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Abstract Generation of autologous human motor neurons holds great promise for cell
replacement therapy to treat spinal cord injury (SCI). Direct conversion allows generation of target
cells from somatic cells, however, current protocols are not practicable for therapeutic purposes
since converted cells are post-mitotic that are not scalable. Therefore, therapeutic effects of
directly converted neurons have not been elucidated yet. Here, we show that human fibroblasts
can be converted into induced motor neurons (iMNs) by sequentially inducing POU5F1(OCT4) and
LHX3. Our strategy enables scalable production of pure iMNs because of the transient acquisition
of proliferative iMN-intermediate cell stage which is distinct from neural progenitors. iMNs
exhibited hallmarks of spinal motor neurons including transcriptional profiles, electrophysiological
property, synaptic activity, and neuromuscular junction formation. Remarkably, transplantation of
iMNs showed therapeutic effects, promoting locomotor functional recovery in rodent SCI model.
Together, our advanced strategy will provide tools to acquire sufficient human iMNs that may
represent a promising cell source for personalized cell therapy.

Introduction

Spinal cord injury (SCI) causes devastating neurological impairments and disabilities (Singh et al.,
2014). SCI leads to the loss of sensory/motor functions and malfunctions in other organs such as
bladder, kidneys and bowel, provoking an enormous impact on physical, psychological and social
behavior of SCI patients (Bradbury and McMahon, 2006; Vismara et al., 2017). Unfortunately,
there is no fully restorative treatment for SCI yet (Silva et al., 2014). Medications or surgical decom-
pression are the only options for SCI treatment, however, these approaches are controversial due to
the severe side effects and limited clinical efficacy (Cristante et al., 2012; Vismara et al., 2017).
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Thus, cell replacement therapy has been proposed as a promising therapeutic intervention to
reconstitute the damaged nervous system and improve functional recovery after SCI (Gold-
man, 2005). A number of studies have shown that transplantation of neural cells derived from plurip-
otent stem cells (PSCs) is effective in functional and histological restoration in SCI animal model
(Lu et al., 2014; Nakamura and Okano, 2013; Tsuji et al., 2010; Vismara et al., 2017). Despite
these encouraging advances, ethical issue of embryonic stem cells (ESCs) and tumorigenic potential
of induced pluripotent stem cells (iPSCs) have impeded their translations into clinical trials
(Deng et al., 2018; Fong et al., 2010; Miura et al., 2009; Ronaghi et al., 2010). To overcome these
limitations, direct conversion of somatic cells into other cell types has been achieved while bypassing
pluripotent state (Park et al., 2019; Park et al., 2020; Xu et al., 2015). However, application of pre-
vious protocols hindered therapeutic translations due to the heterogeneity and low yields, and
involvement of multiple transcription factors which may increase the genetic mutagenesis
(Kang et al., 2015). Most importantly, directly converted cells are fully differentiated post-mitotic
cells which limit the acquisition of cell source in large-scale for therapeutic purpose. Hence, there is
a critical need to develop a new method that enables the large-scale production of highly pure and
functional target cells with consistent quality. In terms of treating SCI, it must be capable of generat-
ing motor neuron (MN) subtypes that are relevant to disease rather than producing general neurons.

In this study, we succeeded in generating induced motor neurons (iMNs) by using a minimal num-
ber of transcription factors, POU5F1(OCT4) and LHX3. POU5F1(OCT4) is known to play an impor-
tant role in regulating pluripotent genes (Shi and Jin, 2010, Wang et al., 2007), and downstream
target genes involved in developmental processes (Shi and Jin, 2010). Previously, overexpression of
POUS5F1(OCT4) allowed the generation of blood progenitor cells from fibroblasts (Szabo et al.,
2010) by regulating hematopoietic gene, HOXB4, which is one of the POU5F1(OCT4) targets
(Boyer et al., 2005). Furthermore, a number of studies showed that POU5F1(OCT4) can induce vari-
ous cell fate reprogramming such as neural stem cells into iPSCs (Kim et al., 2009a; Kim et al.,
2009b), and fibroblasts into neural progenitor cells (Mitchell et al., 2014b) as well as oligodendro-
cyte progenitor cells (Kim et al., 2015), defining POU5F1(OCT4) as a versatile reprogramming factor
that confers the plasticity in somatic cells (Mitchell et al., 2014a; Mitchell et al., 2014b). Also, it has
been reported that POU5F1(OCT4) binds to homeodomain transcription factor ISL1 (Boyer et al.,
2005; Jung et al., 2010) which is required for specification of spinal cord MNs (Cho et al., 2014;
Liang et al., 2011). So, we hypothesized that activation of POU5F1(OCT4) might have potential to
generate MNs from somatic cells through regulating ISL1 expression. Here, we introduced the key
cell fate regulator POU5F1(OCT4) and subsequently overexpressed additional MN specification fac-
tor LHX3 to induce fibroblasts toward motor neuronal fate. Importantly, we found that iMNs exhib-
ited typical characteristics of MNs on molecular level, electrophysiological activity, synaptic
functionality, in vivo engraftment capacity and therapeutic effects. In conclusion, our strategy ena-
bles large-scale production of pure iIMNs and facilitates the feasibility of iMNs for SCI treatment.
Access to high-yield cultures of human MNs will facilitate an in-depth study of MN subtype-specific
properties, disease modeling, and development of cell-based drug screening assays for MN
disorders.

Results

Generation of induced motor neurons (iMNs) from human fibroblasts
by sequential induction of two transcription factors

To generate induced motor neurons (iMNs) from human adult fibroblasts (HF1), we established an
advanced direct conversion strategy by inducing POU5F1(OCT4) and LHX3 sequentially at different
time points as described in the experimental scheme (Figure 1A). To rule out the possibility that
resulting iMNs are derived from contaminating neural cells in parental fibroblasts, we confirmed that
none of the fibroblasts express neural lineage markers by immunostaining with specific antibodies
(Figure 1—figure supplement 1A). Firstly, we transduced fibroblasts with POU5F1(OCT4) regarding
its critical role in cell fate decision during early development (Yamada et al., 2013). POU5F1(OCT4)-
induced plasticity has been shown to activate the lineage genes in response to lineage supporting
culture condition (Mitchell et al., 2014a; Mitchell et al., 2014b). We cultured POU5F1(OCT4)-
infected cells in our defined neural induction medium. The morphological changes were observed as
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Figure 1. Generation of induced motor neurons (iMNs) from human fibroblasts. (A) The experimental scheme for the generation of iMNs by sequential
transduction of two transcription factors. (B-G) The morphological change of human fibroblasts (HF1) during reprogramming. (B) The morphology of
mock-infected HF1 in neural induction medium. (C) The emergence of cell cluster after 10 days of POU5F1(OCT4) infection in neural induction medium.
(D) The morphology of POU5F1(OCT4)-infected cells after picking. (E) The morphology of iMNICs after passage. (F) Appearance of iMN spheres in
motor neuron induction medium. (G) The morphology of iMNs on PDL/Laminin-coated plate. (G') Zoomed image of the square in (G) shows complex
axonal processes. Scale bars, 125 um in (B-G’). (H) Immunofluorescence images of iMNs (HF1-iIMN2) converted from iMNICs after 14 days of MN factor
transduction under sphere culture condition. Addition of LHX3 to iMNICs but not any other MN factors enhanced conversion efficiency to generate

Figure 1 continued on next page
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HB?+TUJ1+ iMNSs. The cells were co-stained with HB9 (red) and TUJ1 (green), and the nuclei were counterstained with DAPI. Scale bars, 125 um. (I-J)
Conversion efficiency determined by quantification of TUJ1+ cells (I) and HB9+TUJ1+ cells (J) depending on transduced MN factor and culture
condition. Data are presented as mean + SD (n = 3), and represent triplicate experimental replicates. Related data can be found in Figure 1—figure

supplements 1-6.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Quantification of TUJ1+/HB9+TUJ1+ iMNs depending on TF, gRT-PCR analysis of MN genes, and gRT-PCT analysis of endogenous
expression of POU5F1, NANOG, and SOX2.

Figure supplement 1. Validation of parental human fibroblasts.

Figure supplement 2. Establishment of iMNIC clones and upregulation of ISLT expression after POU5F1(OCT4) induction.

Figure supplement 3. Characterization of iMNs converted by POU5F1(OCT4) alone.

Figure supplement 4. Screening transcription factor and optimization of culture condition for generating iMNs from iIMNIC clones.

Figure supplement 5. IMNICs possess self-renewal capacity and do not transit neither pluripotent state nor neural progenitor state.
Figure supplement 6. Primary induction of POU5F1(OCT4) outperforms simultaneous induction of POU5SF1(OCT4) and LHX3.

early as day 3, and spindle-shaped cells then formed compact colonies by day 10 (Figure 1C),
whereas mock-infected fibroblasts did not change under the same condition (Figure 1B). From
0.5 x 10* seeded fibroblasts, we could observe 7 ~ 12 colonies (Supplementary file 3). We picked
colonies individually and plated them in separate wells for clonal culture. The neural progenitor-like
cells grew out gradually from attached colonies (Figure 1D). We found that the number of cells
increased over time in neural induction medium. These cells were passaged and maintained as a
monolayer cell line which we named iMN-intermediate cells (iMNICs) (Figure 1E). We could establish
six iIMNIC clones from HF1; HF1-iIMNIC2, HF1-iIMNIC5, HF1-iIMNIC6, HF1-iMNIC7, HF1-iIMNIC11
and HF1-iIMNIC12 (Figure 1—figure supplement 2A and Supplementary file 3). In order to deter-
mine whether the fibroblasts acquired motor neuronal identity after POU5F1(OCT4)-mediated neural
induction, we analyzed the relative mRNA level of MN specification genes ISL1, HBY, NKX6.1 and
LHX3 (Davis-Dusenbery et al., 2014) in POU5F1(OCT4)-infected cells at day 7, day 14 and three
iMNIC clones (Figure 1—figure supplement 2B). Notably, quantitative reverse transcription poly-
merase chain reaction (QRT-PCR) analysis revealed that only ISLT was dramatically upregulated after
POU5F1(OCT4) induction (Figure 1—figure supplement 2B). Consistently, immunocytochemistry
also showed that iMNICs robustly express ISL1, whereas other MN markers (HB9, NKX6.1 and LHX3)
or neuronal markers (TUJ1 and MAP2) were not detected (Figure 1—figure supplement 2C). For
further MN induction and characterization of general features of MNs, we selected HF1-iIMNIC2
which expressed ISL1 gene most highly (Figure 1—figure supplement 2B).

To induce iIMNICs into mature iMNs, we plated iIMNICs on PDL/Laminin-coated plate in MN
induction medium containing spinal ventralizing morphogen, sonic hedgehog (SHH) (Ericson et al.,
1996; Jessell, 2000). Most of the cells showed neuronal morphology expressing TUJ1 (>95%), and
nearly all TUJI+ cells co-expressed ISL1 at day 28 (Figure 1—figure supplement 3A). These cells
also expressed mature neuronal marker MAP2 and presynaptic marker synapsin1 (SYN1) (Figure 1—
figure supplement 3B). However, terminal MN marker HB9 expressing cells were very rare in popu-
lation (Figure 1—figure supplement 3C). These data indicate that POU5F1(OCT4) induction poten-
tially contributes to MN induction, but not sufficient for complete reprogramming toward mature
MNss.

