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Direct Conversion of Human Urine
Cells to Neurons by Small Molecules

Guosheng Xul2348 FeimaWul2%** Xiaotong Gu?, Jiaye Zhang?, KaiYou'?3, Yan Chen'%3,
Anteneh Getachew%3* Yuanqi Zhuang®?%3**, Xiaofen Zhong'%3*#, Zuoxian Lin?,
Dongsheng Guo?3*, FanYangy%3, Tingcai Pan'23* Hongcheng Wei’ & Yin-xiong Li%23%58"

Transdifferentiation of other cell type into human neuronal cells (hNCs) provides a platform for neural
disease modeling, drug screening and potential cell-based therapies. Among all of the cell donor
sources, human urine cells (hUCs) are convenient to obtain without invasive harvest procedure. Here,
we report a novel approach for the transdifferentiation of hUCs into hNCs. Our study demonstrated
that a combination of seven small molecules (CAYTFVB) cocktail induced transdifferentiation of hUCs
into hNCs. These chemical-induced neuronal cells (CiNCs) exhibited typical neuron-like morphology
and expressed mature neuronal markers. The neuronal-like morphology revealed in day 1, and the
Tujl-positive CiNCs reached to about 58% in day 5 and 38.36% Tuj1+/MAP2+ double positive cells in
day 12. Partial electrophysiological properties of CiNCs was obtained using patch clamp. Most of the
CiNCs generated using our protocol were glutamatergic neuron populations, whereas motor neurons,
GABAergic or dopaminergic neurons were merely detected. hUCs derived from different donors were
converted into CiNCs in this work. This method may provide a feasible and noninvasive approach for
reprogramming hNCs from hUCs for disease models and drug screening.

Despite the huge demand for human neuronal cells (hNCs) in neural disease modeling, drug screening, and
cell-based therapies, the invasive collection of primary neuronal cells limits the supply of hNCs'. To expand the
sources of hNCs, embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) have been differen-
tiated into neurons in vitro*’. However, current methods for generating neurons by differentiation of ESCs or
iPSCs are time-consuming and inefficient. Moreover, teratomas introduces potential risk for clinical applications.

Transdifferentiation is a process that one type of differentiated somatic cells directly switches into another
cell type without passing through an intermediate pluripotent stage. This provides an alternative approach for
generating desired cell types. Moreover, lineage reprogramming can quickly manipulate cell fate and obtain
target cell types, thereby avoiding the risk of teratomas. Enforced expression of transcription factors, which
determine cell fate, could induce lineage conversion between different cell types. Combinatorial expression of
neuronal-lineage-specific transcription factors could directly convert fibroblasts or other somatic cells into neu-
rons®'°. However, using ectopic transgenes to induce lineage conversion still faces safety concerns.

As an alternative, small molecules approach shows advantages in transdifferentiation. Small molecules
approach has been widely used in cell differentiation, cell reprogramming, and cell-cell transdifferentiation. These
molecules can facilitate exogenous gene-driven transdifferentiation'''*. Moreover, previous studies shown that
a complete chemical induction medium is sufficient to reprogram a cell lineage, without integrating exogenous
genes'>'8, This shown that small molecules method is non-immunogenic and cost-effective.

Moreover, the small molecules are easy to synthesize, manipulate, and standardize. Hence, small molecules
inducing cell-lineage reprogramming might be a better method in producing neuronal cells.

A key issue in direct neuronal reprogramming is the selection of the starting cell type. The ideal cell source
should be easy to access. Previous studies shown that astrocytes'>?, glial cells?!, and fibroblasts'®!*?2?* could
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be directly converted into neurons through small molecules induction without integrating exogenous genes.
However, invasive surgical procedures are necessary to harvest these cells.

In contrast, human urine cells (hUCs) isolated from voided urine avoids invasive surgical biopsy proce-
dures?*?’. Thus, hUCs is a convenient material for lineage reprogramminge. In this study, we used hUCs for
neuronal transdifferentiation. We tested a variety of small molecules targeting signaling pathways important for
neurogenesis and neuronal differentiation and then converted hUCs into neurons by small molecules inducing
cell-lineage reprogramming, without integrating exogenous genes. The results shown that applying a combination
of seven small molecules to human urine cells could induce the hUCs into neurons within a few days.

Results

CAYTFVB seven small molecules could convert human urine cells into neurons.  Approximately
2000 to 7000 cells would detach along with the urinary tract daily?. These cells in urine are still functional, which
can be collected and expanded in vitro. We isolated hUCs (UCX001) from the urine sample of a healthy 32-year-
old male donor using the protocol reported previously?” (Supplementary Fig. S1A). To test whether the hUCs
contained any neural stem cells (NSCs) or neuronal cells, we performed immunostaining assay with Nestin,
PAX6, Tujl, MAP2, DCX, NeuN, and GFAP antibodies. Results showed that neither NSCs nor neurons were
found in the hUCs (Supplementary Fig. S1B).

