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Neurological diseases are mainly modeled using rodents through gene editing, surgery or injury approaches. How-
ever, differences between humans and rodents in terms of genetics, neural development, and physiology pose limita-
tions on studying disease pathogenesis in rodent models for neuroscience research. In the past decade, the genera-
tion of induced pluripotent stem cells (iPSCs) and induced neural stem cells (iNSCs) by reprogramming somatic cells
offers a powerful alternative for modeling neurological diseases and for testing regenerative medicines. Among the
different somatic cell types, urine-derived stem cells (USCs) are an ideal cell source for iPSC and iNSC reprogramming,
as USCs are highly proliferative, multipotent, epithelial in nature, and easier to reprogram than skin fibroblasts. In
addition, the use of USCs represents a simple, low-cost and non-invasive procedure for generating iPSCs/iNSCs. This
review describes the cellular and molecular properties of USCs, their differentiation potency, different reprogramming
methods for the generation of iPSCs/iNSCs, and their potential applications in modeling neurological diseases.
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Introduction

Neurological diseases are caused by a malfunction of
the central and peripheral nervous systems. They can be
caused by a multitude of factors including but not lim-
ited to genetic mutations, trauma, malnutrition, bacterial
infection, and/or environmental factors. The exploration
of the pathogenesis of complex neurological diseases
can be hampered by the limited accessibility to nervous
tissues from patients. To overcome these limitations,
rodents have been commonly used as surrogate models
of human neurological diseases to study disease patho-
genesis and to evaluate the efficacy and safety of pre-clin-
ical drugs. However, rodents and humans differ greatly
in terms of genetics, metabolism, and physiology, mak-
ing animal models less than perfect for modeling human
diseases.
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Human embryonic stem cells (hESCs) possess inher-
ent self-renewal capacity and pluripotent potential to
differentiate into any cell type of the three germ layers
(ectoderm, mesoderm, and endoderm), which offers an
alternative to animal models in neurological research.
Several studies have successfully demonstrated the dif-
ferentiation of hESCs into neural stem cells/progenitors,
neuronal subtypes [1, 2], oligodendrocytes [3], and astro-
cytes [4], which can be potential cell sources for mode-
ling and developing therapeutics for several neurological
diseases such as amyotrophic lateral sclerosis (ALS) [5-7]
and spinal muscular atrophy (SMA) [8, 9]. Although
there are several established methods for deriving hESCs
from the inner cell mass of blastocyst, there are several
caveats to using hESCs for diseases modeling: 1) Isola-
tion of hESCs involves destroying human embryos (or
blastocyst) that raises ethical concerns, 2) hESC-derived
cells are allogeneic and cause immune rejection in recipi-
ent transplantation therapies, and 3) hESCs cannot fully
recapitulate the genetic background and phenotypic
readouts of complex or sporadic diseases with no well-
defined genetic etiology.
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The breakthrough discovery of induced pluripotent
stem cells (iPSCs) by Shinya Yamanaka provides a better
source of pluripotent stem cells for modeling and treat-
ing neurological diseases. Somatic cells can be repro-
grammed into iPSCs by the induction of Oct3/4, Sox2,
Kif4, and c-Myc (OSKM) genes via virus-mediated deliv-
ery [10]. Patient-derived iPSCs not only provide diseases-
specific genetic information, but can also avoid immune
rejection in transplantation therapies. There are also no
ethical issues, as autologous cells are used to generate
iPSCs. Patient-specific iPSCs exhibit similar molecular
profiling and pluripotent potential to that of hESCs, thus
iPSCs can serve as an excellent disease modeling plat-
form to study the molecular mechanisms underlying var-
ious neurological diseases such as Huntington’s disease
[11], Alzheimer’s disease (AD) [12, 13], ALS [14] [15] and
SMA [16-18].