Given that iMNICs express endogenous ISLT gene, we hypothesized that additional transcription
factor involved in MN specification might facilitate the conversion of iMNICs toward bona fide MNs.
We selected six candidate transcription factors including PAX6, NKX6.1, OLIG2, LIM1 and LHX3
(Davis-Dusenbery et al., 2014; Jessell, 2000) and transduced iMNICs with each gene individually
(Figure 1I). Also, we employed sphere culture to optimize the culture condition for MN induction.
When we plated iMNICs on non-coated dishes for sphere culture, the cells formed clusters and
became free-floating iMN spheres in MN induction medium (Figure 1F). The iMN spheres were sub-
sequently transferred onto PDL/Laminin-coated dishes for neuronal maturation, then MN-like cells
outgrew from the spheres (Figure 1G). We could observe robust axon projections and dendritic
arborizations, suggesting the neuronal maturation (Figure 1G’). Remarkably, the converted neurons
exclusively expressed TUJ1 and HB9 only after LHX3 induction, but no HB9+ cells were observed in
other transcription factor infected cells (Figure TH). More than 96% of iMNs co-expressed TUJ1 and
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HB9 in sphere culture, while the efficiency was considerably lower in adherent culture (Figure TH-J
and Figure 1—figure supplement 4A). We applied this to other iMNIC clones, and they were con-
verted into HB9+TUJ1+ iMNs with conversion efficiency of 70 ~ 90% (Figure 1—figure supplement
4B and Supplementary file 4). Addition of other transcription factors rather impeded neuronal mor-
phology, especially PAX6 and OLIG2 known to contribute to the early stage of MN specification
even decreased the efficiency of TUJ1+ cells (Figure 11 and Figure 1—figure supplement 4A).
These results demonstrate that POU5F1(OCT4) and LHX3 with our defined culture condition are suf-
ficient to convert cell fate of human fibroblasts into mature iMNs with high purity.

Direct conversion through self-renewing iMN-intermediate cells
(iMNICs) enables large production of iMNs

As described above, iIMNICs exhibited neural progenitor-like morphology and proliferative capacity.
It has been reported that POU5F1(OCT4) can directly convert somatic cells into tripotent neural pro-
genitors (Mitchell et al., 2014b). Considering previous report, we evaluated cellular identity of
iMNICs whether the cells are similar to neural progenitors. Immunocytochemistry analysis showed
that none of iIMNICs expressed early neuroectoderm markers (SOX1 and PAX6), neural progenitor
markers (SOX2 and NCAM) or MN progenitor marker (OLIG2), and these markers were never
detected during the entire neural induction process (Figure 1—figure supplement 5A). To deter-
mine whether this cell conversion occurred through pluripotent state or neural progenitor state, we
evaluated the activation of endogenous expression of pluripotent genes (POU5F1(OCT4) and
NANOG) and neural progenitor marker (SOX2) after POU5F1(OCT4) induction (Figure 1—figure
supplement 5B). We found that none of these markers were detected in POU5F1(OCT)-induced
cells, iMNICs and iMNs as confirmed by gRT-PCR. This result implies that fibroblasts transit neither
pluripotent state nor neural progenitor state. Although iMNICs were distinct population from neural
progenitors, these cells were highly proliferative cells and capable of being maintained for more
than 13 passages. We examined the self-renewal capacity of iMNICs. We evaluated iMNICs at early
passage (P2) and late passage (P13). Cellular morphology was very similar at both early and late pas-
sages (Figure 1—figure supplement 5C). The cells sustained the proliferation rate presenting the
mean doubling times (mDT) of 28.4 hr at P2 and 29.4 hr at P13, respectively (Figure 1—figure sup-
plement 5D). In addition, we confirmed that >97% of iIMNICs expressed proliferative cell marker
Kl67 (Figure 1—figure supplement 5E and F). To verify the continuous capacity of iMNICs to con-
vert into iIMNs over multiple passages, we conducted iMN induction using iMNICs at P2 and P13.
iMNICs were successfully converted into mature iMNs at both early and late passage (Figure 1—fig-
ure supplement 5G). Furthermore, to determine whether generation of iMNICs by initial induction
of POU5F1(OCT4) prior to LHX3 induction is necessary, we compared the cellular identity of iMNICs
emerged after induction of POU5F1(OCT4) alone and co-induction of POU5F1(OCT4) and LHX3.
When we infected fibroblasts with POU5F1(OCT4) and LHX3 simultaneously, the majority of infected
cells died and iMNIC colonies were not stably maintained for multiple passages after picking (up to
5 passages) (Figure 1—figure supplement 6A). Proliferation rate and ISLT gene expression were
also decreased in POU5F1(OCT4)/LHX3 induced iMNICs compared to POU5F1(OCT4)-induced
iMNICs (Figure 1—figure supplement 6B and C). In addition, induction of POU5F1(OCT4) alone
showed higher efficiency in the number of iMNIC colonies (Figure 1—figure supplement 6D). These
data indicate that the sequential induction of two transcription factors is essential for generating
self-renewing iMNICs more efficiently. Together, these results demonstrate that iMNICs generated
by POU5F1(OCT4) are expandable through self-renewing intermediate state which is distinct from
neural progenitor state. Therefore, our method can facilitate the generation of iMNs on large-scale.

Characterization of iMNs

To monitor the cell fate conversion process in live culture and further characterization of iMNs, we
employed reporter system using a lentivirus expressing the green fluorescent protein gene (GFP)
under the control of the HB9 promoter (HB9:GFP) (Marchetto et al., 2008; Toli et al., 2015). After
we transfected iMNICs with LHX3 together with HB9:GFP reporter lentivirus, GFP-positive cells
gradually emerged from the cell clusters under SHH stimulation (Figure 2A). HB9:GFP+ iMNs were
capable of extending long projections (Figure 2A). To identify whether these GFP+ iMNs possess
the typical characteristics of MNs, we evaluated MN marker expression. Immunocytochemistry
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Figure 2. iMNs exhibits typical MN characteristics. (A) The emergence of HB9:GFP+ cells depending on SHH stimulation during the MN induction. The
morphologies of the cells at day 3, 5 and 7 are shown in phase contrast. Scale bars, 125 um. (B) Immunofluorescence images of HB9:GFP+ iMNs co-
expressing MN specific markers (NKX6.1, TUJ1, MAP2, ISLT1, HB9 and CHAT). Scale bars, 125 um. (C) MN genes (LIM1, LHX3, NKX6.1, HB9, and ISL1)
are upregulated in iMNs relative to fibroblasts as analyzed by gRT-PCR. MNs derived from H9 ESC (H?-MNs) are used as control. Graphs are presented

Figure 2 continued on next page
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with fold change after normalization by GAPDH. Data are presented as mean + SD, and represent experimental replicates (n = 3). (D-E)
Immunofluorescence images of HB?:GFP+ iMNs stained with presynaptic markers, SYN1 (D) and SV2 (E). Zoomed images of the square in the figures
show punctate patterns of synaptic terminals. Scale bars, 125 um. Related data can be found in Figure 2—figure supplement 1.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. gRT-PCR analysis of MN gene expressions in iMNs.
Figure supplement 1. Characterization of iMNs.

analysis showed that HB9:GFP+ iMNs co-expressed MN markers including NKX6.1, ISL1, HBY and
CHAT as well as neuronal markers, TUJ1 and MAP2 (Figure 2B). In contrast, tyrosine hydroxylase
(TH)-positive dopaminergic neurons were rare in population (<0.6%) (Figure 2—figure supplement
1A), and GFAP-positive astrocytes were not detected (Figure 2—figure supplement 1B), suggest-
ing that our reprogramming method is specific to MN lineage rather than other neuronal subtypes
or neural progenitors. Consistent with the immunocytochemistry results, the endogenous mRNA lev-
els of MN marker genes including LIM1, LHX3, NKX6.1, HB? and ISL1 were upregulated in iMNs rel-
ative to fibroblasts (Figure 2C). Furthermore, we could observe the synaptic activities of HB9:GFP+
neurites expressing presynaptic markers, SYN1 and synaptic vesicle protein 2 (SV2) (Figure 2D,E
and Figure 1—figure supplement 5H). We next confirmed the transgene silencing in iMNs. Exoge-
nous expression of transgenes POU5F1(OCT4) and LHX3 are dramatically decreased in iMNs, as
examined by gRT-PCR (Figure 2—figure supplement 1C and D). Together, these results demon-
strate that iMNs exhibit the typical characteristics of MNs.

iMNs exhibit electrophysiological properties

To determine whether iMNs are fully mature, we identified electrophysiological properties of iMNs
by conducting whole-cell patch clamp recording. 29 out of 48 tested cells (60.42%) exhibited at least
one action potential (AP) firing, while 19 cells (39.58%) were unresponsive to depolarizing current
injection (Figure 3—figure supplement 1A). Among the cells showing AP (29 cells), about half of
the cells (14 cells) generated a multiple number of AP firings and 8 out of 14 cells also showed spon-
taneous firing at resting membrane potential (Figure 3—figure supplement 1A). Those cells dis-
playing multiple APs were further grouped based on the presence of spontaneous firing (group 1 vs.
group 2). We first tested passive properties of neuronal membrane by injecting hyperpolarizing cur-
rent. Both resting membrane potential and input resistance were comparable between group 1 and
group 2 (Figure 3A-D). Next, we compared the active properties of iMNs between the two groups
by injecting depolarizing current (Figure 3E). Likewise, there were no significant differences in AP
threshold, frequency, amplitude, half-width and neuronal excitability between the two groups
(Figure 3F-J), suggesting that these cells are functionally matured regardless of spontaneous firing
at resting membrane potential. In voltage clamp mode, depolarizing voltage steps also induced fast
inward currents. These currents were completely blocked by the bath-application of tetrodotoxin
(TTX). We confirmed that these inward currents were elicited by TTX-sensitive voltage-gated sodium
channels (Figure 3K-M). Together, these data indicate that iMNs are electrophysiologically mature.

iMNs form neuromuscular junctions with myotubes

To evaluate the in vitro functionality of iMNs, we investigated whether iMNs possess the ability to
form neuromuscular junctions (NMJs) with muscles, which is the key feature of spinal MNs. We differ-
entiated mouse myoblasts C2C12 into multinucleated myotubes and co-cultured with iMNs. Exten-
sive axons of HB9:GFP+ iMNs projected along the myotubes (Figure 4A). Noticeably, SV2-positive
vesicles were seen in HB9:GFP+ iMNs and enriched at NMJs showing puncta-like structures
(Figure 4A). At the sites of contacts with myotubes, clusters of postsynaptic acetylcholine receptors
(AChR) on the surface of myotubes were detected by immunocytochemistry with AChR antibody
(Figure 4B) and o-bungarotoxin conjugated with Alexa 555 (a-BTX) (Figure 4C). The formation of
NMJs was also observed with iMNs generated from iMNICs at late passage (Figure 1—figure sup-
plement 5I). Importantly, we could observe the rhythmic contraction of myotubes when co-cultured
with iMNs. The contractions were blocked by antagonist of nicotinic AChR, curare, indicating that
the myotubes contract depending on the activities of iMNs (Video 1). These data demonstrate that
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Figure 3. Electrophysiological properties of iMNs. (A) Representative recording traces of iMNs by hyperpolarizing current injection under current
clamp-mode. (B) Resting membrane potential (Group1, —=73.29 + 2.65 mV, n = 8; Group2, —61.57 £ 7.04 mV, n = 6; unpaired t-test, t;2 = 1.7330,
p=0.1086). (C) Current (1) - voltage (V) relationship in iMNs by hyperpolarizing current step (repeated measures two-way ANOVA, n = 8 for Group1,

n = 6 for Group 2; group effect, Fq 1, = 0.5074, p=0.4899; interaction, F3, 3, = 0.6432, p=0.5923). (D) Input resistance of iMNs (Group1, 692.89 + 60.60
MQ, n = 8; Group2 = 771.43 + 39.09 MQ, n = 6; unpaired t-test, t;2 = 1.0050, p=0.3349). (E) Representative recording traces of iMNs by depolarizing
current injection under current clamp-mode. (F) AP threshold (Group1, —46.76 £ 1.58 mV, n = 8; Group2, —47.30 £ 1.94 mV, n = 6; unpaired t-test,

t12 = 0.2187, p=0.8305). (G) AP frequency (Group1, 7.50 + 0.71 Hz, n = 8; Group2, 5.50 + 0.99 Hz, n = 6; unpaired t-test, t1, = 1.6920, p=0.1165). (H) AP
amplitude (Group1, 69.81 £ 6.97 mV, n = 8; Group2, 70.55 + 3.91 mV, n = 6; unpaired t-test, t;» = 0.0840, p=0.9345). (I) AP half-width (Group1,