Recent studies have shown that small molecules which activate Wnt signaling and block TGF-{3 signaling
could improve the efficiency of neuronal differentiation of human ES and iPS cells*®?. Furthermore, activation
of Wnt and blocking of TGF-f3 signaling was also an important mechanism for direct neuronal conversion using
small molecules'®". Thus, we hypothesized that combining TGF-8 signaling inhibitor, Wnt signaling activator,
and other small molecules could drive the conversion of hUCs into neuronal cells.

To achieve this, we treated the hUCs with CHIR99021 (an activator of Wnt signaling) and A8301(a blocker
of TGF- signaling) in a basic neuronal induction medium and some neuron-like cells were observed at day 10
(Supplementary Fig. S2A). However, the induced cells were not typical neuronal morphology and the inductive
efficiency was very low. To solve this problem, we screened other small molecules that may facilitate the conver-
sion of hUCs into neurons. A neuronal induction medium which contains a cocktail of CHIR99021 (C), A8301
(A), Y27632 (Y), TTNPB (T), and Forskolin (F) was applied to hUCs. This combination introduces a rapid mor-
phological change of the cells. The neuron-like cells can be observed as early as 12 h, and a significant fraction of
cells exhibited neuron-like morphology with small, compact cell bodies which monopolar or bipolar projection
occurred after 10 to 14 days (Supplementary Fig. S2A).

Moreover, the expression of neuronal master genes ASCLI and TUBB3 were up-regulated only 1 day after
CAYTF treatment (Supplementary Fig. S2B). These findings suggested that the chemical cocktail CAYTF
promoted the transdifferentiation of the hUCs into neuronal fate. However, these cells were still primitive
neuron-like morphology and not typical mature neuronal morphology, suggesting a partial conversion with the
current protocol.

Thus, additional chemicals to promote neuronal conversion was screened. Considering that cell fate con-
version was accompanied by remodeling of the epigenome, we added small molecules that modulate epigenetic
enzymes into the neuronal induction medium. As a result, the additional epigenetic state-manipulating small
molecules VPA (V, valproic acid) and NaB (B) in the CAYTF cocktail (Fig. 1A) improved the efficiency of generat-
ing Tuj1*/MAP2* neuron-like cells significantly, i.e., the percentage of Tuj1 */MAP2" cells observed by applying
CAYTE CAYTF + NaB, CAYTF + VPA, or CAYTF + VPA + NaB was 4.18%, 18.99%, 21.89%, and 38.36% at day
12, respectively (Fig. 1B-F). Furthermore, the whole-cell patch-clamp analysis was conducted to identify these
cells. Fast inward sodium current and voltage-gated potassium currents were measured on the cells which been
applied CAYTF + VPA + Na cocktail, while the cells with CAYTF did not possess these basic electrophysiological
properties of neurons (Fig. 1G). In summary, the seven small molecules cocktail CAYTFVB provides a better
result (Fig. 1A).

In the first protocol, the basic neuronal induction medium contained 8 components, including B27, ITS, EGF,
Nico, FGF10, Glutamax, HGF, and N2 (Supplementary Table S1). To optimized the basic neuronal induction
medium, each of these components were removed from the first neuronal induction medium used in this work
(NM1). Interestingly, in the absence of B27 and Glutamax from NMLI, the efficiency of Tuj1* cells generation
was significantly improved (Supplementary Fig. S3A, B). Moreover, the removal of all the 8 components can still
generate Tujl™ neuron-like cells, suggesting that small molecules CAYTFVB alone was enough to induce the
conversion of hUCs into neurons (Supplementary Fig. S3A, B). Thus, we removed B27 and Glutamax from NM1
basic neuronal induction medium and formed a new basic medium NM2 (Supplementary Table S1) for the sec-
ond round of the factor deduction test. In the second-round test, the efficiency of Tuj1" cells generation was fur-
ther improved without N2, while the absence of HGF and ITS made no change on the efficiency (Supplementary
Fig. S3C). Thus, an optimized basic neuronal induction medium NM3 containing EGF, Nico, and FGF10 was
produced (Supplementary Table S1).

In order to further characterize whether those CAYTFVB reprogrammed cells expressed more neuronal spe-
cific genes, RT-PCR was performed at Day 7 after CAYTFVB induction. hES derived neurons(hES-NCs) were
used as the positive control, and the negative control was untreated hUCs. The expressions of most neuronal
specific genes including TUBB3, MAP2, PSD95, ASCL1, POU3F, DCX, NEURONDI and MYTI1L were increased
from 10 to 100 folds compared to the negative control, except the expression of NGN2 (Fig. 1H). Comparing to
the hES-NCs positive control, the expressions of NEURONDI, MYTI1L, PSD95 and TUBB3 reached about two
third of the positive control; followed with the MAP2 expression level was half of the positive control, while it was
one third or less for POU3E, ASCLI and DCX.