In addition, direct lineage reprogramming can be
used to generate induced neural stem cells (iNSCs)
from somatic cells providing a rapid, efficient, and safer
approach without needing to go through the pluripo-
tent state, which risks tumor formation in transplan-
tation therapy [19-21]. Although skin fibroblasts [22]
and blood cells [23] have been commonly employed for
reprogramming into iPSCs and iNSCs, the procedures to
obtain them are invasive and sometimes painful, in par-
ticular skin biopsies can cause potential complications in
patients [24] and so obtaining cell samples from patients
especially young children with rare diseases is difficult.
This can be avoided by repeated urine collections without
medical assistance. In recent decades, urine-derived stem
cells (USCs) have garnered much interest for the genera-
tion of iPSCs and iNSCs, as they have several advantages:
(1) non-invasive, ease of collection and isolation to estab-
lish low cost culture system without special substrates,
(2) high expandability (doubling time (DT): 20-28 hours)
compared with other widely used adult stem cells or pro-
genitors such as bone marrow-derived mesenchymal
stem cells (BMSCs) (DT: 3.5 - 6.73 days) and peripheral
blood mononuclear cells (PBMCs) (DT: 55-62 hours)
[25-27], (3) better adipogenic and endothelial abilities as
well as vascularization potential compared to BMSCs and
placenta decidua basalis-derived mesenchymal stem cells
(PDB-MSC:s) [28], (4) once isolated, USCs do not involve
complicated methods of sample processing compared to
PBMC which involves the difficult and tedious isolation
process of CD34+ cells from peripheral blood [29], (5)
higher reprogramming efficiency due to an epithelial ori-
gin of USCs which do not require mesenchymal-to-epi-
thelial transition (MET) during reprogramming, unlike
skin fibroblasts, (6) no ethical issues, (7) low immuno-
genicity, and (8) absence of tumorigenicity with normal
karyotype [30—33]. Therefore, USCs can serve as an ideal
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cell source for disease modeling and for developing treat-
ment options.

In this review, we discuss the main characteristics of
USCs, the different approaches for reprogramming them
into iPSCs and iNSCs, and their applications in modeling
neurological diseases.

Characteristics of USCs

Each human kidney is composed of more than 1 million
nephrons that filter about 113-144 L of blood and gener-
ate 0.94 to 1.8 L of urine every day. Approximately 2000—
7000 cells detach from the urinary system daily and are
excreted in the urine [32]. A subpopulation of these cells
(USCs) has stem cell properties including high prolifera-
tive capacity, molecular expression profile, multipotency,
and immunomodulatory properties. Together with their
low cost and non-invasive sampling, these USCs offer
significant advantages over other somatic cells, such as
skin fibroblasts, blood, and bone marrow-derived mesen-
chymal stem cells, for iPSCs and lineage reprogramming.
Here, we discuss the isolation, proliferation, cell surface
markers, and differentiation potency of USCs, as well as
their therapeutic potential for various applications.

Isolation and proliferation of USCs

The first study describing the collection of exfoliated uri-
nary cells was reported by Sutherland and Bain in 1972
[34]. They successfully obtained proliferative cell popu-
lations from the urine of four infants less than 2 days
old. Zhang et al. [35] was first to report the presence of
renal progenitors in cultured urine-derived cells from 15
healthy people and 8 patients with vesicoureteral reflux.
They identified fully differentiated cells, differentiat-
ing cells, and progenitor-like cells based on their prolif-
erative capacity and differentiation potency. There were
about 5.6 x 10° living cells per 100 mL of urine, but the
majority of them (99%) were fully differentiated cells
with large and flat appearance that could not attach to
the culture plates. There were only 1-2 differentiating
cells per 100 mL of urine, which attached to culture dish
and expand to 10® within 2 ~3 weeks, but did not grow
after passage. There were about 2—-7 progenitor-like cells
per 100 mL of urine with ability to form a uniform, con-
densed colony from a single cell in 2 weeks. These cells
could grow for 8 passages in vitro and differentiate into
urothelial, smooth muscle, endothelial, and interstitial
cells. However, the proportion of cells expressing stem/
progenitor markers decreased after each passage. The
success rate of isolating progenitor-like cells from USCs
was higher in males than females (70% vs. 42%) [36],
probably due to the urinary tract differences between
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male and female, resulting in more frequent microorgan-
ism contamination during urine sample collection from
female.