15.30 £ 1.25 ms, n = 8; Group2 = 11.53 £ 2.09 ms, n = 6; unpaired t-test, t1» = 1.6390, p=0.1271). (J) Neuronal excitability of iMNs (repeated measures
two-way ANOVA, n = 8 for Group1, n = 6 for Group 2; group effect, Fy, 1, = 2.9410, p=0.1120; interaction, F4, 45 = 0.0774, p=0.9888). (K-L)
Representative TTX-sensitive sodium currents (K) of iMNs (TTX, 1 uM). (L) Zoomed-in view of TTX-sensitive sodium currents shown in (K). (M) Averaged
current (I)/voltage (V) curve of sodium currents (n = 11). Mean + SEM is used for all the data described in the figure. Related data can be found in
Figure 3—figure supplement 1.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Physiological properties of iMNss.

mature iMNs exhibit mature functionality such as the formation of NMJs. To evaluate our iMN direct
conversion method, we generated iMNICs and iMNs from additional human fibroblast line, HF2 (Fig-
ure 4—figure supplement 1A). HF2-derived iMNs (HF2-iMNs) showed typical characteristics of
MNs and functions, such as synaptic activities and NMJ formation (Figure 4—figure supplement
1B-D). We could establish five iMNIC clones from HF2; HF2-iMNIC1, HF2-iMNIC2, HF2-iMNIC4,
HF2-iIMNIC6 and HF2-iIMNIC8) (Figure 4—figure supplement 1E). These iMNIC clones highly
expressed ISL1gene, and the cells were converted into HB9+iMNs after MN induction (Figure 4—
figure supplement 1F and Figure 4—figure supplement 1G). Taken together, these results confirm
that iMN conversion method is applicable to other lines of human adult fibroblasts.
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iMNs + Myotube

HB9:GFP

HB9:GFP

HB9:GFP a-BTX

Figure 4. iMNs form neuromuscular junctions with myotubes. (A—C) Representative immunofluorescent analysis of neuromuscular junctions (NMJs)
formed between HB?:GFP+ iMNs and C2C12 myotubes in co-culture. Presynaptic axons and post-synaptic acetylcholine receptor (AChR) are stained
with antibodies against SV2 (A) and AChR (B), and the multinucleated myotubes are stained with myosin heavy chain (MHC). (C) NMJs are labeled with
o-bungarotoxin conjugated with Alexa 555. Zoomed images of the square in (C) show the NMJs, indicated by white arrows. Scale bars, 75 um. Related
data can be found in Figure 4—figure supplement 1.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Generation of iMNs from additional human fibroblasts (HF2).

Global transcriptional profiles of
iMNICs and iMNs by RNA-
sequencing

To examine the identity of iIMNICs and iMNs, we
performed RNA-sequencing (RNA-seq) analysis
to compare global gene expression profiles of
iMNICs and iMNs to that of parental fibroblasts
(HF1 and HF2), fetal NPCs (NPC) (Kim et al.,
2009a), wild type motor neurons (wtMNs)
derived from human ESC (WtMN-
1) (Amoroso et al., 2013) and iPSC (wtMN-2)
(Ng et al., 2015) and fetal spinal cord (Fetal-SC)
(Kumamaru et al., 2018). Heatmap analysis
demonstrated that the global gene expression
patterns of iIMNICs and iMNs were similar to
wtMNs, but distinct from fibroblasts and fetal
NPCs (Figure 5A). The hierarchical clustering
and principal component analysis (PCA) showed
that iMNICs, iMNs and wtMNs are tightly corre-
lated, whereas distinct from NSCs (Figure 5B
and C). The 1st principal component (PC1)

Video 1. Contraction of C2C12 myotubes co-cultured
with iMNs. C2C12 myotubes started rhythmic
contraction after co-culture with iMN for 3 weeks. To
block the acetylcholine receptor on the myotubes
specifically, 100 uM curare (final concentration) was
added to the culture.
https://elifesciences.org/articles/52069#video’
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Figure 5. Global gene expression profiles of iMNICs and iMNs. (A) Heatmap analysis of global gene expression profiles in HF-1, HF-2, NPCs, HF1-
iMNICs, HF2-iMNICs, HF1-iMNs, HF2-iMNs, wtMN-1 and wtMN-2 as determined by RNA-seq. The color bar codifies the gene expression in log; scale.
Red indicates upregulated genes and blue indicates downregulated genes. (B) Hierarchical clustering of HF2, HF1, NPCs, HF2-iIMNICs, HF1-iMNICs,
wtMN-2, wrMN-1, HF2-iMNs and HF1-iMNs. (C) PCA of global gene expression in HF1, HF2, HF1-iMNICs, HF2-iIMNICs, HF1-iMNs, HF2-iMNs, NPCs,

Figure 5 continued on next page
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wtMN-1 and wtMN-2. (D) Pairwise scatter plots of global gene expression of Fetal-SC vs HF1-iIMNICs/HF2-iIMNICs, wtMN-1 vs HF1-iMNs/HF2-iMNs and
NPCs vs HF1-iIMNICs/HF2-iMNICs. The HOX genes (HOXC4, HOXC6, HOXC8, HOXC9, HOXA9 and HOXD9), MN genes (HB?, ISL1, NKX6.1 MAP2,
TUJ1 and CHAT), fibroblast genes (COL5A1 and COL1A1) and NPC genes (SOX2, OLIG2, PAX6 and SOX1) are highlighted with yellow circles. The
black lines indicate the boundaries of 4-fold changes in log; scale. (E and F) Heatmap analysis of (E) HOX genes, (F) MN genes, NPC genes and
fibroblast genes in HF1, HF2, NPCs, HF1-iIMNICs, HF2-iMNICs, HF1-iMNs, HF2-iMNs and wtMN-1. The color bar codifies the gene expression in log,
scale. Red indicates upregulated genes and blue indicates downregulated genes. (G) gRT-PCR analysis of mRNA expression level for cervical HOX
genes (HOXC4, HOXC5, HOXC6, HOXA7 and HOXCS8) and thoracic HOX genes (HOXA® and HOXC9) in HF1-iMNINs, HF1-iMNs, H?-MNs and NPCs.
Bars represent fold changes relative to fibroblasts after normalization to GAPDH. Data are presented as means + SD (n = 3). Related data can be found

in Figure 5—figure supplement 1.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. gRT-PCR analysis of cervical and thoracic HOX genes.
Figure supplement 1. RNA-seq analysis of iMNICs and iMNs.

captures 39% of the gene expression variability and the 2nd principal component (PC2) captures
26% of the variability. Moreover, pairwise scatter plots showed high similarity between iMNICs vs
fetal spinal cord and iMNs vs wtMNs, especially in HOX genes (HOXC4, HOXC6, HOXC8, HOXC?,
HOXA9 and HOXD9) and MN-enriched genes (HB9, ISL1, NKX6.1, TUJ1, MAP2 and CHAT)
(Figure 5D). In contrast, we could observe low similarity between iMNICs vs NPC and parental fibro-
blasts vs iMNICs/iMNs, especially NPC marker genes (SOX2, OLIG2, PAX6 and SOX1) and fibroblast
genes (COL5A1 and COL1A1) (Figure 5D and Figure 5—figure supplement 1A). Furthermore, we
could observe high level of similarity in HOX gene clusters and MN genes in our iMNICs and iMNs
compared to wtMNs, which were not expressed in NPCs (Figure 5E,F and Figure 5—figure supple-
ment 1B). In addition, iMNICs and iMNs expressed similar level of HOXC clusters and ISLT with
wtMN-1, but SOX2 expression was not detected in iMNICs and iMNs (Figure 5—figure supplement
1D). In contrast, the expression of NPC genes (SOX2, PAX6, OLIG2, ASCL1, FABP7 and EMX), fibro-
blast-specific genes (COL1A1, COL5A1, SNAT and SNAI2) and pluripotent genes (NANOG, POU5F1
(OCT4) and TDGFT1) were not detectable in iMNICs and iMNs (Figure 5F and Figure 5—figure sup-
plement 1C). To validate the RNA-sequencing data, we conducted gPCR to analyze mRNA expres-
sion of HOX genes in our iIMNICs and iMNs. Consistent with RNA-sequencing data, cervical and
thoracic spinal cord specific genes (HOX4-9) were upregulated in iMNICs and iMNs as confirmed by
gRT-PCR (Figure 5G). Together, these results indicate that iIMNs generated from two fibroblast lines
acquired motor neuronal identity and showed a high degree of similarity with wtMNs or fetal spinal
cord tissues.

Therapeutic potential of iMNs in spinal cord injury (SCI) model in vivo

In order to examine the in vivo functionality and therapeutic effects of iMNs, we transplanted HB9:
GFP+ iMNs into adult rat SCI models (Figure 6A). We induced compressive damage to thoracic ver-
tebrae 9 (T9) of the spinal cord and injected 1 x 10° iMNs into the upper (T8) and lower (T10) verte-
brate after 1 week of injury. We could observe the engraftment of transplanted HB9:GFP+ iMNs in
the spinal cord (Figure 6B). To evaluate the cellular features of iMNs in vivo, the spinal cord tissue
was immunostained with neuronal marker (TUJ1) and oligodendrocyte marker (MBP). Most of the
GFP+ cells co-expressed TUJ1 (Figure 6C-E) and were surrounded by host myelinating MBP+ oligo-
dendrocytes (Figure 6F-H). To confirm the tissue recovery of the injury site, we conducted hematox-
ylin and eosin (H and E) staining of sagittal sections of the spinal cord after 8 weeks of
transplantation to detect the cavity size. Transplanted tissue show less cavity of injured site com-
pared to control (Figure 6l and J). Next, we evaluated the motor function recovery of the hind limbs
by measuring Basso—Beattie—Bresnahan (BBB) scores for 8 weeks in rat SCI models that were treated
either with PBS (control) (n = 6) or with iMNs transplantation (n = 10). iMN-transplanted rats were
improved in BBB scores from week 4 that persisted steadily through week showing significant
improvement in locomotor recovery (Figure 6K,L and Video 2). To assess the risk of tumor forma-
tion, iIMNICs and iMNs were subcutaneously transplanted into immune-deficient nude mice and no
tumors were observed for 12 months of experiment period (n = 4) (Figure 6—figure supplement
1A). These results showed that iMN transplantation significantly improved functional recovery after
SCI.

Lee et al. eLife 2020;9:€52069. DOI: https://doi.org/10.7554/eLife.52069 11 of 24


https://doi.org/10.7554/eLife.52069

eLife

A

SCI iMN Transplantation
\ \

| BBB Scoring

I T T
Week -1 Week0 Week 1

BBB Score

o=NwWhAUON

12

114

10

--+- Control
—+—iMN spheres

—=—iMN

12 3 4 5 6 7 8
Weeks after transplantation

Stem Cells and Regenerative Medicine

Figure 6. Therapeutic effects of iMNs in rat spinal cord injury model in vivo. (A) The experimental scheme of in vivo study. (B) Immunofluorescence
image of transplanted iMNs in sagittal section of spinal cord. (B’) Zoomed image presents integration of transplanted cells. Scale bars, 125 um. (C-E)
Confocal images of iMNs after transplantation. HB9:GFP+ cells co-express neuronal marker, TUJ1 (white arrowheads). (F-H) iMNs are surrounded by
host MBP+ myelinating cells forming ensheathment (white arrowheads). Scale bars, 30 um. (I-J. H and E staining analysis of spinal cords after 8 weeks of

Figure 6 continued on next page
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transplantation (I; Control, J; iMN-transplanted) (I,J; Scale bars, 400 um, I,1",J",J""; Scale bars, 125 um). (K) The position of hindlimbs in control rat and
iMN-transplanted rat after 8 weeks of transplantation. (L) BBB score evaluation of hindlimbs during 8 weeks after transplantation. Data are presented as
mean + SD, and represent experimental replicates (Control; n = 6, iMN sphere; n = 9, iIMN; n = 10). *p<0.05, one-way ANOVA. Related data can be
found in Figure 6—figure supplement 1.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Tumor formation analysis of iIMNICs and iMNs in vivo.