The importance of each molecule in CAYTFVB was further examined. It was observed that the absence of any
of these small molecules resulted in a reduction of the induction efficiency (Fig. 1I).
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Figure 1. CAYTFVB seven small molecules could convert human urine cells into neurons. (A) Scheme of
induction procedure. C, CHIR99021; A, A8301; Y, Y-27632; T, TTNPB; E, Forskolin; V, VPA; B, NaB. (B-E)
Immunofluorescence staining analysis showed that VPA and NaB promote the generation of Tuj14+/MAP2+
neuronal cells. Cells were treated with CAYTE CAYTF + NaB, CAYTF 4 VPA, or CAYTF 4 VPA - NaB
respectively, immunofluorescence staining was performed at day 12. Scale bars, 50 um. (F) Quantification of
Tujl14+/MAP2 + cells. Cells were counted 12 days post chemical treatments. (means = SEM, n =20 random
selected x 20 fields from triplicate samples). (G) Voltage-clamp recordings of cells 12 days post chemical
treatments. Cells were depolarized from —50 mV to 60 mV in 10mV increments. (H) Neuronal genes were
upregulation at day 7 during chemical induction. hUCs were treated with CAYTFVB for 7 days. hUCs (no
treatment) were used as negative control and all sample data was normalized to that of hUCs, which was
considered as 1. hES derived neurons were used as positive control. Data of three independent experiment were
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shown as means & SEM. Statistical assessment of the differences was performed by one-way ANOVA compared
to negative control group. (* p <0.05, ** p <0.01, ***p <0.001, ns = not significant). (I) Withdrawal of any
small molecule from CAYTFVB cocktail resulted in a reduction of the induction efficiency. hUCs were treated
with indicated chemical for 5 days. The percentage of Tujl-positive neuronal cells represent the induction
efficiencies. (means + SEM, n =20 random selected x 20 fields from triplicate samples).

In summary, the culture medium containing seven small molecules CAYTFVB in NM3 was the optimized
choice for inducing neuronal conversion from hUCs. This combination was used in further experiments.

Generation of mature neurons by using a two-stage induction protocol. Even though the hUCs
can be converted to neuron efficiently with the above protocol, a significant number of induced neuronal cells
began to die 12 days after applied CAYTFVB, and most induced neurons died at 16-20 days (data are not shown).
Previous studies was that prolonged exposure of VPA and NaB increased cell death?, so the VPA and NaB was
removed 7 days after applying CAYTFVB. Furthermore, recent studies have shown that a metabolic switch from
higher glycolytic metabolism to more OxPhos occurs in the direct reprogramming of fibroblasts or astrocytes into
neurons®>*!, which suggests excessive oxidative stress may lead to cell death during this metabolic switch. As a
counter measurement, add in antioxidant may protect the neurons from oxidative stress®. In this case, vitamin C
(VC) shown the ability to significantly improve the survival and maturation of the induced neuronal cells.

According to the above finding, a two-stage induction protocol was established. The first stage was applying
CAYTFVB to culture hUCs for 7 days. Then, change the medium to the neuron maturation medium, which
contained small molecules CAYTF + VC and extra neurotropic factors (BDNF, GDNF, and NT3) for 10 days.
Afterwards, culture medium changed to neuronal medium (Fig. 2A). Within 2 weeks, an increasing number
of cells displayed more extensively extended neurite outgrowth consisting of multiple neurites with intricate
branching and connected joint points (Fig. 2B,C). Besides, Tujl and mature neuronal marker MAP2, NeuN, Tau,
synapsin (SYN), and NF-01 shown a positive result in immunostaining test at day 17, while it was negative for
astrocytes marker GFAP (Fig. 2C-I). After observing these characteristics, these cells were believed to be CiNCs.

The morphology changes of these CiNCs which induced according to the two-stage induction protocol was
recorded (Supplementary Fig. S4). The axon-like component appears within 12 hours after applying CAYTFVB,
and the typical neuron morphology can be observed as early as 3 days (Supplementary Fig. S4A). when cells
were cultured with neuron maturation medium more dendrite-like components occur on day 16 (Supplementary
Fig. S4A-B). After removal of the small molecules, the CINCs maintained the neural morphology and no more
visual difference at day 30 (Supplementary Fig. S4A-B). The neuron marker Tujl was observed in the whole
induction process (Supplementary Fig. S4B). Apart from Tujl, other neuron markers including Tau, NF-01 and
SYN were also presented at day 30 (Supplementary Fig. S4C). These evidences indicated the CiNCs maintained
their identity after the removal of the small molecules.

Afterward, a test was conducted to discover whether the process converts hUCs to neurons directly, bypasses
the neuronal progenitor stage. The expression of neuronal progenitor genes FoxG1, Nestin, Pax6, or Sox2
was absent during the CiNCs induction procedure, verified by using QRT-PCR and immunostaining analysis
(Supplementary Fig. SSA-E). Thus, hUCs converted into neurons directly without the neuronal progenitor stage.

The hUCs derived from different donors was used to generate the CiNCs to verify the universal capability of
this protocol. The hUCs from three different healthy donors (Supplementary Table S2) was isolated (UCX003,
UCX004, and UCX007), and treated with the protocol described above. The results showed that all these three
human urine cell lines could be converted into CiNCs. Neuronal markers Tuj1, MAP2, and NeuN were observed
using immunofluorescent staining (Supplementary Fig. S6A-C) after 17 days of induction. These results demon-
strated that the protocol developed in this study was a universal approach to convert hUCs into CiNCs.