The collection procedure of USCs is simple, quick, and
reproducible. Briefly, 100-300 mL of voided midstream
urine was collected from donors in sterilized containers.
After centrifugation, the sediments were washed with
phosphate buffered saline (PBS) containing antibiotics,
and cell pellets were then resuspended in medium and
cultured in gelatin-coated 24-well plates [37, 38]. Despite
slight variations in the composition of the culture media
between different studies, the core media components
included fetal bovine serum, human epidermal growth
factor, insulin, transferrin, adrenaline, triiodothyronine,
and L-glutamine.

Several types of cells were found in the voided urine.
Differentiated squamous cells and blood cells that did
not attach to the culture plate were removed after the
first medium refresh. A study by Doerrenhaus [39] com-
pared the cells in urine sediments from healthy people
and in urine directly collected from the renal pelvis of
urological patients, which found no difference in the cell
morphologies between the two collection approaches.
Besides, urine cells from urinary tract express urothelial
cells marker cytokeratin-7 (CK?7) [40], whereas cells from
renal system express renal epithelial marker carbonic
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anhydrase [39]. Furthermore, urine cells from the renal
system showed two different morphologies consisting
of cobblestone-like type I and spindle-like type II cells.
Both cell types could be isolated from the same individ-
ual, with type I cells more frequently obtained compared
to type II cells. Type I cells were more regular in shape
with smooth-edged contours and can form domes (hemi-
cysts), whereas type II cells were randomly arranged
and did not form domes (Fig. 1). Type I cobblestone-like
cells were thought to be originated from nephron tubule,
while type II spindle-like cells originated from renal mes-
enchyme based on their differential expression of mark-
ers for various parts of nephrons (see below) [39, 41].
Type II cells were also found to have higher proliferative
capacity and could be cultured up to passage 10, whereas
type I cells had less proliferative capacity and entered
senescence around passage 5 [32].

Urine colonies were generally visible between 3 and
5 days after the initial seeding, reaching 80%-90% conflu-
ence in 15-20 days. After the first subculture, cell count-
ing kit-8 assay revealed the USCs typically displayed an
S-shape growth curve, which began in a stationary phase
during the first 1-2 days and reached a rapid growth
rate from 3-4 days, followed by a slow growth rate at
5-6 days [38]. Moreover, karyotyping analysis indicated
normal number, size, and shape of chromosomes without

A Nephron tubule origin

CD13+
NR3C2+
KRT18, NPHS1, AQP1, SLC12A1 and UMOD+

Renal mesenchyme origin

Fig. 1 Different morphologies of type | a and type Il b USCs cultured on gelatin on day 15 after seeding
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tumorigenic phenotypes after repeated passages of USCs
[38]. It was reported that USCs from children showed
a lower tendency to undergo senescence than samples
from middle-aged or older groups, as determined by
senescence-associated P galactosidase staining, although
USC:s from all age groups showed high proliferative abil-
ity, with potential for use in tissue engineering applica-
tions [31, 38].