Discussion

In this study, we established an advanced direct conversion strategy to generate induced motor neu-
rons (iMNs) from human fibroblasts in large-scale with high purity, thereby providing a cell source
for the treatment of spinal cord injury (SCI). Previously, we succeeded in generating oligodendrocyte
progenitor cells (OPCs) from somatic cells by POU5F1(OCT4) (Kim et al., 2015). In line with this, we
hypothesized that combination of POU5F1(OCT4) and defined supplements may convert cell fate
toward motor neurons (MNs) which is developmentally derived from the same origin with OPCs,
pPMN progenitors of the ventral spinal cord (Ravanelli and Appel, 2015). POU5F1(OCT4) could effi-
ciently generate TUJ1-positive neuronal cells under MN induction conditions, however, most of the
cells could not reach to HB9Y positive mature MNs. Nonetheless, we found that endogenous expres-
sion of ISL1, an important transcription factor for MN specification (Liang et al., 2011), was activated
in fibroblasts after POU5F1(OCT4) induction under our defined culture condition. Based on this
observation, we assumed that an additional transcription factor is required for complete iMN conver-
sion. By screening the MN specification factors, we found that inclusion of LHX3 significantly
increased the reprogramming efficiency of HB9 positive iMNs. This result is consistent with the previ-
ous report that the LIM complex composed of ISL1 and LHX3 specify spinal MNs by inducing MN
gene HBY in development (Lee et al., 2012). To our knowledge, this is the first time showing that
POU5F1(OCT4) can initiate cellular reprogramming toward MN lineage by activating ISL1. This is
correlated with previous reports that LIM homeodomain transcription factor ISL1 has been detected
as POUSF1(OCT4) targets in human pluripotent cells (Boyer et al., 2005; Jung et al., 2010).

This result has an important implication on how we minimized the transcription factors for gener-
ating iMNs. Previously, iMNs were generated by either eight transcription factors (ASCL1, BRN2,
MYTIL, LHX3, HB9, ISL1, NGN2, and NEURODT1) (Son et al., 2011) or four transcription factors
(NGN2, SOX11, ISL1, and LHX3) (Liu et al., 2016). In ; contrast to previous methods, we identified
the minimal two transcription factors, POU5F1(OCT4) and LHX3, for generating iMNs, so that our
iMNs would be safer than multiple transcription factors-derived iMNs for therapeutic applications in
terms of lower chance of viral integrations (Kim et al., 2009b). Moreover, previous studies have not
verified the in vivo functionality or therapeutic potential of human iMNs.

In addition, RNA-sequencing analysis revealed that our iMNs exhibited transcriptional profiles of
motor neuronal identity similar with wtMNs. Importantly, iMNICs and iMNs expressed spinal cord
specific HOX5-9 gene clusters, whereas NPC genes were not detected in these cells. The ability to
generate autologous iMNs with motor neuronal identity can facilitate disease modeling and cell-
based therapy for MN diseases or spinal cord disorders. A critical prerequisite for achieving these
goals is obtaining the pure population of subtype-specific neurons in high number. However, previ-
ous methods have not been feasible since directly converted neurons are terminally differentiated
cells that are not scalable. This limitation could be overcome by generating expandable neural pro-
genitors; however, neural progenitors could produce a mixture of heterogeneous neurons
(Lujan et al., 2012; Ring et al., 2012; Thier et al., 2012). Herein, sequential introduction of two
transcription factors enabled the large production of pure iMNs. We could obtain self-renewing cell
line iIMNICs after POU5F1(OCT4) induction by clonal reprogramming method as we have demon-
strated previously in generating OPCs from fibroblasts (Kim et al., 2015). iMNICs were proliferative,
expandable and retained conversion capacity to mature iMNs for long-term culture (>13 passages);
however, they were distinct from neural progenitors. Therefore, our method is ‘direct conversion’
rather than indirect conversion or redifferentiation through pluripotent state or neural progenitor
state.
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Previously, Mitchell et al. generated iNPC
from POU5F1(OCT4)-induced fibroblasts by cul-
turing the cells in reprogramming media (RM) for
8 days before inducing in classical NPC media
(Mitchell et al., 2014a; Mitchell et al., 2014b).
They reported that RM step is essential to induce
SOX2+ NPCs after POU5F1(OCT4) induction. In
contrast, SOX2 was not activated in POU5F1
(OCT4)-infected cells and failed to generate
iNPCs when cultured directly in NPC media
(Mitchell et al., 2014a). Consistent with previous
report by Mitchell et al., our iMNICs which were
generated without RM step did not express neu-
ral progenitor marker (Mitchell et al., 2014a;
Video 2. Functional recovery after iMN transplantation Mitchell et al., 2014b). This finding indicates
in rat SCI model. Transplantation of iMNs facilitated hat extracellular environment and timing for
the recovery of hindlimb motor functions after 8 weeks tha . L . . g, .
in rat SCI model. PBS injected control group exhibited a.pproprlate stimul arelcrltlca| for cell identifica-
no hindlimb movement. tion of POU5F1(OCT4)-induced cells.

Several studies have reported that transplanta-
tion of MNs or MN precursors differentiated from
pluripotent stem cells (PSCs) showed functional
benefits to injured spinal cord (Rossi et al., 2010;
Wyatt et al., 2011). However, translation of these cells to the clinic is limited due to the challenges
including differentiation efficiency, scalability, purity, and especially tumorigenecity from undifferen-
tiated cells (Nori et al., 2015). Moreover, transplantation of MN precursors remain poorly defined
because of stem cell heterogeneity (Trawczynski et al., 2019). In this study, we could obtain pure
iMNs in large number and found that hindlimb functional recovery depends on maturity and purity
of iMNs. When we transplanted selected HB9+ mature iMNs, BBB score was higher compared to
transplanting iMN spheres. We also observed that our iMNs exhibited integration properties when
transplanted into injured spinal cord. Transplanted HB9+ iMNs still expressed neuronal markers and
interacted with host neural cells such as oligodendrocytes in vivo. We could observe ensheathment
by myelinating host oligodendrocytes surrounding our iMNs. Notably, transplantation of iMNs con-
tributed histological and functional recovery in SCI model without tumor formation, and this is the
first report demonstrating the therapeutic effects of human iMNs in vivo.

In conclusion, this proof-of-concept study shows that our functional iMNs can be employed to
cell-based therapy as an autologous cell source. iMNs possessed spinal cord motor neuronal identity
and exhibit hallmarks of spinal MNs such as neuromuscular junction formation capacity and electro-
physiological properties in vitro. Importantly, transplantation of iMNs improved locomotor function
in rodent SCI model without tumor formation. Although further investigation on mechanism respon-
sible for cell fate conversion may be needed, our strategy is a safer and simpler methodology that
may provide new insights to develop personalized stem cell therapy and drug screening for MN dis-
eases or spinal cord disorders.

https://elifesciences.org/articles/52069#video2

Materials and methods

(species) or Source or Additional
resource Designation reference Identifiers information
Cell line H9 WiCell Cat.# WA09 Control
(Homo sapiens) RRID:CVCL_9773

Cell line NPCs DOI: 10.1038/ Control
(Homo sapiens) nature08436,

Continued on next page

Kim et al., 2009a
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Identifiers

Additional
information

Cell line
(Homo sapiens)

HF1 (Female)

DOI: 10.4172/2157-

7633.1000336

Singhal et al., 2016

Parental cells

Cell line HF2 (Male) DOI: 10.4172/2157- Parental cells
(Homo sapiens) 7633.1000336.
Singhal et al., 2016
Antibody Anti-HB9 DSHB Cat.# 81.5C10 ICC(1:100)
(Mouse RRID:AB_2145209
Monoclonal)
Antibody Anti-ISLT1/2 DSHB Cat.# 39.4D5 ICC(1:300)
(Mouse RRID:AB_2314683
Monoclonal)
Antibody Anti-SV2 DSHB Cat.# SV2 ICC(1:100)
(Mouse RRID:AB_ 2315387
Monoclonal)
Antibody Anti-beta Il Millipore Cat.# ab18207 ICC(1:500)
Tubulin RRID:AB_444319
(Rabbit
polyclonal)
Recombinant Lenti-HB9:GFP Addgene ID# 37080
DNA reagent (plasmid) RRID:Addgene_37080
Recombinant PAX2 (plasmid) Addgene ID# 12260
DNA reagent RRID:Addgene_12260
Recombinant VSVG (plasmid) Addgene ID# 8454
DNA reagent RRID:Addgene_8454
Recombinant Lenti-hOCT4 Addgene ID# 130692
DNA reagent RRID:Addgene_130692
Recombinant Lenti-hLHX3 Addgene ID# 120456
DNA reagent RRID:Addgene_120456
Recombinant Lentiviral backbone Addgene ID# 12252
DNA reagent DOI: 10.1038 RRID:Addgene_12252
Warlich et al., 2011
Peptide, SHH Peprotech Cat.# 100-45 100 ng/ml
recombinant
protein
Peptide, bFGF Peprotech Cat.# 100-18B 20 ng/ml
recombinant
protein
Peptide, EGF Peprotech Cat.# AF-100-15 10 ng/ml
recombinant
protein
Peptide, IGF-1 Peprotech Cat.# 100-11 10 ng/ml
recombinant
protein
Peptide, NT3 Peprotech Cat.# 450-03 10 ng/ml
recombinant
protein
Peptide, BDNF Peprotech Cat.# 450-02 10 ng/ml
recombinant
protein
Peptide, GDNF Peprotech Cat.# 450-10 10 ng/ml
recombinant
protein
Peptide, CNTF Peprotech Cat.# 450-13 10 ng/ml
recombinant
protein
Continued on next page
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Source or Additional
Designation reference Identifiers information
o-Bungarotoxin Invitrogen Cat.# B35451 1:200
Matlab RRID:SCR_001622

Study plan and ethics

This study was designed to establish an advanced direct lineage reprogramming strategy to gener-
ate autologous iMNs from human fibroblasts by overexpressing POU5F1(OCT4) and LHX3. We fur-
ther investigated the therapeutic effects of iMNs for treating traumatic spinal cord injury using
rodent spinal cord injury model. The experiments were repeated at least three times, and the repli-
cates are indicated in each figure and legend. N values represent the number of animals in the
experiment. Quantifications are analyzed by randomly imaging the positions of culture dishes to
determine the reprogramming efficiency. Animals used for experiments were assigned randomly to
groups. The behavioral tests were performed by blinded observer. The experiments were carried
out in accordance with documented standards of the Institutional Review Board of Ulsan National
Institute of Science and Technology (UNIST) (UNISTIRB-15-17 C) for human cell experiments. All ani-
mal experimental and surgical procedures on animals were performed in accordance with institu-
tional protocols approved by the Institutional Animal Care and Use Committee of Yonsei University
College of Medicine (2015-0327) for rat experiments, and the Institutional Animal Care and Use
Committee of Ulsan National Institute of Science and Technology (UNIST) (UNISTIACUC-17-34) for
mouse experiments.

Cell culture

Human adult fibroblast lines, HF1 and HF2 were obtained from surgical resectates (Singhal et al.,
2016), which have been obtained with the informed consent (Haridass et al., 2009). Parental fibro-
blasts were maintained in fibroblast medium (high-glucose DMEM (GIBCO) containing 10% fetal
bovine serum (FBS) (GIBCO), 1% penicillin/streptomycin, 1 mM I-glutamine, 1% non-essential amino
acids (NEAA) (GIBCO), and 0.1 mM B-mercaptoethanol (GIBCO)). Fibroblast information is summa-
rized in Supplementary file 3. 293 T cells used for virus production were maintained in high-glucose
DMEM containing 10% FBS, penicillin/streptomycin, |-glutamine. Human ESCs H9 (WiCell) were
maintained on irradiated CF1 mouse feeder layers in human ESC medium (knockout DMEM (Invitro-
gen) supplemented with 20% knockout serum replacement (GIBCO), 1 mM |-glutamine, 1% non-
essential amino acids, 0.1 mM B-mercaptoethanol, 1% penicillin/streptomycin and 5 ng/ml human
basic fibroblast growth factor (bFGF) (Peprotech). Human fetal NPCs (Kim et al., 2009a) were cul-
tured in DMEM/F12 (GIBCO) supplemented with N2 (GIBCO), penicillin/streptomycin, 20 ng/ml
bFGF (Peprotech) and 8 pug/ml heparin and 10 ng/ml. Cell lines were authenticated using PCR detec-
tion kit. The cells were routinely tested for mycoplasma contaminations, and we used mycoplasma-
free cells for experiments.

