC, Pankratz N, Foroud T, Gibson RA, Hentati F, Dickson
DW, Destee A, Farrer MJ. Translation initiator EIF4G1 mutations in familial Parkinson
disease. American journal of human genetics. 2011;89(3):398-406.

22. Deng HX, Shi Y, Yang Y, Ahmeti KB, Miller N, Huang C, Cheng L, Zhai H, Deng
S, Nuytemans K, Corbett NJ, Kim MJ, Deng H, Tang B, Yang Z, Xu Y, Chan P, Huang
B, Gao XP, Song Z, Liu Z, Fecto F, Siddique N, Foroud T, Jankovic J, Ghetti B,

Nicholson DA, Krainc D, Melen O, Vance JM, Pericak-Vance MA, Ma YC, Rajput AH,



32

Siddique T. Identification of TMEM230 mutations in familial Parkinson's disease. Nature
genetics. 2016;48(7):733-9.

23. Funayama M, Ohe K, Amo T, Furuya N, Yamaguchi J, Saiki S, Li Y, Ogaki K,
Ando M, Yoshino H, Tomiyama H, Nishioka K, Hasegawa K, Saiki H, Satake W,
Mogushi K, Sasaki R, Kokubo Y, Kuzuhara S, Toda T, Mizuno Y, Uchiyama Y, Ohno K,
Hattori N. CHCHD2 mutations in autosomal dominant late-onset Parkinson's disease: a
genome-wide linkage and sequencing study. Lancet neurology. 2015;14(3):274-82.

24, Sudhaman S, Muthane UB, Behari M, Govindappa ST, Juyal RC, Thelma BK.
Evidence of mutations in RIC3 acetylcholine receptor chaperone as a novel cause of
autosomal-dominant Parkinson's disease with non-motor phenotypes. Journal of medical
genetics. 2016;53(8):559-66.

25. Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, Minoshima S,
Yokochi M, Mizuno Y, Shimizu N. Mutations in the parkin gene cause autosomal
recessive juvenile parkinsonism. Nature. 1998;392(6676):605-8.

26. Valente EM, Abou-Sleiman PM, Caputo V, Mugit MM, Harvey K, Gispert S, Ali Z,
Del Turco D, Bentivoglio AR, Healy DG, Albanese A, Nussbaum R, Gonzalez-
Maldonado R, Deller T, Salvi S, Cortelli P, Gilks WP, Latchman DS, Harvey RJ,
Dallapiccola B, Auburger G, Wood NW. Hereditary early-onset Parkinson's disease
caused by mutations in PINK1. Science. 2004;304(5674):1158-60.

27. Ramirez A, Heimbach A, Grundemann J, Stiller B, Hampshire D, Cid LP, Goebel
I, Mubaidin AF, Wriekat AL, Roeper J, Al-Din A, Hillmer AM, Karsak M, Liss B, Woods
CG, Behrens Ml, Kubisch C. Hereditary parkinsonism with dementia is caused by
mutations in ATP13A2, encoding a lysosomal type 5 P-type ATPase. Nature genetics.
2006;38(10):1184-91.

28. van Duijn CM, Dekker MC, Bonifati V, Galjaard RJ, Houwing-Duistermaat JJ,

Snijders PJ, Testers L, Breedveld GJ, Horstink M, Sandkuijl LA, van Swieten JC, Oostra



33

BA, Heutink P. Park7, a novel locus for autosomal recessive early-onset parkinsonism,
on chromosome 1p36. American journal of human genetics. 2001;69(3):629-34.

29. Shojaee S, Sina F, Banihosseini SS, Kazemi MH, Kalhor R, Shahidi GA, Fakhrai-
Rad H, Ronaghi M, Elahi E. Genome-wide linkage analysis of a Parkinsonian-pyramidal
syndrome pedigree by 500 K SNP arrays. American journal of human genetics.
2008;82(6):1375-84.

30. Koroglu C, Baysal L, Cetinkaya M, Karasoy H, Tolun A. DNAJCE6 is responsible
for juvenile parkinsonism with phenotypic variability. Parkinsonism & related disorders.
2013;19(3):320-4.