Induced cells are glutamatergic neurons.  To further understand the conversion of hUCs to neurons, a
specific type of neurons obtained using our induced protocol was tested using immunostaining assay with GABA,
Glu, HBY, and TH after 17 days of induction. Results showed that most of the Tuj1-positive cells were glutama-
tergic neurons, while motor neurons, GABAergic or dopaminergic neurons, were merely detected (Fig. 3A-D).

Induced cells possess partial electrophysiological properties. The maturity and function of CiNCs
was further analyzed using the whole-cell patch-clamp recording. The results showed that these cells possessed
partial electrophysiological properties. An outward current was observed 3 days after inputted CAYTFVB
(Fig. 4A), and the inward current was observed at day 7 (Fig. 4B). More significant inward current and the out-
ward current was observed at day 17 (Fig. 4C). The fast-inward current was completely blocked by a sodium
channel antagonist tetrodotoxin (TTX) (Fig. 4D). However, these CiNCs still failed from firing action potentials
at day 17 (Fig. 4E). Furthermore, patch clamp measurement was performed in the later stage at day 47, the results
were similar like day 17, still no obvious action potential observed (Fig. 4E).

Discussion

This study has established a fast and noninvasive approach that can convert human urine cells into neurons
directly, without introducing the transcription factors or miRNAs. Compare with previous study, this approach
used noninvasively collected cells and the typical neuronal morphology can be observed as early as 3 days. With
the combination of seven small molecules of CHIR99021, A8301, Y27632, TTNPB, Forskolin, VPA, and NaB,
urine cells could be converted into neurons within a week.
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Figure 2. VC promotes the survival and maturation of the induced neuronal cells. (A) Scheme of induction
procedure. Initial urine cells were seeded onto plates and cultured in urine cells medium. After 2 days, cells

were transferred into neuronal induction medium with chemical cocktails CAYTFVB for 7 days, and then cells
were switched to neuronal maturation medium with CAYTF + VC for another 10 days. Afterwards, cells were
cultured with neuronal medium. C, CHIR99021; A, A8301; Y, Y-27632; T, TTNPB; F, Forskolin; V, VPA; B, NaB;
VC, vitamin C. (B) Bright-field image of control hUCs (left) or CiNCs at day 5 (middle) and day 17 (right). Scale
bars, 50 um. (C) Induced cells display typical neuronal morphologies and express Tujl at day 17. Scale bars,

200 pm. (D-I) Immunofluorescence staining of CiNCs at day 17 with antibodies against the indicated markers:
GFAP, astrocyte marker; NeuN, Tau, NF-01, MAP2 and SYN, mature neuronal markers. Scale bars, 50 pm.

Cell transdifferentiation, which directly switches one type of differentiated cell into another cell type, needs to
overcome cell identity barriers that keep the starting cell from converting into another identity*'. To generate the
desired cell type, the routine stability of the source cells needs to be disturbed. Small molecules that target specific
signaling pathways, epigenetic processes and other cellular processes could manipulate cell fate changes, which
make them powerful tools for inducing cell direct lineage reprogramming.

Wnt signaling activator and TGF-( signaling inhibitor are critical for inducing fibroblasts or astrocytes into
neurons in chemical induction protocols'®!*2>22, A8301 is potent antagonist for all three subtypes of TGFJ3
RIincluding ALK-5, ALK-4 and ALK-7. CHIR99021 is a GSK3( inhibitor; and GSK3@3 has inhibitory role for
canonical Wnt signaling through phosphorylation and degradation of 8 catenin. Upon Wnt binding to Frizzled
and its co-receptor LRP5/6, it leads to the movement of GSK33/APC/Axin complex to the membrane and
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Figure 3. Induced cells are glutamatergic neurons. (A-D) Immunofluorescence staining of CiNCs for subtype-
specific neuronal markers. The neuron type was characterized at day 17. Induced neurons express glutamatergic
marker (Glu), while other neuron type markers including GABA, HB9 and TH are rarely detected. Scale bars,
100 pm.

phosphorylation of LRP5/6. Phosphorylated LRP5/6 blocks GSK33 mediated (3 catenin degradation. Thus, inhi-
bition of GSK3(3 by CHIR99021 leads to the activation of Wnt signaling.

In order to reprogram urine cells into neurons, other signaling pathways also needs to be considered. We
applied the RhoA inhibitor Y27632 in our formula. RhoA is a negative regulator for neuronal differentiation and
neurites growth. Actin stability controlled by RhoA plays important role in the process of the elongation and
branch of neurite®. In contrast, the positive neurites growth regulator such as Y27632, could induce the elon-
gation and branch of neurite during neurogenesis and neuronal differentiation, by inhibiting RhoA*, and also
enhance the survival of pluripotent stem cells and neurons®*°.

Retinoic acid (RA) induces neurogenesis and neuronal differentiation through activating RA recep-
tors(RARs)*%®. The disruption of RA signal lead to the result of the decreased numbers of newborn neurons®*.
It was also reported that RAR signaling is beneficial for neuronal transdifferentiation. For example, An agonist of
RA pathways, TTNPB, combined with the other 8 small molecules can convert human astrocytes into functional
neurons®.