Virus construction and production

The cDNAs of candidate MN transcription factors were amplified by PCR, and individually subcloned
into the lenitiviral vector backbone (Addgene ID#12252) (Warlich et al., 2011). Plasmids carrying
human OCT4 and LHX3 cDNAs were purchased from Addgene (OCT4; ID#130692, LHX3;
ID#120456). Also, plasmid carrying the HB9 promoter and GFP protein were purchased from Addg-
ene (ID#37080) (Marchetto et al., 2008).

The viruses were produced and harvested as previously described (Zaehres and Daley, 2006). In
short, 293 T cells were seeded at 40-50% confluency on 10 cm plates prior to transfection. Individual
transfer plasmids, packaging plasmid (PAX2, Addgene ID#12260), and envelope plasmid (VSV-G,
Addgene ID#8454) were transfected into 293 T cells using X-treme GENE9 DNA transfection
reagent (Roche) according to manufacturer’s instructions. After 48 hr of transfection, virus containing
supernatants from two 10 cm plates were collected and filtered through 0.45 um membrane. Virus
particles were concentrated by ultracentrifugation (1.5 hr at 80,000 g, 4°C) and resuspended in 200
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ul of fresh DMEM (virus soup). For cell conversion, we applied 15 ul of virus soup per well (six-well
plates). Materials and reagents are available upon request.

Generation of iMNs

Human fibroblasts were seeded at 0.3-1 x 10* cells on gelatin-coated 6-well plates. On the next
day, the fibroblasts were infected with 2 ml of 15 pl virus soup (lentiviral vector carrying human
OCT4) and fibroblast medium mixture containing 6 ug/ml protamine sulfate. The medium was
replaced with fresh fibroblast medium after 24 hr of infection. At 3 days post-infection, the medium
was switched to neural induction medium (DMEM/F12 (GIBCO) supplemented with N2 (GIBCO),
penicillin/streptomycin, 10 ng/ml bFGF (Peprotech), and 10 ng/ml epidermal growth factor (EGF,
Peprotech) and 10 ng/ml laminin). Morphologically changed infected cells (compact colonies of neu-
ral progenitor-like cells) were mechanically isolated by a glass micropipette and transferred into new
wells individually. The cells were expanded in neural induction medium and iMNICs were established
after 1 or 2 passages. For further MN induction, we used two methods, sphere culture and adherent
culture.

[Sphere culture method] iIMNICs were seeded at 5 x 10* cells on gelatin-coated six-well in neural
induction medium. On the next day, seeded iIMNICs were infected with 2 ml of 15 pl virus soup (len-
tiviral vector carrying human LHX3) and neural induction medium mixture containing 6 ug/ml prot-
amine sulfate. After 24 hr, the medium was replaced with defined MN induction medium (DMEM/
F12 and neurobasal medium (GIBCO) supplemented with N2 (GIBCO), B27 (GIBCO), penicillin/strep-
tomycin, 50 ng/ml SHH (Peprotech), and 10 ng/ml IGF-1). By 5-7 days, the cells formed clusters and
MN spheres appeared. The floating MN spheres were re-plated on PDL/laminin-coated plate in MN
maturation medium (DMEM/F12 and neurobasal medium (GIBCO) supplemented with N2 (GIBCO),
B27 (GIBCO), penicillin/streptomycin, 50 ng/ml SHH (Peprotech), 10 ng/ml IGF-1, 10 ng/m| BDNF,
10 ng/ml GDNF, 10 ng/ml CNTF and 10 ng/ml NT3). MN-like cells outgrew gradually and further
matured for additional 7-14 days.

[Adherent culture method] iIMNICs were seeded at 5 x 10 cells on PDL/laminin-coated plate in
neural induction medium. On the next day, seeded iIMNICs were infected with 2 ml of 15 pl virus
soup (lentiviral vector carrying human LHX3) and neural induction medium mixture containing 6 ug/
ml protamine sulfate. After 24 hr, the medium was switched into MN induction medium for 7 days.
In this process, the MN spheres did not appear. We switched the medium into MN maturation
medium and matured for additional 7-14 days.

Immunocytochemistry (ICC)

Immunostaining was performed as previously described (Kim et al., 2015). The primary antibodies
used for ICC are listed in Supplementary file 1. The secondary antibodies were diluted in PBS and
applied for 1 hr: Alexa Fluor 488/555/568/594 anti-mouse IgG, 1gG1, IgM, anti-chicken IgY, anti-rab-
bit IgG, and anti-goat IgG (Invitrogen, 1:1,000). Nuclei were stained with DAPI (Invitrogen).

C2C12 myotube co-culture

C2C12 myoblasts (ATCC) were expanded in DMEM with 10% FBS and penicillin/streptomycin. When
the culture reached 70% confluency, the medium was switched to 2% horse serum containing
medium to induce multinucleated myotubes. iMNs were added to the myotubes in motor neuron
medium to induce formation of neuromuscular junctions and spontaneous contractions. After 3-4
weeks, the myotube contractions were observed under the microscope and were inhibited by add-
ing 100 uM curare (Sigma). Neuromuscular junctions were observed by labeling with a-bungarotoxin
conjugated with Alexa 555 (Invitrogen, 1:200) and immunostaining with myosin heavy chain (MHC,
DSHB), acetylcholine receptor (AChR, DSHB), and synaptic vesicle 2 (SV2, DSHB).

RT-PCR and quantitative RT-PCR

DNA-free total RNA of iMNs was extracted using the RNeasy mini kit (Qiagen). Total RNA (500 ng)
was used to synthesize cDNAs using SuperScript Ill reverse transcriptase (Invitrogen). RT-PCR was
performed using recombinant Taqg DNA polymerase (Invitrogen). gRT-PCR analysis was conducted
on a LightCycler 480 instrument with SYBR Green | Master mix (Roche). The experiments were per-
formed in triplicate, and expression was normalized to the housekeeping gene GAPDH. Gene
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expression was measured by calculating Ct values. All of the experiments were conducted according
to the manufacturer’s instructions. The sequences of the primers used are listed in
Supplementary file 2.

Electrophysiology

Motor neurons induced from human fibroblasts were placed in a recording chamber and recognized
visually by IR-DIC optics. Induced motor neurons were continuously perfused with artificial cerebro-
spinal fluid (ACSF) containing 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 15
mM glucose, 2 mM CaCl2, and 1 mM MgCI2 oxygenated with 95% O2% and 5% CO2 at 30-32°C.
Borosilicate glass pipettes (2.5-3.5 MQ) were pulled (P-1000, Sutter Instrument) and filled with
potassium-based internal solution containing 133 mM KMeSO3, 3 mM KCI, 10 mM HEPES, 1 mM
EGTA, 0.1 mM CaCl2, 8 mM Na2-phosphocreatine, 4 mM Mg-ATP, 0.3 mM Na3-GTP (290-300
mOsm, pH 7.3 with KOH) to make whole-cell configuration. Whole-cell patch clamp recording was
performed by using Multiclamp 700B (Molecular Devices) and recording signals were filtered at 2
kHz, digitized at 10 kHz (PCI-6221, National Instruments). Recording data were monitored, acquired
by WinWCP (Strathclyde Electrophysiology Software) and further analyzed offline by Clampfit 10.0
(Molecular Devices) and Prism 7.0 (GraphPad). To evaluate passive membrane properties of iMNs,
hyperpolarizing step current (50 pA increment, 1000 ms duration) was injected in current clamp
mode. To check active membrane properties of iMNs and generate AP, depolarizing step current
(50 pA increment, 1000 ms duration) was injected. Electrophysiological properties of AP (threshold,
frequency, amplitude, half-width) were analyzed from AP firings induced by 50 pA current injection.
To isolate sodium current, whole-cell recording was conducted under voltage clamp mode and volt-
age was stepped from a holding potential of —70 mV to test potentials from —70 to —25 mV in 5
mV increments (200 ms duration). After recording sodium currents, tetrodotoxin (1 UM, Tocris) was
bath-applied and voltage steps were repeated to confirm TTX-sensitivity of sodium currents
measured.

Growth curve and mean doubling time

Motor neuron intermediate cells (1 x 10* cells) at P2 and P13 were seeded onto 12-well plates and
cultivated for 10 days. The cells were collected from triplicate wells and manually counted every 24
hr using a hemacytometer (Marienfeld). The average cell numbers on each day were plotted, and
the mean doubling time (mDT) was calculated based on the growth curve.

Establish of compression spinal cord injury model

All animal experimental procedures were approved by Institutional Animal Care and Use Committee
of Yonsei University College of Medicine (Seoul, Korea). Adult male Sprague-Dawley rats (Orient,
Seongnam, Korea), weighing 200-220 g were used. Rats were housed in individual cages under stan-
dard laboratory conditions of 24-3C and 40-60% humidity, with 12 hr light-12 hr dark cycles, and
enrichment conditions. All animals anesthetized with ketamine (100 mg/kg; Yuhan, Korea), xylazine
(10 mg/kg; Bayer korea, Korea) and isotropy 100 (Troikaa Pharmaceuticals Ltd, India). A laminectomy
was performed to expose the spinal cord, and the spinal cord was compressed at thoracic level 9
using self-closing forceps (Fine Science Tools, Canada) for 40 s. Following the injury, the muscle and
skin were sutured with 3-0 Vicryl (Johnson and Johnson, Peterborough, Canada). Body temperature
was maintained constant at 37C with a heating pad during surgery and the recovery period. After
the procedure, cefazolin (25 mg/kg; Chong Kun Dang, Korea) was injected for 5 days. For immune
suppression, Cyclosporine A (10 mg/kg, Chong Kun Dang, Korea) was administered to all animals
until sacrifice. Also, animals were taken care of bladder system for urination.

Transplantation of iIMNs were transplanted at 7 days after SCI. The animals were randomly
divided into 3 groups: (1) control group that injected PBS (5 ul); (2) iMN spheres 1 x 10%/5 ul; (3)
HB9:GFP+ iMNs 1 x 10° /5ul. The pervious wound was reopened and cell injected by 27 gauge can-
nula connected to Hamilton syringe.

Behavior test
All animals underwent behavioral analysis every week for 8 weeks after SCI to measure locomotor
recovery. The Basso, Beattie, and Bresnahan (BBB) motor score was used to evaluate the quality of
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hind limb movement during open field locomotion. In the first recovery phase, the range of joint
movement and the presence of the foot closure on the floor were checked. In the second phase,
recovery of weighted stepping was observed. In the third phase, gait coordination and tail move-
ment were observed.

Teratoma formation assay

All mice were purchased from Hyochang Science (Daegu, Korea). Animal handling was in accordance
with animal protection guideline of Ulsan National Institute of Science and Technology (Ulsan,
Korea). Teratoma formation assay was performed by subcutaneously injecting iMNICs (n = 4) and
iMNs (n = 4) respectively on dorsal flank of athymic nude mice (1 x 10% cells/mouse). After 12
months after injection, mice were sacrificed for analysis of teratoma formation.

Isolation of iMNs

To isolate pure iMNs for analysis, we designed the plasmid containing puromycin resistance gene
under expression of HB9 promoter. After transfection, cells expressing HB9 were selected by cultur-
ing in the presence of 0.5 ug/ml of puromycin for 5 days.

Histology and immunohistochemistry (IHC)

For histological analysis, the rats were deeply anesthetized and perfused with PBS followed by 4%
paraformaldehyde as well. The spinal cords were isolated and post-fixed in 4% paraformaldehyde
overnight, and then immersed in 30% sucrose for 3 days. The tissues were embedded in frozen sec-
tion compound (Leica) and sectioned at 16 um in sagittal plane by a cryostat. IHC was performed as
previously described (Kim et al., 2015). The primary antibodies used for IHC are listed in
Supplementary file 1.

For hematoxylin and eosin (H and E) staining, the spinal cords were embedded in paraffin blocks.
The paraffin blocks were sectioned at 4 um in sagittal plane. Sections were immersed in Harris hema-
toxylin solution (Sigma) for 2 min to stain nucleus. Slides were then immersed briefly in 1% acid alco-
hol (1% HCI in 70% ethanol) and blued in 0.2% ammonium hydroxide, followed by staining with
eosin Y solution (Sigma) for 30 s. Each step was followed by several washings with distilled water.
The slides were dehydrated with ethanol, cleared with xylene, and mounted with mounting solution
(Leica).