Cell surface properties and differentiation potency of USCs
Cell surface markers such as clusters of differentiation
(CD) have been widely used to identify and characterize
different types of stem cells. The USCs expressed pluri-
potent embryonic stem cell (ESC) markers, TRA-1-60,
TRA-1-81, SSEA4, SOX2, OCT3/4, c-MYC, and KLF4
[42]. Renal progenitor surface markers such as CD13,
CD24, CD90, and CD133 were also present in the USCs
[41], indicating they originated in the kidney. The expres-
sion of mesenchymal stem cells (MSCs) surface mark-
ers, including CD29, CD73, CD90, CD105, CD166, and
STRO-1, also suggests USCs could be considered as a
source of MSCs. However, they did not express hemat-
opoietic stem cell markers such as CD11b, CD14, CD31,
CD34, CD45, and CD309, which preclude a hematopoi-
etic origin [25, 35, 38, 43, 44]. In addition, a subpopu-
lation of USCs were found to be positive for markers
characteristic of pericytes (CD146, NG2, and PDGF-rf),
endothelial cells (VWF, CD31 and CD146), epithelial
and smooth muscle cells (a-SMA, Desmin), and elon-
gated interstitial cells (c-Kit) [25, 42, 43]. Both types I
and II USCs showed positive for mesenchyme marker
vimentin [41] and renal epithelial markers like CD13 and
NR3C2 [45, 46]. Type 1 cells were positive for markers
characteristic of urogenital epithelium (KRT18), podo-
cyte (NPHS1), proximal convoluted tubule cell (AQP1),
the loop of Henle cell (SLC12A1), and distal convoluted
tubule cell (UMOD), but few were positive for AQP2
(marker for collecting duct cells), indicating their cellular
origin from the nephron tubules which include the Bow-
man’s capsule to the distal convoluted tubule, but not
from the collecting duct. In contrast, type II cells were
weakly positive for SLC12A1 and UMOD, and negative
for the rest of the markers, suggesting their renal mesen-
chymal origin near the loop of Henle and the distal con-
voluted tubule [41].

A single clone of USCs could give rise to a large popu-
lation with multipotent potential with 60-70 popula-
tion doublings. Upon induction with appropriate media
in vitro, one single USC could potentially differentiate
into endothelial, osteogenic, chondrogenic, adipogenic,
skeletal, myogenic, and neurogenic lineages [42, 47, 48].
As USCs originate from the upper urinary tract that has
ectodermal epithelial stem cell potency and MSC surface
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properties, USCs exhibit higher differentiation potential
for myogenic, neurogenic, and endothelial lineages com-
pared to adipose-derived stem cells (ADSCs). Indeed,
3 weeks after transplantation of GFP-labeled USCs into
rat motor cortex, they expressed neuronal markers, 3-1II-
tubulin and Nestin, and astrocyte marker GFAP, indi-
cating they had committed to neural lineages [38]. The
neurogenic potency of USCs was further supported by
using a cocktail of small molecules to drive the differen-
tiation into GABAergic [49] and glutamatergic neurons
[50]. In contrast, USCs were less effective at undergo-
ing adipogenic, osteogenic, and chondrogenic differen-
tiation than ADSCs, which originate from the mesoderm
and have a stronger potency to give rise to mesenchymal
cell types including adipocytes, osteoblasts, and chon-
drocytes [51]. Furthermore, USCs possessed telomerase
activity, which maintained telomere length over several
passages with normal karyotype. The USCs did not form
teratomas, even 3 months after renal subcapsular cell
implantation, despite harboring ES-like properties [35].
Importantly, USCs do not express human leucocytes
antigen (HLA)-DR glycoproteins, which are commonly
found in antigen-presenting cells and are responsible
for triggering immune responses [38, 42, 44, 51]. Distin-
guishable from ESCs and other multipotent cell types,
USCs exhibited various cell surface markers that con-
ferred them with high proliferative capacity, broader
differentiation potential, and immunosuppressive prop-
erties, which are favorable for transplantation applica-
tions. The expressions of different cell surface markers in
USC:s are listed in Table 1.

Generation of iPSCs and iNSCs from USCs

As USCs can be easily collected in voided urine and have
high expandability for at least five passages with repro-
gramming capacity, they could serve as an ideal cell
source for iPSCs and iNSCs generation. Different repro-
gramming strategies have been used for the generation of
iPSCs and iNSCs from various somatic cell types, and dif-
ferent methods have different pros and cons [58]. Strate-
gies include integrating retroviruses and lentiviruses, and
non-integrating methods such as Sendai virus, episomal
plasmids, and small molecules. Here, we discuss different
reprogramming methods used to generate USC-derived
iPSCs (UiPSCs) and iNSCs (UiNSCs).