To further improve the survivability and maturation after the conversion, one of the methods was combining
cAMP signaling activator Forskolin with the bone morphogenetic protein signaling inhibitor dorsomorphin'2

Cell fate conversion was accompanied by epigenetic changes, and epigenetic modulators can facilitate cell fate
conversion by modifying chromatin structure and allowing the changes to occur. In this study, the HDAC inhib-
itors VPA and NaB were used as epigenetic modulators to facilitate the conversion process. NaB is a more potent
HDAC inhibitor cause hyperacetylation of histones and we added sodium butyrate (NaB, 0.1 mM) for making the
epigenetic modification more profound to lead to transdifferentiation.
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Figure 4. CiNCs possess partial electrophysiological properties. (A-C) Representative recordings of voltage-
gated ion channels from a neuron of CiNCs. An outward current was observed as early as 3 days after chemical
treatment (A) and an inward current was observed as as early as 7 days after chemical treatment (B); typical
inward current and outward current was observed at day 17 (C). (D) The fast-inward currents were completely
blocked by tetrodotoxin (TTX). (E) CiNCs failed to firing of action potentials at day 17 or day 47.

Although the precise mechanism of this chemical induced reprogramming has not been elucidated, this study
showed that activation of various signaling pathways, including Wnt, RA, and cAMP, and repression of ROCK
and TGF-( pathways were essential to convert neurons from hUCs using protocol developed in this study. The
small-molecule cocktail CAYTFVB was sufficient to activate the expression of neuronal master genes, which
determine the specific cell identities of neurons and erase the initial cells specific gene expression.

Most of the transduced neurons died 16 days after input CAYTFVB, suggesting that the chemical cocktails
may be incompatible with neuronal survival under these conditions. It has been reported that longer exposure to
VPA increases cell death?. With the removal of VPA and NaB but added the small molecule VC in the medium 7
days after adding in CAYTFVB, higher percentage of survived neurons observed. This indicated VC can promote
the survival and maturation of the CAYTFVB induced neurons, by protecting the cells from oxidative stress.

Cells in different brain regions have been targeted by various neurogenic fate determinants. In this study,
CAYTFVB shown ability to convert hUCs to glutamatergic neurons. The key factors of this cocktail have potential
to instruct the cell fate in the reprogramming process based on transcription factors. However, this protocol still
insufficient to generate neuronal subtypes other than a glutamatergic neuron, which might be a valuable topic to
be studied in the future.

Moreover, the source of cells was an important factor in direct neuronal reprogramming. Different source
cell type implies different cellular contexts, such as chromatin, proteome or metabolome. Initial attempt repro-
gramming was based on an assumption that cells derived from the same lineage or the same germ layer with the
target cell type might be easier to be converted. Thus, the cells related to neurons are chosen to be the source for
neuronal conversion. Previous studies reported astrocytes sharing a common origin with neurons have been con-
verted into functional neurons, such as human fibroblasts, which directly converted into neurons by small mol-
ecules!®. However, invasive surgical biopsy procedures were necessary to isolate human astrocytes or fibroblasts.
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In comparison, human urine cells were an unlimited autologous cell source that can be easily isolated without any
invasive surgical biopsy procedures. This may reduce the risk and cost of potential clinical applications in future.

In summary, the design strategy for our seven small molecules (CAYTFVB) cocktail is included four mech-
anistic roots: 1) To inhibit ROCKs by Y-27632, reducing the stress fiber network form and remodelling the
cytoskeleton more flexible for changes; the Y-27632 compound is an ATP-competitive inhibitor of ROCK-I and
ROCK-II, with Ki (Kinase activity inhibited by 50%) of 220 nM and 300 nM for ROCK-I and ROCK-II, respec-
tively. 2) To promote cell survival ability and protect from apoptosis; TGF-3-mediated growth inhibition is the
major blockage for cell culture in vitro, the chemical A-83-01 is a potent antagonist for TGF-3 RI ALK4/5/7, the
inhibition of TGF- promotes cell proliferation and also the neurogenesis; meanwhile, increasing intracellular
levels of cAMP by Forskolin treatment provides neurotrophic activity, against oxidative stress and survivability;
3) Inducing epigenetic modification by inhibition of HDACs relieve HDAC-dependent transcriptional repres-
sion; the combination of ROCK inhibitors (Valproic acid and Sodium Butyrate) is the main force for this job; 4)
To activate neuronal lineage driving pathways including Wnt, RAR and cAMP-dependent PKA pathways; CHIR
99021 inhibits GSK3 and activates Wnt signaling, TTNPB activates RARs, and Forskolin is a potent adenylate
cyclase activator and has a neurotrophic activity. With the mechanistic chemical combination, transdifferentia-
tion of hUCs into hNCs was achieved with a relative higher efficiency.