Statistical analysis

All data in this article are presented as the means + SD (standard deviation). Data from at least three
independent samples were used for statistical analysis. ANOVA with post hoc testing was performed
to compare BBB score. A p-value less than 0.05 was considered statistically significant. Statistical
analysis was carried out using EXCEL, and SigmaPlot software.

RNA-seq preparation and data analysis

Total RNAs were extracted from cells using the RNeasy mini kit (Qiagen) according to manufac-
turer’s instructions. The quality of RNA was examined using Agilent 2100 Bioanalyzer. RNA integrity
number (RIN) of all samples were higher than 8. Library sequencing was carried out on NovaSeq
6000 instrument. We generated 100 bp paired-end reads, with each library sequenced up to depth
of 40 million fragments. We used HISAT2 (Pertea et al., 2016) to align the RNA-seq reads to the
human reference genome GRCh38, and Cufflinks (Trapnell et al., 2012) to annotate them. We calcu-
lated the counts of aligned reads to each gene with HTSeq (Anders et al., 2015). We equalized the
data and stabilized them through the log2 transform of the data plus one. RNA-seq data sequence
summary is provided in Supplementary file 5, and related codes are provided in
Supplementary files 6 and 7.

RNA-seq data integration analysis

To complement the RNA-seq data generated in this work, we collected RNA-seq data from the
Sequence Read Archive (SRA) database for wild-type motor neurons MN, wtMN-2 (SRR2038215)
(Ng et al., 2015), wtMN-1 (SRR606336) (Amoroso et al., 2013) and human ESC H9 (SRR3647179)
(Kumamaru et al., 2018). As with our own samples, we used HISAT2 to align the RNA-seq reads to
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the human reference genome GRCh38, Cufflinks to annotate the mapped reads, and HTSeq to cal-
culate the counts. We equalized the data and stabilized them through the log2 transform of the data
plus one. To reduce the batch effect of the data integration, we used ComBat (Johnson et al.,
2007). We used in-house software to merge the expression results into a single text file used in the
downstream analysis in Matlab (MathWorks).

Transcriptomics global analysis

The heatmap of the most highly variable transcripts, the hierarchical clustering dendrograms (calcu-
lated using the unweighted pair group method with arithmetic mean and Euclidean distance mea-
sure), and the Principal Component Analysis (PCA) were performed using in-house functions
developed in Matlab (MathWorks).

Gene-coverage count track plots

We sorted the alignment bam files with samtools (Li et al., 2009) and produced the bed files with
bedtools (Quinlan and Hall, 2010). We developed a function in Matlab (MathWorks) that for each
gene of interest takes the exon boundary information from the basic annotation file in gtf format
from Gencode (https://www.gencodegenes.org/human/) version 33, and plots the gene-coverage
count track plots, preserving the same scale for the tracks of the same gene in all the samples.

Data availability
The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus
(Edgar et al., 2002) and are accessible through GEO Series accession number GSE149664 .

Acknowledgements

This work (52566811) was supported by Tech Incubator Program for Startup (TIPS) funded Korea
Ministry of SMEs and Startups. J-IK was supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of Science and ICT
(2017R1C1B3005476). DG and MJA-B was supported by Grants of Instituto de Salud Carlos llI
(AC17/00012).

Additional information

Funding

Funder Grant reference number  Author

Korea Ministry of SMEs and 52566811 Jeong Beom Kim

Startups

National Research Foundation 2017R1C1B3005476 Jae-Ick Kim

of Korea

Instituto de Salud Carlos Il AC17/00012 Daniela Gerovska
Marcos J Arauzo-Bravo

European Union Eracosysmed/ 643271 Daniela Gerovska

H2020 Marcos J Aratzo-Bravo

Ministry of Economy and BFU2016-77987-P Daniela Gerovska

Competitiveness of Spain Marcos J Aralzo-Bravo

MINECO

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Hyunah Lee, Conceptualization, Resources, Data curation, Software, Formal analysis, Validation,
Investigation, Visualization, Methodology, Project administration; Hye Yeong Lee, Resources, Valida-
tion, Investigation, Methodology; Byeong Eun Lee, Investigation, Methodology; Daniela Gerovska,
Marcos J Aralzo-Bravo, Validation, Investigation; Soo Yong Park, Methodology; Holm Zaehres,

Lee et al. eLife 2020;9:€52069. DOI: https://doi.org/10.7554/eLife.52069 20 of 24


https://www.gencodegenes.org/human/
https://doi.org/10.7554/eLife.52069

e Llfe Research article

Stem Cells and Regenerative Medicine

Resources, Methodology; Jae-Ick Kim, Funding acquisition, Investigation, Methodology; Yoon Ha,
Resources, Methodology, Project administration; Hans R Schéler, Resources, Supervision; Jeong
Beom Kim, Conceptualization, Resources, Data curation, Supervision, Funding acquisition, Valida-
tion, Investigation, Methodology, Project administration

Author ORCIDs

Hyunah Lee @ https://orcid.org/0000-0002-5560-5969

Daniela Gerovska () https://orcid.org/0000-0003-0671-4277
Marcos J Aratizo-Bravo (2 https://orcid.org/0000-0002-3264-464X
Jeong Beom Kim {2 https://orcid.org/0000-0001-6230-8826

Ethics

Human subjects: The experiments were carried out in accordance with documented standards of the
Institutional Review Board of Ulsan National Institute of Science and Technology (UNIST) (UNISTIRB-
15-17-C) for human cell experiments.

Animal experimentation: All animal experimental and surgical procedures on animals were per-
formed in accordance with institutional protocols approved by the Institutional Animal Care and Use
Committee of Yonsei University College of Medicine (2015-0327) for rat experiments, and the Insti-
tutional Animal Care and Use Committee of Ulsan National Institute of Science and Technology
(UNIST) (UNISTIACUC-17-34) for mouse experiments.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.52069.sa
Author response https://doi.org/10.7554/elife.52069.5a2

Additional files

Supplementary files
* Supplementary file 1. Primary antibodies used for ICC and IHC.

 Supplementary file 2. Primers used for quantitative RT-PCT and genomic PCR.

 Supplementary file 3. Summary of iMNIC induction from human fibroblast lines.
 Supplementary file 4. Characterization of established clones.

 Supplementary file 5. RNA seq data sequence summary.

 Supplementary file 6. Code for alignment and obtained alignment rates.

« Supplementary file 7. Code for obtaining genes counts and obtained statistics.

« Transparent reporting form

Data availability

The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and
are accessible through GEO Series accession number GSE149664 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE149664). Source data files have been provided for Figure 1, 2, and 5.

The following dataset was generated:

Database and

Author(s) Year Dataset title Dataset URL Identifier

Lee H, Lee HY, Le97202075equentia||y induced motor 7https://www.ncbi.n|m. ~ NCBI Gene

BE, Zaehres H, Park neurons from human fibroblasts nih.gov/geo/query/acc.  Expression Omnibus,
S, KimJI, Ha, promote locomotor recovery in cgi?acc=GSE149664 GSE149664
Gerovska D, Arau- rodent spinal cord injury model

zo-Bravo MJ,
Schoeler HR, Kim
JB

The following previously published datasets were used:

Lee et al. eLife 2020;9:€52069. DOI: https://doi.org/10.7554/eLife.52069 21 of 24


https://orcid.org/0000-0002-5560-5969
https://orcid.org/0000-0003-0671-4277
https://orcid.org/0000-0002-3264-464X
https://orcid.org/0000-0001-6230-8826
https://doi.org/10.7554/eLife.52069.sa1
https://doi.org/10.7554/eLife.52069.sa2
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149664
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149664
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149664
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149664
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149664
https://doi.org/10.7554/eLife.52069

e Llfe Research article

Stem Cells and Regenerative Medicine

Database and

Author(s) Year Dataset title Dataset URL Identifier

Amoroso MW, 2013 Accelerated high-yield generation  https://www.ncbi.nlm. NCBI Gene

Croft GF, Williams of limb-innervating motor neurons  nih.gov/geo/query/acc.  Expression Omnibus,
DJ, O'Keeffe S, from human stem cells cgi?acc=GSE41795 GSE41795

Carrasco MA, Davis

AR, Roybon L,

Oakley DH, Mania-
tis T, Henderson
CE, Wichterle H

Kumamaru H, Ka- 2018 Comparison of human brain and https://www.ncbi.nlm. NCBI Gene

doya K, Adler AF, spinal cord neural stem cells (NSCs) nih.gov/geo/query/acc.  Expression Omnibus,
Takashima Y cgi?acc=GSE83107 GSE83107
References

Amoroso MW, Croft GF, Williams DJ, O'Keeffe S, Carrasco MA, Davis AR, Roybon L, Oakley DH, Maniatis T,
Henderson CE, Wichterle H. 2013. Accelerated high-yield generation of limb-innervating motor neurons from
human stem cells. Journal of Neuroscience 33:574-586. DOI: https://doi.org/10.1523/JNEUROSCI.0906-12.
2013, PMID: 23303937

Anders S, Pyl PT, Huber W. 2015. HTSeqg-a Python framework to work with high-throughput sequencing data.
Bioinformatics 31:166-169. DOI: https://doi.org/10.1093/bioinformatics/btu638, PMID: 25260700

Boyer LA, Lee Tl, Cole MF, Johnstone SE, Levine SS, Zucker JP, Guenther MG, Kumar RM, Murray HL, Jenner
RG, Gifford DK, Melton DA, Jaenisch R, Young RA. 2005. Core transcriptional regulatory circuitry in human
embryonic stem cells. Cell 122:947-956. DOI: https://doi.org/10.1016/j.cell.2005.08.020, PMID: 16153702

Bradbury EJ, McMahon SB. 2006. Spinal cord repair strategies: why do they work? Nature Reviews Neuroscience
7:644-653. DOI: https://doi.org/10.1038/nrn1964, PMID: 16858392

Cho HH, Cargnin F, Kim Y, Lee B, Kwon RJ, Nam H, Shen R, Barnes AP, Lee JW, Lee S, Lee SK. 2014. Isl1 directly
controls a cholinergic neuronal identity in the developing forebrain and spinal cord by forming cell type-specific
complexes. PLOS Genetics 10:e1004280. DOI: https://doi.org/10.1371/journal.pgen.1004280, PMID: 24763339

Cristante AF, Barros Filho TE, Marcon RM, Letaif OB, Rocha ID. 2012. Therapeutic approaches for spinal cord
injury. Clinics 67:1219-1224. DOI: https://doi.org/10.6061/clinics/2012(10)16, PMID: 23070351

Davis-Dusenbery BN, Williams LA, Klim JR, Eggan K. 2014. How to make spinal motor neurons. Development
141:491-501. DOI: https://doi.org/10.1242/dev.097410, PMID: 24449832

Deng J, Zhang Y, Xie Y, Zhang L, Tang P. 2018. Cell transplantation for spinal cord injury: tumorigenicity of
induced pluripotent stem Cell-Derived neural stem/Progenitor cells. Stem Cells International 2018:1-7.