UiPSCs reprograming

Retroviruses

In 2011, Zhou et al.[32, 52] first used retroviruses
expressing OSKM factors to infect USCs with iPSC
reprogramming efficiency between 0.1% and 4% based
on the number of alkaline phosphatase-positive clones
with hESC morphology. The USCs transduced at later
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Table 1 The expression of cell surface markers in USCs
Surface markers in USCs % of expression References
Embryonic stem cell markers TRA-1-81 + [42]
TRA-1-60 + [42]
SSEA4 + [42]
Epithelial markers E-cadherin + [32,52]
{3-catenin + [32,52]
Occludin + [32]
Claudin 1 + [32]
Z0-1 + (32,52
KRT7 + [8,32,52]
KRT14 + [53]
KRT15 + [53]
KRT16 + [53]
KRT18 + (type I),—(type II) [41]
KRT19 + [53]
CD326 + [53]
Epithelial basal markers CD44 + [25, 38, 54]
Renal epithelial markers CD13 + [23,32,44,52]
L1CAM + [52]
NR3C2 +
SLC2A1 +
CD24 + [41]
CD29 +
CD34 —
CD73 +
CD90 +
CD105 +
D133 +
UMOD + (type I),—(type Il)
NPHS1 + (type I),—(type Il)
AQP1 + (type I),—(type Il)
AQP2 -
SLC12A1 + (type I),—(type Il)
Mesenchymal stem cells markers SSEA-4 + [25,55]
CD29 + [38,44]
CD73 + [25,31, 38, 55]
CD90 + (31,38, 44]
CD105 + [25, 31,38, 44]
CD166 + [44]
STRO-1 + [25]
Fibroblast markers Actin + [32,52]
Vimentin + [32,52]
Fibronectin + [32,52]
Twist 1 - [32]
Slug - (32]
Pericyte markers CD146 +,+ [25,31,42]
NG2 + [25,42]
PDGF-r3 + [25,42]

(CD 140b)
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Table 1 (continued)
Surface markers in USCs % of expression References
Hematopoietic stem cells markers CD11b — [42, 56]
D14 - [56]
CD31 - [25]
CD34 — [25, 31, 38, 44]
CD45 -+ [25, 31,44, 54]
CD133 + [25,38]
CD309 - [38]
HLA-ABC (MHC-1) + [42,57]
HLA-DR (MHC-II) — [38,42,44,51]

—: percentage of expression < 1%, : 1% < percentage of expression < 50%, + : percentage of expression >50%

passages exhibited decreasing reprogramming efficiency
from 0.3% to 3% at passage 2 to only 0.05% at passage 4,
which indicates the USCs should be used for iPSC repro-
gramming before passage 4. These Urine iPSC (UiPSCs)
colonies were positive for pluripotent markers such as
Sox2, Oct4, NANOG, TRA-1-60, TRA-1-81, SSEA-3,
and SSEA-4, and had silenced retroviral expression of
Sox2, Oct4, KIf4 and c-Myc at the end of reprogramming.
DNA microarrays showed hESCs (H9) and UiPSCs had
similar global gene expression profiles. The UiPSCs also
had normal karyotype and demethylation of the proximal
Oct4 and Nanog promoters. The pluripotency of UiPSCs
were demonstrated by teratoma and embryoid body (EB)
assays, which revealed they could differentiate into all
three germ layers. In addition, UiPSCs could be directed
to differentiate into neural cells, hepatocytes, and car-
diomyocytes. The retroviral-mediated OSKM repro-
gramming approach has been successfully employed to
generate patient-specific UiPSCs for modeling of parox-
ysmal kinesigenic dyskinesia and X-linked Danon disease
[59, 60].