Methods

Ethical statement. The cell lines used in this report were approved by the Ethics Committee of Guangzhou
Institutes of Biomedicine and Health, Chinese Academy of Sciences. In addition, all experiments were performed
in accordance with the ISSCR guidelines.

Human urine cells isolation and culture. Four donors were recruited for urine samples with informed
consent based on IRB approval (no. GIBH-IRB02-2009002) at Guangzhou Institutes of Biomedicine and Health
(GIBH). The procedures and purposes for isolating urine cells and generating neurons were explained to the
donors in detail, and questions, if any, were answered in full. We then obtained a formal signed consent form.
The procedures for isolating human urine cells and generating neurons were performed as approved. hUCs were
isolated from the urine of healthy donor as previously described?. Briefly, about 250 ml of fresh, clean-catch
urine samples were collected from donor and transferred to 50 ml tube. The samples were centrifuged for 10 min
at 400 g; the supernatant was discarded, and the pellet was resuspended. Then, 10 ml of washing buffer was added
and centrifuged at 400 g for about 10 min. After centrifugation, the supernatant was discarded, and 1 ml of urine
cell medium was added to suspend the cell pellet, which was then transferred into gelatin-coated six-well plates.
Urine cell medium (2 ml, supplement with Primocin) was added, and the cells were incubated at 37 °C. The
culture was then added with 1 ml of primary medium for subsequent 3 days; 5-7 days after plating, the medium
was aspirated, and 2 ml urine cell medium was added. The medium was changed every 3 days with fresh one. The
urine cell medium was changed every 2 days, and incubation was continued until the cells reach 80-90% den-
sity. When the cultured urine cells become dense enough for passaging, all the cells were split onto a new well of
100 mm plate for further expansion; this was considered passage 1 (P1). hUCs were used at passage 4-5 (P4-P5)
for the following experiments.

Generation of CiNCs.  Small molecules were dissolved and diluted in DMSO according to the manufactur-
er’s instructions. Initial hUCs were seeded onto Matrigel (Corning, USA)-coated culture plates (20000-30000
cells/well in 24-well plates, Corning) and cultured in urine cell medium. After 48 h, a neuronal induction medium
was used for culture. The neuronal induction medium contained NM3 basic neuronal induction medium sup-
plemented with 10 pM Y27632, 5uM A8301, 3uM CHIR99021, 1 pM TTNPB, 5uM Forskolin, 0.5 mM VPA,
and 0.1 mM NaB. The neuronal induction medium was changed every 3 days. At day 7, cells were switched to
neuronal maturation medium with the chemical cocktail CAYTF+ 0.2mM VC. At day 17, induced neuronal cells
were changed to culture in neuron medium to promote neuron survival and maturation. The detailed information
of the protocol is included in Supplementary Experimental Procedures, as well as the medium and chemicals
used. The detailed information of hUCs used is listed in Supplementary Table S2.

Immunofluorescence staining.  Cells were fixed with 4% paraformaldehyde for 50 min and washed with
PBS. Then, cells were blocked and permeabilized with blocking solution (PBS containing 5% fetal bovine serum
(FBS) and 0.2% Triton X-100) for 1h at room temperature. The cells were probed with appropriate dilutions of
primary antibodies in blocking solution at 4 °C overnight. Next, the cells were incubated with secondary anti-
bodies for 1 h at room temperature. The cells were washed with PBS and stained with DAPI (Sigma) for 5min,
and then observed using a fluorescence microscope (Zeiss 710 NLO). Antibodies used in this study are listed in
Supplementary Table S3.

Real-time PCR analysis. Total RNA was isolated using RNA Pure total RNA micro kit (Magen) per man-
ufacturer’s instructions. Real-time PCR (RT-PCR) was performed using a Bio-Rad CFX96 sequence detection
system and SYBR green I dye reagent (Bio-Rad). The relative gene expression was analyzed using the 2724
method. Target gene expression was normalized to the expression level of GAPDH. Primers used in this study
were listed in Supplementary Table S4.

Electrophysiology analysis. Whole-cell patch-clamp recordings were obtained at room temperature.
Signals were amplified with a MultiClamp 700B amplifier, digitized with a Digidata 1440, and acquired with
pClamp 10 software (Molecular Devices, USA). The filter was Bessel filter, cutting frequency 3000 Hz. The bath
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solution contained (in mM): 127 NaCl, 5 KCl, 2 MgCl,, 2 CaCl,, 10 HEPES, and 12 glucose (pH 7.4 with NaOH,
300 osmol/L). Patch pipettes with resistance between 8-10 MQ were pulled from borosilicate glass (WPIL, USA)
with a Sutter P97 puller (Sutter, USA). Pipettes were filled with solutions containing (in mM): 145 K-gluconate,
0.2 EGTA, 10 HEPES, 5 NaCl, 1 MgCl,, 4 Mg-ATP, and 0.3 Na-GTP (pH 7.2 with KOH, 285 osmol/L). In record-
ing GABA activated currents and spontaneous inhibitory synaptic currents, CsCl-based solution was used to
obtain inward chloride currents (in mM):130 CsCl, 4 NaCl, 1 MgCl,, 10 HEPES, 5 EGTA, 2 QX-314, 2 MgATP,
and 0.2 Na-GTP (pH 7.2 with CsOH, 285 osmol/L).