DOI: https://doi.org/10.1155/2018/5653787, PMID: 29535771

Edgar R, Domrachev M, Lash AE. 2002. Gene expression omnibus: ncbi gene expression and hybridization array
data repository. Nucleic Acids Research 30:207-210. DOI: https://doi.org/10.1093/nar/30.1.207, PMID: 117522
95

Ericson J, Morton S, Kawakami A, Roelink H, Jessell TM. 1996. Two critical periods of sonic hedgehog signaling
required for the specification of motor neuron identity. Cell 87:661-673. DOI: https://doi.org/10.1016/S0092-
8674(00)81386-0, PMID: 8929535

Fong CY, Gauthaman K, Bongso A. 2010. Teratomas from pluripotent stem cells: a clinical hurdle. Journal of
Cellular Biochemistry 111:769-781. DOI: https://doi.org/10.1002/jcb.22775, PMID: 20665544

Goldman S. 2005. Stem and progenitor cell-based therapy of the human central nervous system. Nature
Biotechnology 23:862-871. DOI: https://doi.org/10.1038/nbt1119, PMID: 16003375

Haridass D, Yuan Q, Becker PD, Cantz T, Iken M, Rothe M, Narain N, Bock M, Nérder M, Legrand N,
Wedemeyer H, Weijer K, Spits H, Manns MP, Cai J, Deng H, Di Santo JP, Guzman CA, Ott M. 2009.
Repopulation efficiencies of adult hepatocytes, fetal liver progenitor cells, and embryonic stem cell-derived
hepatic cells in albumin-promoter-enhancer urokinase-type plasminogen activator mice. The American Journal
of Pathology 175:1483-1492. DOI: https://doi.org/10.2353/ajpath.2009.090117, PMID: 19717639

Jessell TM. 2000. Neuronal specification in the spinal cord: inductive signals and transcriptional codes. Nature
Reviews Genetics 1:20-29. DOI: https://doi.org/10.1038/35049541, PMID: 11262869

Johnson WE, Li C, Rabinovic A. 2007. Adjusting batch effects in microarray expression data using empirical
bayes methods. Biostatistics 8:118-127. DOI: https://doi.org/10.1093/biostatistics/kxj037, PMID: 16632515

Jung M, Peterson H, Chavez L, Kahlem P, Lehrach H, Vilo J, Adjaye J. 2010. A data integration approach to
mapping OCT4 gene regulatory networks operative in embryonic stem cells and embryonal carcinoma cells.
PLOS ONE 5:e10709. DOI: https://doi.org/10.1371/journal.pone.0010709, PMID: 20505756

Kang X, Yu Q, Huang Y, Song B, Chen Y, Gao X, He W, Sun X, Fan Y. 2015. Effects of integrating and Non-
Integrating reprogramming methods on copy number variation and genomic stability of human induced
pluripotent stem cells. PLOS ONE 10:€0131128. DOI: https://doi.org/10.1371/journal.pone.0131128,

PMID: 26131765

Kim JB, Greber B, Aratzo-Bravo MJ, Meyer J, Park Kl, Zaehres H, Schéler HR. 2009a. Direct reprogramming of
human neural stem cells by OCT4. Nature 461:649-653. DOI: https://doi.org/10.1038/nature08436, PMID: 1
9718018

Lee et al. eLife 2020;9:€52069. DOI: https://doi.org/10.7554/eLife.52069 22 of 24


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41795
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41795
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41795
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE83107
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE83107
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE83107
https://doi.org/10.1523/JNEUROSCI.0906-12.2013
https://doi.org/10.1523/JNEUROSCI.0906-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23303937
https://doi.org/10.1093/bioinformatics/btu638
http://www.ncbi.nlm.nih.gov/pubmed/25260700
https://doi.org/10.1016/j.cell.2005.08.020
http://www.ncbi.nlm.nih.gov/pubmed/16153702
https://doi.org/10.1038/nrn1964
http://www.ncbi.nlm.nih.gov/pubmed/16858392
https://doi.org/10.1371/journal.pgen.1004280
http://www.ncbi.nlm.nih.gov/pubmed/24763339
https://doi.org/10.6061/clinics/2012(10)16
http://www.ncbi.nlm.nih.gov/pubmed/23070351
https://doi.org/10.1242/dev.097410
http://www.ncbi.nlm.nih.gov/pubmed/24449832
https://doi.org/10.1155/2018/5653787
http://www.ncbi.nlm.nih.gov/pubmed/29535771
https://doi.org/10.1093/nar/30.1.207
http://www.ncbi.nlm.nih.gov/pubmed/11752295
http://www.ncbi.nlm.nih.gov/pubmed/11752295
https://doi.org/10.1016/S0092-8674(00)81386-0
https://doi.org/10.1016/S0092-8674(00)81386-0
http://www.ncbi.nlm.nih.gov/pubmed/8929535
https://doi.org/10.1002/jcb.22775
http://www.ncbi.nlm.nih.gov/pubmed/20665544
https://doi.org/10.1038/nbt1119
http://www.ncbi.nlm.nih.gov/pubmed/16003375
https://doi.org/10.2353/ajpath.2009.090117
http://www.ncbi.nlm.nih.gov/pubmed/19717639
https://doi.org/10.1038/35049541
http://www.ncbi.nlm.nih.gov/pubmed/11262869
https://doi.org/10.1093/biostatistics/kxj037
http://www.ncbi.nlm.nih.gov/pubmed/16632515
https://doi.org/10.1371/journal.pone.0010709
http://www.ncbi.nlm.nih.gov/pubmed/20505756
https://doi.org/10.1371/journal.pone.0131128
http://www.ncbi.nlm.nih.gov/pubmed/26131765
https://doi.org/10.1038/nature08436
http://www.ncbi.nlm.nih.gov/pubmed/19718018
http://www.ncbi.nlm.nih.gov/pubmed/19718018
https://doi.org/10.7554/eLife.52069

e Llfe Research article

Stem Cells and Regenerative Medicine

Kim JB, Sebastiano V, Wu G, AralGzo-Bravo MJ, Sasse P, Gentile L, Ko K, Ruau D, Ehrich M, van den Boom D,
Meyer J, Hibner K, Bernemann C, Ortmeier C, Zenke M, Fleischmann BK, Zaehres H, Schéler HR. 2009b. Oct4-
induced pluripotency in adult neural stem cells. Cell 136:411-419. DOI: https://doi.org/10.1016/j.cell.2009.01.
023, PMID: 19203577

Kim JB, Lee H, Araldzo-Bravo MJ, Hwang K, Nam D, Park MR, Zaehres H, Park Kl, Lee SJ. 2015. Oct4-induced
oligodendrocyte progenitor cells enhance functional recovery in spinal cord injury model. The EMBO Journal
34:2971-2983. DOI: https://doi.org/10.15252/embj.201592652, PMID: 26497893

Kumamaru H, Kadoya K, Adler AF, Takashima Y, Graham L, Coppola G, Tuszynski MH. 2018. Generation and
post-injury integration of human spinal cord neural stem cells. Nature Methods 15:723-731. DOI: https://doi.
org/10.1038/s41592-018-0074-3, PMID: 30082899

Lee S, Cuvillier JM, Lee B, Shen R, Lee JW, Lee SK. 2012. Fusion protein Isl1-Lhx3 specifies motor neuron fate by
inducing motor neuron genes and concomitantly suppressing the interneuron programs. PNAS 109:3383-3388.
DOI: https://doi.org/10.1073/pnas.1114515109, PMID: 22343290

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R, 1000 Genome
Project Data Processing Subgroup. 2009. The sequence alignment/Map format and SAMtools. Bioinformatics
25:2078-2079. DOI: https://doi.org/10.1093/biocinformatics/btp352, PMID: 19505943

Liang X, Song MR, Xu Z, Lanuza GM, Liu Y, Zhuang T, Chen Y, Pfaff SL, Evans SM, Sun Y. 2011. Isl1 is required
for multiple aspects of motor neuron development. Molecular and Cellular Neuroscience 47:215-222.

DOI: https://doi.org/10.1016/j.mcn.2011.04.007, PMID: 21569850

Liu ML, Zang T, Zhang CL. 2016. Direct lineage reprogramming reveals Disease-Specific phenotypes of motor
neurons from human ALS patients. Cell Reports 14:115-128. DOI: https://doi.org/10.1016/j.celrep.2015.12.
018, PMID: 26725112

Lu P, Woodruff G, Wang Y, Graham L, Hunt M, Wu D, Boehle E, Ahmad R, Poplawski G, Brock J, Goldstein LS,
Tuszynski MH. 2014. Long-distance axonal growth from human induced pluripotent stem cells after spinal cord
injury. Neuron 83:789-796. DOI: https://doi.org/10.1016/j.neuron.2014.07.014, PMID: 25123310

Lujan E, Chanda S, Ahlenius H, Stidhof TC, Wernig M. 2012. Direct conversion of mouse fibroblasts to self-
renewing, tripotent neural precursor cells. PNAS 109:2527-2532. DOI: https://doi.org/10.1073/pnas.
1121003109, PMID: 22308465

Marchetto MC, Muotri AR, Mu Y, Smith AM, Cezar GG, Gage FH. 2008. Non-cell-autonomous effect of human
SOD1 G37R astrocytes on motor neurons derived from human embryonic stem cells. Cell Stem Cell 3:649-657.
DOI: https://doi.org/10.1016/j.stem.2008.10.001, PMID: 19041781

Mitchell R, Szabo E, Shapovalova Z, Aslostovar L, Makondo K, Bhatia M. 2014a. Molecular evidence for OCT4-
induced plasticity in adult human fibroblasts required for direct cell fate conversion to lineage specific
progenitors. Stem Cells 32:2178-2187. DOI: https://doi.org/10.1002/stem.1721, PMID: 24740884

Mitchell RR, Szabo E, Benoit YD, Case DT, Mechael R, Alamilla J, Lee JH, Fiebig-Comyn A, Gillespie DC, Bhatia
M. 2014b. Activation of neural cell fate programs toward direct conversion of adult human fibroblasts into tri-
potent neural progenitors using OCT-4. Stem Cells and Development 23:1937-1946. DOI: https://doi.org/10.
1089/scd.2014.0023, PMID: 24694094

Miura K, Okada Y, Aoi T, Okada A, Takahashi K, Okita K, Nakagawa M, Koyanagi M, Tanabe K, Ohnuki M,
Ogawa D, lkeda E, Okano H, Yamanaka S. 2009. Variation in the safety of induced pluripotent stem cell lines.
Nature Biotechnology 27:743-745. DOI: https://doi.org/10.1038/nbt.1554, PMID: 19590502

Nakamura M, Okano H. 2013. Cell transplantation therapies for spinal cord injury focusing on induced
pluripotent stem cells. Cell Research 23:70-80. DOI: https://doi.org/10.1038/cr.2012.171, PMID: 23229514

Ng SY, Soh BS, Rodriguez-Muela N, Hendrickson DG, Price F, Rinn JL, Rubin LL. 2015. Genome-wide RNA-Seq
of human motor neurons implicates selective ER stress activation in spinal muscular atrophy. Cell Stem Cell 17:
569-584. DOI: https://doi.org/10.1016/j.stem.2015.08.003, PMID: 26321202

Nori S, Okada Y, Nishimura S, Sasaki T, ltakura G, Kobayashi Y, Renault-Mihara F, Shimizu A, Koya |, Yoshida R,
Kudoh J, Koike M, Uchiyama Y, lkeda E, Toyama Y, Nakamura M, Okano H. 2015. Long-term safety issues of
iPSC-based cell therapy in a spinal cord injury model: oncogenic transformation with epithelial-mesenchymal
transition. Stem Cell Reports 4:360-373. DOI: https://doi.org/10.1016/].stemcr.2015.01.006, PMID: 25684226

Park MR, Wong MS, Aratzo-Bravo MJ, Lee H, Nam D, Park SY, Seo HD, Lee SM, Zeilhofer HF, Zaehres H,
Schéler HR, Kim JB. 2019. Oct4 and Hnf4o-induced hepatic stem cells ameliorate chronic liver injury in liver
fibrosis model. PLOS ONE 14:e0221085. DOI: https://doi.org/10.1371/journal.pone.0221085, PMID: 31404112

Park SY, Lee H, Kwon YW, Park MR, Kim JH, Kim JB. 2020. Etv2 - and Fli1 -Induced Vascular Progenitor Cells
Enhance Functional Recovery in Ischemic Vascular Disease Model—Brief Report . Arteriosclerosis, Thrombosis,
and Vascular Biology 40:105-113. DOI: https://doi.org/10.1161/ATVBAHA.119.313684

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. 2016. Transcript-level expression analysis of RNA-seq
experiments with HISAT, StringTie and ballgown. Nature Protocols 11:1650-1667. DOI: https://doi.org/10.
1038/nprot.2016.095, PMID: 27560171

Quinlan AR, Hall IM. 2010. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics
26:841-842. DOI: https://doi.org/10.1093/bioinformatics/btq033, PMID: 20110278

Ravanelli AM, Appel B. 2015. Motor neurons and oligodendrocytes arise from distinct cell lineages by
progenitor recruitment. Genes & Development 29:2504-2515. DOI: https://doi.org/10.1101/gad.271312.115,
PMID: 26584621