31. Krebs CE, Karkheiran S, Powell JC, Cao M, Makarov V, Darvish H, Di Paolo G,
Walker RH, Shahidi GA, Buxbaum JD, De Camilli P, Yue Z, Paisan-Ruiz C. The Sacl
domain of SYNJ1 identified mutated in a family with early-onset progressive
Parkinsonism with generalized seizures. Human mutation. 2013;34(9):1200-7.

32. Paisan-Ruiz C, Bhatia KP, Li A, Hernandez D, Davis M, Wood NW, Hardy J,
Houlden H, Singleton A, Schneider SA. Characterization of PLA2G6 as a locus for
dystonia-parkinsonism. Annals of neurology. 2009;65(1):19-23.

33. Lesage S, Drouet V, Majounie E, Deramecourt V, Jacoupy M, Nicolas A,
Cormier-Dequaire F, Hassoun SM, Pujol C, Ciura S, Erpapazoglou Z, Usenko T,
Maurage CA, Sahbatou M, Liebau S, Ding J, Bilgic B, Emre M, Erginel-Unaltuna N,
Guven G, Tison F, Tranchant C, Vidailhet M, Corvol JC, Krack P, Leutenegger AL, Nalls
MA, Hernandez DG, Heutink P, Gibbs JR, Hardy J, Wood NW, Gasser T, Durr A,
Deleuze JF, Tazir M, Destee A, Lohmann E, Kabashi E, Singleton A, Corti O, Brice A,
French Parkinson's Disease Genetics S, International Parkinson's Disease Genomics C.
Loss of VPS13C Function in Autosomal-Recessive Parkinsonism Causes Mitochondrial
Dysfunction and Increases PINK1/Parkin-Dependent Mitophagy. American journal of

human genetics. 2016;98(3):500-13.



34

34. Beecham GW, Dickson DW, Scott WK, Martin ER, Schellenberg G, Nuytemans
K, Larson EB, Buxbaum JD, Trojanowski JQ, Van Deerlin VM, Hurtig HI, Mash DC,
Beach TG, Troncoso JC, Pletnikova O, Frosch MP, Ghetti B, Foroud TM, Honig LS,
Marder K, Vonsattel JP, Goldman SM, Vinters HV, Ross OA, Wszolek ZK, Wang L,
Dykxhoorn DM, Pericak-Vance MA, Montine TJ, Leverenz JB, Dawson TM, Vance JM.
PARKZ10 is a major locus for sporadic neuropathologically confirmed Parkinson disease.
Neurology. 2015;84(10):972-80.

35. Tan EK, Kwok HH, Tan LC, Zhao WT, Prakash KM, Au WL, Pavanni R, Ng YY,
Satake W, Zhao Y, Toda T, Liu JJ. Analysis of GWAS-linked loci in Parkinson disease
reaffirms PARK16 as a susceptibility locus. Neurology. 2010;75(6):508-12.

36. Poewe W. Treatments for Parkinson disease--past achievements and current
clinical needs. Neurology. 2009;72(7 Suppl):S65-73.

37. Benabid AL, Chabardes S, Mitrofanis J, Pollak P. Deep brain stimulation of the
subthalamic nucleus for the treatment of Parkinson's disease. Lancet neurology.
2009;8(1):67-81.

38. Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R, Dillon S,
Winfield H, Culver S, Trojanowski JQ, Eidelberg D, Fahn S. Transplantation of
embryonic dopamine neurons for severe Parkinson's disease. The New England journal
of medicine. 2001;344(10):710-9.

39. Barker RA, Barrett J, Mason SL, Bjorklund A. Fetal dopaminergic transplantation
trials and the future of neural grafting in Parkinson's disease. Lancet neurology.
2013;12(1):84-91.

40. Evans JR, Mason SL, Barker RA. Current status of clinical trials of neural

transplantation in Parkinson's disease. Progress in brain research. 2012;200:169-98.



35

41. Goodarzi P, Aghayan HR, Larijani B, Soleimani M, Dehpour AR, Sahebjam M,
Ghaderi F, Arjmand B. Stem cell-based approach for the treatment of Parkinson's
disease. Medical journal of the Islamic Republic of Iran. 2015;29:168.