Lentivirus

A recent study used lentivirus expressing OSKM to gen-
erate UiPSCs, which expressed typical hESC markers
and demonstrated pluripotency in vitro and in vivo [61].
Several patient-specific UiPSCs have been generated by
lentiviruses for modeling diseases such as systemic lupus
erythematosus [62], cryptorchid [63], and spinal mus-
cular atrophy [17]. Compared to retroviruses that infect
dividing cells, lentiviruses can infect both dividing and
non-dividing cells with larger cloning capacity. Although
both viruses have similar reprogramming efficiency,
lentiviral-mediated expressions of transcription factors
were not silenced following reprogramming. This can
be resolved by using a doxycycline-inducible lentivirus

to control the expression of reprogramming factors in a
time-dependent manner [64]. However, a drawback of
using integrated viruses is their non-specific integration
into different genomic sites in each iPSC clone, result-
ing in unavoidable heterogeneity between clones [65, 66].
The different viral integration sites could affect the effi-
ciency and interfere with the expression levels of repro-
gramming factors or even other tumor suppressor genes
and/or oncogenes, potentially leading to tumor forma-
tion upon transplantation of infected cells [65]. There-
fore, using retroviruses or lentiviruses for the delivery of
reprogramming factors is not considered safe for thera-
peutic applications.

Sendai virus and episomal vector

Another widely used method for iPSC reprogramming
is Sendai virus, which is a single stranded negative sense
RNA virus that does not integrate into the genome. Sen-
dai reprogramming has been used to generate UiPSCs
from the urine of patients with attention deficit hyper-
activity disorder (ADHD) [67], obsessive—compulsive
disorder [68], Duchenne muscular dystrophy [69-71],
dilated cardiomyopathy [72], heterozygous PAI-I muta-
tion [73], ventricular septal defect (VSD) [74], X-linked
Alport syndrome (X-LAS) [75], spinal cord injury [76],
type 2 diabetes mellitus [77], and healthy donors [78].
The majority of the iPSC colonies were undetectable for
Sendai virus transgenes after 7 passages [67]. Although
the Sendai virus is integration free, there is still a risk that
Sendai RNA is retained in the first passage of iPSC lines
[79].

Episomal induction is another frequently used inte-
gration-free iPSCs reprogramming method, which can
circumvent these problems. In 2013, Xue et al. [80] gen-
erated stable iPSC colonies from USCs transfected with
the Epstein-Barr virus-encoded nuclear antigen-1-oriP
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episomal vectors expressing OCT4, SOX2, SV40T, and
KLF4 with the miR-302-367 cluster by electroporation.
The miR-302 family, which is specifically expressed in
ESCs, can enhance reprogramming efficiency [81], and
activate Ink4a and Arf to inhibit tumorigenicity in hESCs
by targeting the oncogene Bmil [82]. The resulting UiP-
SCs did not exhibit exogenous reprogramming factors
or episomal backbones, and no insertion mutations were
found. Moreover, the lack of oncogene c-MYC together
with feeder-free and serum-free medium further reduced
the chance of tumorigenicity, which paves the way for
future GMP generation of clinical grade non-viral human
iPSCs. In addition, the epithelial nature of USCs makes it
easier to reprogram them into iPSCs compared to mes-
enchymal skin fibroblasts, which need to undergo MET
to obtain a pluripotent state [83]. The presence of high
levels of epithelial markers or accelerators of MET, such
as E-CADHERIN, CLAUDIN, OCCLUDIN, miR-200c,
and miR-302b, but low levels of MET repressor Twist
facilitated the reprogramming efficiency of USCs into
iPSCs [80]. The episomal approach has been used to gen-
erate UC lines from 20 individuals with diverse genetic
and disease backgrounds including ALS, Parkinson’s
disease, p-thalassemia, and Hemophilia A [80]. Another
study investigated PCSK9-mediated autosomal dominant
hypercholesterolemia (ADH) using UiPSCs generated by
episomal vectors coding for OCT4, SOX2, KLF4, MYC,
LIN28, NANOG and SV40LT, and a non-episomal vec-
tor coding for miR302/367 [43]. In addition, integration-
free UiPSC lines from individuals with Down syndrome
(DS) [84], Phenylketonuria (PKU) [73] and Type 2 long
QT syndrome [85] have been successfully established via
episomal technology.