Statistical analysis. For all tests, P < 0.05 was considered statistically significant. All data is represented at
the mean 4/— standard error of the mean (SEM).

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 8 April 2019; Accepted: 25 October 2019;
Published online: 13 November 2019

References
1. Irion, S., Zabierowski, S. E. & Tomishima, M. J. Bringing Neural Cell Therapies to the Clinic: Past and Future Strategies. Mol. Ther.
Methods Clin. Dev. 4,72-82 (2017).
2. Evans, M. J. & Kaufman, M. H. Establishment in culture of pluripotential cells from mouse embryos. Nature. 292, 154-156 (1981).
3. Martin, G. R. Isolation of a pluripotent cell line from early mouse embryos cultured in medium conditioned by teratocarcinoma
stem cells. Proc. Natl Acad. Sci. USA 78, 7634-7638 (1981).
4. Thomson, J. A. et al. Embryonic stem cell lines derived from human blastocysts. Science. 282, 1145-1147 (1998).
5. Takahashi, K. & Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined
factors. Cell. 126, 663-676 (2006).
6. Takahashi, K. et al. Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell. 131, 861-872 (2007).
7. Hu, B. Y. et al. Neural differentiation of human induced pluripotent stem cells follows developmental principles but with variable
potency. Proc. Natl Acad. Sci. USA 107, 4335-4340 (2010).
. Vierbuchen, T. et al. Direct conversion of fibroblasts to functional neurons by defined factors. Nature. 463, 1035-1050 (2010).
9. Marro, S. et al. Direct lineage conversion of terminally differentiated hepatocytes to functional neurons. Cell Stem Cell. 9, 374-382
(2011).
10. Caiazzo, M. et al. Direct Conversion of Fibroblasts into Functional Astrocytes by Defined Transcription Factors. Stem Cell Reports.
4,25-36 (2015).
11. Ladewig, J. et al. Small molecules enable highly efficient neuronal conversion of human fibroblasts. Nat. Methods. 9, 575-578 (2012).
12. Liu, M. L. et al. Small molecules enable neurogenin 2 to efficiently convert human fibroblasts into cholinergic neurons. Nat.
Commun. 4,2183-2192 (2013).
13. Kim, Y. J. et al. Generation of Multipotent Induced Neural Crest by Direct Reprogramming of Human Postnatal Fibroblasts with a
Single Transcription Factor. Cell Stem Cell. 15, 497-506 (2014).
14. Zhu, S. et al. Small molecules enable OCT4-mediated direct reprogramming into expandable human neural stem cells. Cell Res. 24,
126-129 (2014).
15. Han, Y. C. et al. Direct Reprogramming of Mouse Fibroblasts to Neural Stem Cells by Small Molecules. Stem Cells Int. 4304916
(2016).
16. Li, X. et al. Small-Molecule-Driven Direct Reprogramming of Mouse Fibroblasts into Functional Neurons. Cell Stem Cell. 17,
195-203 (2015).
17. Fu, Y. B. et al. Direct reprogramming of mouse fibroblasts into cardiomyocytes with chemical cocktails. Cell Res. 25, 1013-1024
(2015).
18. Pereyra-Bonnet, F. et al. Skin Fibroblasts from Patients with Type 1 Diabetes (T1D) Can Be Chemically Transdifferentiated into
Insulin-Expressing Clusters: A Transgene-Free Approach. Plos One. 9, €100369 (2014).
19. Dai, P, Harada, Y. & Takamatsu, T. Highly efficient direct conversion of human fibroblasts to neuronal cells by chemical compounds.
J. Clin. Biochem. Nutr. 56, 166-170 (2015).
20. Zhang, L. et al. Small Molecules Efficiently Reprogram Human Astroglial Cells into Functional Neurons. Cell Stem Cell. 17, 735-747
(2015).
21. Ghasemi-Kasman, M., Hajikaram, M., Baharvand, H. & Javan, M. MicroRNA-Mediated In Vitro and In Vivo Direct Conversion of
Astrocytes to Neuroblasts. PLoS ONE. 10, 0127878 (2015).
22. Hu, W. et al. Direct Conversion of Normal and Alzheimer’s Disease Human Fibroblasts into Neuronal Cells by Small Molecules. Cell
Stem Cell. 17, 204-212 (2015).
23. Xu, H., Wang, Y., He, Z., Yang, H. & Gao, W. Q. Direct conversion of mouse fibroblasts to GABAergic neurons with combined
medium without the introduction of transcription factors or miRNAs. Cell Cycle. 14, 2451-2460 (2015).
24. Xue, Y. T. et al. Generating a Non-Integrating Human Induced Pluripotent Stem Cell Bank from Urine-Derived Cells. Plos One. 8,
70573 (2013).
25. Zhang, Y. et al. Urine derived cells are a potential source for urological tissue reconstruction. J. Urol. 180, 2226-2233 (2008).
26. Zhou, T. et al. Generation of induced pluripotent stem cells from urine. J. Am. Soc. Nephrol. 22, 1221-1228 (2011).
27. Zhou, T. et al. Generation of human induced pluripotent stem cells from urine samples. Nat. Protocols. 7, 2080-2089 (2012).
28. Chambers, S. M. et al. Highly efficient neural conversion of human ES and iPS cells by dual inhibition of SMAD signaling. Nat.
Biotechnol. 27, 275-280 (2009).
29. Davidson, K. C. et al. Wnt3a regulates survival, expansion, and maintenance of neural progenitors derived from human embryonic
stem cells. Mol. Cell Neurosci. 36, 408-415 (2007).
30. Masserdotti, G., Gascon, S. & Gotz, M. Direct neuronal reprogramming: learning from and for development. Development. 143,
2494-2510 (2016).
31. Gascon, S., Masserdotti, G., Russo, G. L. & Gotz, M. Direct Neuronal Reprogramming: Achievements, Hurdles, and New Roads to
Success. Cell Stem Cell. 21, 18-34 (2017).
32. Gascon, S. et al. Identification and Successful Negotiation of a Metabolic Checkpoint in Direct Neuronal Reprogramming. Cell Stem
Cell. 18, 396-409 (2016).
33. DaSilva, J. S. et al. RhoA/ROCK regulation of neuritogenesis via profilin ITa-mediated control of actin stability. J. Cell Biol. 162,
1267-1279 (2003).