42. Politis M, Lindvall O. Clinical application of stem cell therapy in Parkinson's
disease. BMC medicine. 2012;10:1.

43. Redmond DE, Jr., Bjugstad KB, Teng YD, Ourednik V, Ourednik J, Wakeman
DR, Parsons XH, Gonzalez R, Blanchard BC, Kim SU, Gu Z, Lipton SA, Markakis EA,
Roth RH, Elsworth JD, Sladek JR, Jr., Sidman RL, Snyder EY. Behavioral improvement
in a primate Parkinson's model is associated with multiple homeostatic effects of human
neural stem cells. Proceedings of the National Academy of Sciences of the United
States of America. 2007;104(29):12175-80.

44, Martino G, Pluchino S. The therapeutic potential of neural stem cells. Nature
reviews Neuroscience. 2006;7(5):395-406.

45, Park Kl, Teng YD, Snyder EY. The injured brain interacts reciprocally with neural
stem cells supported by scaffolds to reconstitute lost tissue. Nature biotechnology.
2002;20(11):1111-7.

46. Pluchino S, Zanotti L, Rossi B, Brambilla E, Ottoboni L, Salani G, Martinello M,
Cattalini A, Bergami A, Furlan R, Comi G, Constantin G, Martino G. Neurosphere-
derived multipotent precursors promote neuroprotection by an immunomodulatory
mechanism. Nature. 2005;436(7048):266-71.

47. Kim J, Efe JA, Zhu S, Talantova M, Yuan X, Wang S, Lipton SA, Zhang K, Ding
S. Direct reprogramming of mouse fibroblasts to neural progenitors. Proceedings of the
National Academy of Sciences of the United States of America. 2011;108(19):7838-43.
48. Sheng C, Zheng Q, Wu J, Xu Z, Wang L, Li W, Zhang H, Zhao XY, Liu L, Wang

Z,Guo C, Wu HJ, Liu Z, Wang L, He S, Wang XJ, Chen Z, Zhou Q. Direct



36

reprogramming of Sertoli cells into multipotent neural stem cells by defined factors. Cell
research. 2012;22(1):208-18.

49, Lujan E, Chanda S, Ahlenius H, Sudhof TC, Wernig M. Direct conversion of
mouse fibroblasts to self-renewing, tripotent neural precursor cells. Proceedings of the
National Academy of Sciences of the United States of America. 2012;109(7):2527-32.
50. Thier M, Worsdorfer P, Lakes YB, Gorris R, Herms S, Opitz T, Seiferling D,
Quandel T, Hoffmann P, Nothen MM, Brustle O, Edenhofer F. Direct conversion of
fibroblasts into stably expandable neural stem cells. Cell stem cell. 2012;10(4):473-9.
51. Tian C, Ambroz RJ, Sun L, Wang Y, Ma K, Chen Q, Zhu B, Zheng JC. Direct
conversion of dermal fibroblasts into neural progenitor cells by a novel cocktail of defined
factors. Curr Mol Med. 2012;12(2):126-37.

52. Han DW, Tapia N, Hermann A, Hemmer K, Hoing S, Arauzo-Bravo MJ, Zaehres
H, Wu G, Frank S, Moritz S, Greber B, Yang JH, Lee HT, Schwamborn JC, Storch A,
Scholer HR. Direct reprogramming of fibroblasts into neural stem cells by defined
factors. Cell stem cell. 2012;10(4):465-72.

53. Niu W, Zang T, Zou Y, Fang S, Smith DK, Bachoo R, Zhang CL. In vivo
reprogramming of astrocytes to neuroblasts in the adult brain. Nature cell biology.
2013;15(10):1164-75.

54. Tian C, Liu Q, Ma K, Wang Y, Chen Q, Ambroz R, Klinkebiel DL, Li Y, Huang Y,
Ding J, Wu J, Zheng JC. Characterization of induced neural progenitors from skin
fibroblasts by a novel combination of defined factors. Scientific reports. 2013;3:1345.
55. Ring KL, Tong LM, Balestra ME, Javier R, Andrews-Zwilling Y, Li G, Walker D,
Zhang WR, Kreitzer AC, Huang Y. Direct reprogramming of mouse and human
fibroblasts into multipotent neural stem cells with a single factor. Cell stem cell.

2012;11(1):100-9.