Small molecules

Most of the episomal induction approaches employ at
least one tumorigenic factor, such as c-Myc, SV40-LT,
or p53 inhibitors, and other factors to facilitate somatic
reprogramming, but this could cause tumorigenesis in
iPSCs. To circumvent this issue, a low-risk 6F/BM1-4C
reprogramming system containing six factors (L-Myc,
Sox2, Oct4, Glisl, KIf4, and miR-302 cluster) in the
episomal vector and the four compounds (inhibitor of
lysine-demethylasel, methyl ethyl ketone, glycogen syn-
thase kinase 3f, and histone deacetylase) were able to
generate UiPSCs efficiently within a short period of time
[86]. These UiPSCs exhibited reduced chromosomal vari-
ation and higher genomic stability compared to iPSCs
induced by conventional episomal vectors.

Due to the heterogeneity of USCs, a substantial portion
show poor proliferative ability, making it difficult to use
non-viral approaches for iPS reprogramming. A recent
report identified a cocktail containing cyclic pifithrin-a (a
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P53 inhibitor), A-83—-01, CHIR99021, thiazovivin, NaB,
and PD0325901 that significantly enhanced the repro-
gramming efficiency in USCs with low proliferation.
Instead of culturing on Matrigel, autologous human urine
cells were used as feeder cells to support the survival of
reprogramming cells [87]. Small molecules could provide
integration-free, virus-free, and animal component-free
generation of UiPSCs, which might be safe enough to
establish a clinical grade UiPSCs bank for personalized
medicine.

UiNSC reprogramming
Human-derived neural stem cells (NSCs) are important
for understanding the pathogenesis of neural diseases
and for drug screening. However, obtaining tissues con-
taining NSCs from patients’ brains or aborted fetus is an
invasive procedure with many ethical concerns. Several
models of neurological diseases using iPSCs have been
established, but the differentiation process from iPSCs
to NSCs is inefficient and time-consuming. Furthermore,
the resulting NSCs may contain residual undifferentiated
iPSCs that would lead to teratoma upon transplantation.
Lineage reprogramming could be used to generate
iNSCs without passing through the iPSC state to circum-
vent the tumorigenic issues. It was reported that USCs
could be directly reprogrammed into UiNSCs by adding a
cocktail of five small molecules (CHIR99021, PD0325901,
A83-01, thiazovivin, and DMH1) in the defined basal
medium of USCs electroporated with episomal vectors
expressing OCT4, SOX2, SV40T, KLF4, and miR-302-367
cluster [88]. The presumptive UiNSCs exhibited rosette-
like morphology at day 12—15 with iPSC-like appearance
at day 24-28. They could be expanded for 11 passages
and remained homogeneous and expressed NSC mark-
ers SOX2 and NESTIN without OCT4 and NANOG
activation. The reprogrammed UiNSCs could efficiently
differentiate into B III tubulin (TUJ1)" neurons and glial
fibrillary acid protein (GFAP)' astrocytes in vitro and
in vivo. Most importantly, transplanted hiNSCs did not
give rise to teratoma in rat brain. Further characteriza-
tion of the individual compounds in the small molecule
cocktail revealed that A83-01 alone, a selective inhibitor
for TGEP signaling, was sufficient to convert the fate of
lentiviral OSKM-treated USCs into UiNSCs instead of
UiPSCs [33]. In agreement with this, culturing OSKM-
treated USCs in E7 medium (E8 medium without TGEp)
could easily generate NSCs, furthering indicating that
removal of TGEp is sufficient for UiNSCs formation.
Consistent with the previous finding that TGFP induces
epithelial-mesenchymal transition to inhibit early phase
somatic reprogramming [89], early exposure of TGFJ or
overexpression of its downstream effector SNAI1 sup-
pressed reprogramming of lentiviral OSKM-treated
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USCs, whereas later exposure activated the pluripotent
state. These findings indicate that TGFP activity can
be manipulated at different times during USCs repro-
gramming to generate either iNSCs or iPSCs. Another
study used a cocktail of four small molecules (A83-01,
PD0325901, Thiazovivin, and CHIR99021) together with
pEP4-EO2S-ET2K and pEP4-M2L plasmids contain-
ing OCT4, SOX2, KLF4, SV40LT, c-MYC, and LIN28
genes to enhance the reprogramming efficiency of USCs
into iPSCs and iNSCs. When using a higher concentra-
tion cocktail in the early stage of reprogramming, iPSCs
appeared earlier (10 days) than iNSCs (12-15 days) [90].
This non-integrative method could generate iPSCs and
iNSCs from USCs at twice the speed compared to repro-
gramming blood or skin cells.