e}

SCIENTIFIC REPORTS |

(2019) 9:16707 | https://doi.org/10.1038/s41598-019-53007-6


https://doi.org/10.1038/s41598-019-53007-6

www.nature.com/scientificreports/

34. Lamas, N. J. et al. Neurotrophic requirements of human motor neurons defined using amplified and purified stem cell-derived
cultures. PLoS One. 9, 110324 (2014).

35. Xi, G. et al. Induced neural stem cells generated from rat fibroblasts. Genomics Proteomics Bioinformatics. 11, 312-319 (2013).

36. Yu, S., Levi, L., Siegel, R. & Noy, N. Retinoic acid induces neurogenesis by activating both retinoic acid receptors (RARs) and
peroxisome proliferator-activated receptor beta/delta (PPARbeta/delta). J. Biol. Chem. 287, 42195-42205 (2012).

37. Jacobs, S. et al. Retinoic acid is required early during adult neurogenesis in the dentate gyrus. Proc. Natl Acad. Sci. USA 103,
3902-3907 (2006).

38. Rhinn, M. & Dolle, P. Retinoic acid signalling during development. Development. 139, 843-858 (2012).

39. Boylan, J. F. et al. Targeted disruption of retinoic acid receptor alpha (RAR alpha) and RAR gamma results in receptor-specific
alterations in retinoic acid-mediated differentiation and retinoic acid metabolism. Mol. Cell Biol. 15, 843-851 (1995).

40. Luo, T., Wagner, E., Crandall, J. E. & Drager, U. C. A retinoic-acid critical period in the early postnatal mouse brain. Biol. Psychiatry.
56, 971-980 (2004).

Acknowledgements

This work is supported by the National Basic Research Program of China 973 Program (2015CB964700),
the Chinese Government Recruitment “Thousand Talents Program” (ODCCC2268) (Yin-xiong Li), the
Guangdong Province Science and Technology Plan (2016B030301007, 2015B020230007, 2014B020225004,
2018A050506070), the National Natural Science Foundation of China (31871379), Guangzhou City Science
and Technology Plan (201704020212), Frontier Research Program of Guangzhou Regenerative Medicine and
Health Guangdong Laboratory(2018GZR110105011).

Author contributions

G.X.: conception and design, methods set up and performance of experiments, manuscript writing; EW.:
conception and design; X.G.: performance of experiments; X.Z., Z.L., H-W. and D.G.: provision of study material;
J.Z.,K.Y., Y.C,A.G, YZ,EY. and T.P.: manuscript writing; Y.L.: conception and design, supervision of research,
financial funding, manuscript writing, final approval of manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-53007-6.

Correspondence and requests for materials should be addressed to Y.-x.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:16707 | https://doi.org/10.1038/s41598-019-53007-6


https://doi.org/10.1038/s41598-019-53007-6
https://doi.org/10.1038/s41598-019-53007-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Direct Conversion of Human Urine Cells to Neurons by Small Molecules

	Results

	CAYTFVB seven small molecules could convert human urine cells into neurons. 
	Generation of mature neurons by using a two-stage induction protocol. 
	Induced cells are glutamatergic neurons. 
	Induced cells possess partial electrophysiological properties. 

	Discussion

	Methods

	Ethical statement. 
	Human urine cells isolation and culture. 
	Generation of CiNCs. 
	Immunofluorescence staining. 
	Real-time PCR analysis. 
	Electrophysiology analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 CAYTFVB seven small molecules could convert human urine cells into neurons.
	Figure 2 VC promotes the survival and maturation of the induced neuronal cells.
	Figure 3 Induced cells are glutamatergic neurons.
	Figure 4 CiNCs possess partial electrophysiological properties.