Ring KL, Tong LM, Balestra ME, Javier R, Andrews-Zwilling Y, Li G, Walker D, Zhang WR, Kreitzer AC, Huang Y.
2012. Direct reprogramming of mouse and human fibroblasts into multipotent neural stem cells with a single
factor. Cell Stem Cell 11:100-109. DOI: https://doi.org/10.1016/j.stem.2012.05.018, PMID: 22683203

Lee et al. eLife 2020;9:€52069. DOI: https://doi.org/10.7554/eLife.52069 23 of 24


https://doi.org/10.1016/j.cell.2009.01.023
https://doi.org/10.1016/j.cell.2009.01.023
http://www.ncbi.nlm.nih.gov/pubmed/19203577
https://doi.org/10.15252/embj.201592652
http://www.ncbi.nlm.nih.gov/pubmed/26497893
https://doi.org/10.1038/s41592-018-0074-3
https://doi.org/10.1038/s41592-018-0074-3
http://www.ncbi.nlm.nih.gov/pubmed/30082899
https://doi.org/10.1073/pnas.1114515109
http://www.ncbi.nlm.nih.gov/pubmed/22343290
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1016/j.mcn.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21569850
https://doi.org/10.1016/j.celrep.2015.12.018
https://doi.org/10.1016/j.celrep.2015.12.018
http://www.ncbi.nlm.nih.gov/pubmed/26725112
https://doi.org/10.1016/j.neuron.2014.07.014
http://www.ncbi.nlm.nih.gov/pubmed/25123310
https://doi.org/10.1073/pnas.1121003109
https://doi.org/10.1073/pnas.1121003109
http://www.ncbi.nlm.nih.gov/pubmed/22308465
https://doi.org/10.1016/j.stem.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19041781
https://doi.org/10.1002/stem.1721
http://www.ncbi.nlm.nih.gov/pubmed/24740884
https://doi.org/10.1089/scd.2014.0023
https://doi.org/10.1089/scd.2014.0023
http://www.ncbi.nlm.nih.gov/pubmed/24694094
https://doi.org/10.1038/nbt.1554
http://www.ncbi.nlm.nih.gov/pubmed/19590502
https://doi.org/10.1038/cr.2012.171
http://www.ncbi.nlm.nih.gov/pubmed/23229514
https://doi.org/10.1016/j.stem.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26321202
https://doi.org/10.1016/j.stemcr.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25684226
https://doi.org/10.1371/journal.pone.0221085
http://www.ncbi.nlm.nih.gov/pubmed/31404112
https://doi.org/10.1161/ATVBAHA.119.313684
https://doi.org/10.1038/nprot.2016.095
https://doi.org/10.1038/nprot.2016.095
http://www.ncbi.nlm.nih.gov/pubmed/27560171
https://doi.org/10.1093/bioinformatics/btq033
http://www.ncbi.nlm.nih.gov/pubmed/20110278
https://doi.org/10.1101/gad.271312.115
http://www.ncbi.nlm.nih.gov/pubmed/26584621
https://doi.org/10.1016/j.stem.2012.05.018
http://www.ncbi.nlm.nih.gov/pubmed/22683203
https://doi.org/10.7554/eLife.52069

e Llfe Research article

Stem Cells and Regenerative Medicine

Ronaghi M, Erceg S, Moreno-Manzano V, Stojkovic M. 2010. Challenges of stem cell therapy for spinal cord
injury: human embryonic stem cells, endogenous neural stem cells, or induced pluripotent stem cells? Stem
Cells 28:93-99. DOI: https://doi.org/10.1002/stem.253, PMID: 19904738

Rossi SL, Nistor G, Wyatt T, Yin HZ, Poole AJ, Weiss JH, Gardener MJ, Dijkstra S, Fischer DF, Keirstead HS.
2010. Histological and functional benefit following transplantation of motor neuron progenitors to the injured
rat spinal cord. PLOS ONE 5:e11852. DOI: https://doi.org/10.1371/journal.pone.0011852, PMID: 20686613

Shi G, Jin Y. 2010. Role of Oct4 in maintaining and regaining stem cell pluripotency. Stem Cell Research &
Therapy 1:39. DOI: https://doi.org/10.1186/scrt39, PMID: 21156086

Silva NA, Sousa N, Reis RL, Salgado AJ. 2014. From basics to clinical: a comprehensive review on spinal cord
injury. Progress in Neurobiology 114:25-57. DOI: https://doi.org/10.1016/j.pneurobio.2013.11.002,

PMID: 24269804

Singh A, Tetreault L, Kalsi-Ryan S, Nouri A, Fehlings MG. 2014. Global prevalence and incidence of traumatic
spinal cord injury. Clinical Epidemiology 6:309-331. DOI: https://doi.org/10.2147/CLEP.S68889, PMID: 252787
85

Singhal N, Aradzo-Bravo MJ Sinn M Zaehres H. 2016 . BAF complex enhances reprogramming of adult human
fibroblasts. Journal of Stem Cell Research & Therapy 6:0336. DOI: https://doi.org/10.4172/2157-7633.1000336

Son EY, Ichida JK, Wainger BJ, Toma JS, Rafuse VF, Woolf CJ, Eggan K. 2011. Conversion of mouse and human
fibroblasts into functional spinal motor neurons. Cell Stem Cell 9:205-218. DOI: https://doi.org/10.1016/j.stem.
2011.07.014, PMID: 21852222

Szabo E, Rampalli S, Risuefio RM, Schnerch A, Mitchell R, Fiebig-Comyn A, Levadoux-Martin M, Bhatia M. 2010.
Direct conversion of human fibroblasts to multilineage blood progenitors. Nature 468:521-526. DOI: https://
doi.org/10.1038/nature09591, PMID: 21057492

Thier M, Wérsdorfer P, Lakes YB, Gorris R, Herms S, Opitz T, Seiferling D, Quandel T, Hoffmann P, Néthen MM,
Brustle O, Edenhofer F. 2012. Direct conversion of fibroblasts into stably expandable neural stem cells. Cell
Stem Cell 10:473-479. DOI: https://doi.org/10.1016/].stem.2012.03.003, PMID: 22445518

Toli D, Buttigieg D, Blanchard S, Lemonnier T, Lamotte d'Incamps B, Bellouze S, Baillat G, Bohl D, Haase G.
2015. Modeling amyotrophic lateral sclerosis in pure human iPSc-derived motor neurons isolated by a novel
FACS double selection technique. Neurobiology of Disease 82:269-280. DOI: https://doi.org/10.1016/j.nbd.
2015.06.011, PMID: 26107889

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, Pimentel H, Salzberg SL, Rinn JL, Pachter L. 2012.
Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and cufflinks. Nature
Protocols 7:562-578. DOI: https://doi.org/10.1038/nprot.2012.016, PMID: 22383036

Trawczynski M, Liu G, David BT, Fessler RG. 2019. Restoring motor neurons in spinal cord injury with induced
pluripotent stem cells. Frontiers in Cellular Neuroscience 13:00369. DOI: https://doi.org/10.3389/fncel.2019.
00369

Tsuji O, Miura K, Okada Y, Fujiyoshi K, Mukaino M, Nagoshi N, Kitamura K, Kumagai G, Nishino M, Tomisato S,
Higashi H, Nagai T, Katoh H, Kohda K, Matsuzaki Y, Yuzaki M, lkeda E, Toyama Y, Nakamura M, Yamanaka S,
et al. 2010. Therapeutic potential of appropriately evaluated safe-induced pluripotent stem cells for spinal cord
injury. PNAS 107:12704-12709. DOI: https://doi.org/10.1073/pnas.0910106107, PMID: 20615974

Vismara |, Papa S, Rossi F, Forloni G, Veglianese P. 2017. Current options for cell therapy in spinal cord injury.
Trends in Molecular Medicine 23:831-849. DOI: https://doi.org/10.1016/j.molmed.2017.07.005, PMID: 2
8811172

Wang ZX, Teh CH, Kueh JL, Lufkin T, Robson P, Stanton LW. 2007. Oct4 and Sox2 directly regulate expression
of another pluripotency transcription factor, Zfp206, in embryonic stem cells. Journal of Biological Chemistry
282:12822-12830. DOI: https://doi.org/10.1074/jbc.M611814200, PMID: 17344211

Warlich E, Kuehle J, Cantz T, Brugman MH, Maetzig T, Galla M, Filipczyk AA, Halle S, Klump H, Schdler HR,
Baum C, Schroeder T, Schambach A. 2011. Lentiviral vector design and imaging approaches to visualize the
early stages of cellular reprogramming. Molecular Therapy 19:782-789. DOI: https://doi.org/10.1038/mt.2010.
314, PMID: 21285961

Wyatt TJ, Rossi SL, Siegenthaler MM, Frame J, Robles R, Nistor G, Keirstead HS. 2011. Human motor neuron
progenitor transplantation leads to endogenous neuronal sparing in 3 models of motor neuron loss. Stem Cells
International 2011:1-11. DOI: https://doi.org/10.4061/2011/207230, PMID: 21716648

Xu J, Du 'Y, Deng H. 2015. Direct lineage reprogramming: strategies, mechanisms, and applications. Cell Stem
Cell 16:119-134. DOI: https://doi.org/10.1016/j.stem.2015.01.013, PMID: 25658369

Yamada T, Urano-Tashiro Y, Tanaka S, Akiyama H, Tashiro F. 2013. Involvement of crosstalk between Oct4 and
Meis1a in neural cell fate decision. PLOS ONE 8:€56997. DOI: https://doi.org/10.1371/journal.pone.0056997,
PMID: 23451132

Zaehres H, Daley GQ. 2006. Transgene expression and RNA interference in embryonic stem cells. Methods in
Enzymology 420:49-64. DOI: https://doi.org/10.1016/50076-6879(06)20004-1, PMID: 17161693

Lee et al. eLife 2020;9:€52069. DOI: https://doi.org/10.7554/eLife.52069 24 of 24


https://doi.org/10.1002/stem.253
http://www.ncbi.nlm.nih.gov/pubmed/19904738
https://doi.org/10.1371/journal.pone.0011852
http://www.ncbi.nlm.nih.gov/pubmed/20686613
https://doi.org/10.1186/scrt39
http://www.ncbi.nlm.nih.gov/pubmed/21156086
https://doi.org/10.1016/j.pneurobio.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24269804
https://doi.org/10.2147/CLEP.S68889
http://www.ncbi.nlm.nih.gov/pubmed/25278785
http://www.ncbi.nlm.nih.gov/pubmed/25278785
https://doi.org/10.4172/2157-7633.1000336
https://doi.org/10.1016/j.stem.2011.07.014
https://doi.org/10.1016/j.stem.2011.07.014
http://www.ncbi.nlm.nih.gov/pubmed/21852222
https://doi.org/10.1038/nature09591
https://doi.org/10.1038/nature09591
http://www.ncbi.nlm.nih.gov/pubmed/21057492
https://doi.org/10.1016/j.stem.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22445518
https://doi.org/10.1016/j.nbd.2015.06.011
https://doi.org/10.1016/j.nbd.2015.06.011
http://www.ncbi.nlm.nih.gov/pubmed/26107889
https://doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036
https://doi.org/10.3389/fncel.2019.00369
https://doi.org/10.3389/fncel.2019.00369
https://doi.org/10.1073/pnas.0910106107
http://www.ncbi.nlm.nih.gov/pubmed/20615974
https://doi.org/10.1016/j.molmed.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28811172
http://www.ncbi.nlm.nih.gov/pubmed/28811172
https://doi.org/10.1074/jbc.M611814200
http://www.ncbi.nlm.nih.gov/pubmed/17344211
https://doi.org/10.1038/mt.2010.314
https://doi.org/10.1038/mt.2010.314
http://www.ncbi.nlm.nih.gov/pubmed/21285961
https://doi.org/10.4061/2011/207230
http://www.ncbi.nlm.nih.gov/pubmed/21716648
https://doi.org/10.1016/j.stem.2015.01.013
http://www.ncbi.nlm.nih.gov/pubmed/25658369
https://doi.org/10.1371/journal.pone.0056997
http://www.ncbi.nlm.nih.gov/pubmed/23451132
https://doi.org/10.1016/S0076-6879(06)20004-1
http://www.ncbi.nlm.nih.gov/pubmed/17161693
https://doi.org/10.7554/eLife.52069