37

56. Doi D, Samata B, Katsukawa M, Kikuchi T, Morizane A, Ono Y, Sekiguchi K,
Nakagawa M, Parmar M, Takahashi J. Isolation of human induced pluripotent stem cell-
derived dopaminergic progenitors by cell sorting for successful transplantation. Stem cell
reports. 2014;2(3):337-50.

57. Kim HS, Kim J, Jo Y, Jeon D, Cho YS. Direct lineage reprogramming of mouse
fibroblasts to functional midbrain dopaminergic neuronal progenitors. Stem cell research.
2014;12(1):60-8.

58. Olanow CW, Goetz CG, Kordower JH, Stoess| AJ, Sossi V, Brin MF, Shannon
KM, Nauert GM, Perl DP, Godbold J, Freeman TB. A double-blind controlled trial of
bilateral fetal nigral transplantation in Parkinson's disease. Annals of neurology.
2003:;54(3):403-14.

59. Lindvall O, Brundin P, Widner H, Rehncrona S, Gustavii B, Frackowiak R,
Leenders KL, Sawle G, Rothwell JC, Marsden CD, et al. Grafts of fetal dopamine
neurons survive and improve motor function in Parkinson's disease. Science.
1990;247(4942):574-7.

60. Huangfu D, Osafune K, Maehr R, Guo W, Eijkelenboom A, Chen S, Muhlestein
W, Melton DA. Induction of pluripotent stem cells from primary human fibroblasts with
only Oct4 and Sox2. Nature biotechnology. 2008;26(11):1269-75.

61. Liu X, Li F, Stubblefield EA, Blanchard B, Richards TL, Larson GA, He Y, Huang
Q, Tan AC, Zhang D, Benke TA, Sladek JR, Zahniser NR, Li CY. Direct reprogramming
of human fibroblasts into dopaminergic neuron-like cells. Cell research. 2012;22(2):321-
32.

62. Chung S, Leung A, Han BS, Chang MY, Moon JI, Kim CH, Hong S, Pruszak J,
Isacson O, Kim KS. Wntl-Imx1la forms a novel autoregulatory loop and controls midbrain
dopaminergic differentiation synergistically with the SHH-FoxA2 pathway. Cell stem cell.

2009;5(6):646-58.



38

63. Yamamoto K, Ruuskanen JO, Wullimann MF, Vernier P. Differential expression
of dopaminergic cell markers in the adult zebrafish forebrain. The Journal of comparative
neurology. 2011;519(3):576-98.

64. Pfisterer U, Kirkeby A, Torper O, Wood J, Nelander J, Dufour A, Bjorklund A,
Lindvall O, Jakobsson J, Parmar M. Direct conversion of human fibroblasts to
dopaminergic neurons. Proceedings of the National Academy of Sciences of the United
States of America. 2011;108(25):10343-8.

65. Liu Q, Pedersen OZ, Peng J, Couture LA, Rao MS, Zeng X. Optimizing
dopaminergic differentiation of pluripotent stem cells for the manufacture of
dopaminergic neurons for transplantation. Cytotherapy. 2013;15(8):999-1010.

66. Wilson JM, Kish SJ. The vesicular monoamine transporter, in contrast to the
dopamine transporter, is not altered by chronic cocaine self-administration in the rat. The
Journal of neuroscience : the official journal of the Society for Neuroscience.
1996;16(10):3507-10.

67. Nguyen HN, Byers B, Cord B, Shcheglovitov A, Byrne J, Gujar P, Kee K, Schule
B, Dolmetsch RE, Langston W, Palmer TD, Pera RR. LRRK2 mutant iPSC-derived DA
neurons demonstrate increased susceptibility to oxidative stress. Cell stem cell.
2011;8(3):267-80.

68. Mirakhori F, Zeynali B, Rassouli H, Salekdeh GH, Baharvand H. Direct
conversion of human fibroblasts into dopaminergic neural progenitor-like cells using
TAT-mediated protein transduction of recombinant factors. Biochemical and biophysical
research communications. 2015;459(4):655-61.

69. Pan H, Zhang W, Zhang W, Liu GH. Find and replace: editing human genome in

pluripotent stem cells. Protein & cell. 2011;2(12):950-6.



	Selective Generation of Dopaminergic Precursors From Human Fibroblasts by Direct Lineage Conversion
	Recommended Citation

	tmp.1524094539.pdf.OegoU