Self-replicating mRNA replicon expressing OCT4,
SOX2, KLF4, GLIS1, and B18R proteins together with
small molecules (Purmorphamine, Forskolin, Vitamin C,
and Sodium Butyrate) have also been used to generate
UiNSCs [19]. These reprogrammed UiNSCs could be cul-
tured in mild hypoxic condition, which mimics their nat-
ural niche environment to promote self-renewal capacity
[91]. The UiNSCs were derived from neuroepithelial-like
USCs and expressed NSC markers SOX2, NESTIN, and
PAX6 within 8 days. Further treatment with purmor-
phamine or FGF8 to induce ventral or midbrain fate
showed the majority of UiINSCs had acquired caudal
identity rather than anterior character. These UiNSCs
could also differentiate into functional neurons, oligo-
dendrocytes, and astrocytes in vitro and in vivo. Further-
more, they demonstrated a lack of tumor formation upon
injection into the immunodeficient nude mice. This effi-
cient reprogramming strategy can generate UiNSCs that
are transgene-free and safe for clinical applications.

Applications of UiPSCs and UiNSCs in neurological
disease modeling

Neurological diseases including spinal cord injury (SCI)
and neurodegenerative disorders result from the progres-
sive loss or damage of neurons in the central nervous sys-
tem and/or the peripheral nervous system. Many diseases
are caused by genetic mutations, but some diseases are
complex with unknown causes. Animal models are com-
monly used to study disease mechanisms and to develop
treatment strategies, but because of differences between
animals and humans in terms of genetics, metabolism
and even body size, these experimental models may not
fully recapitulate disease conditions and drug responses.
Establishing neurological disease models using cells from
patients provides a powerful in vitro platform to study
the diseases and to develop treatment strategies. Sev-
eral groups have demonstrated the therapeutic poten-
tial of reprogrammed iNSCs from skin fibroblasts in
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neurological diseases including multiple sclerosis [95],
Parkinson’s disease [96], spinal cord injury [97], and
stroke [98]. However, it involves minimally invasive skin
punch biopsy. Besides their non-invasive sampling, ease
of reprogramming, and inherited characteristics from
their original donor cells [99], USC-derived iPSCs and
iNSCs can also differentiate into different neural line-
ages [88], making them ideal cellular sources for studying
the pathogenesis of patient-specific neurodegenerative
diseases. Patient-derived USCs have been successfully
reprogrammed into iPSCs to study neurological diseases
such as SMA [17, 93], Alzheimer’s disease [100] and spi-
nal cord injury [76] (Table 2).

Spinal muscular atrophy

Spinal muscular atrophy is a rare autosomal recessive
disorder causing infant mortality, and has an incidence
of 1 in 10,000 live births and a carrier frequency of
about 1 in 50 [101]. A homozygous deletion or muta-
tion of the survival of motor neurons 1 (SMNI) gene
[102, 103] in SMA causes deficient full-length SMN
protein, leading to degeneration of spinal motor neu-
rons, denervation of skeletal muscle, muscular atrophy,
and eventually death [104]. The closely related SMN2
gene predominantly encodes a truncated protein due to
alternative splicing, and produces an SMN protein with
10%-20% functionality, which can compensate for the
lack of SMIN1 gene in SMA patients depending on the
SMN?2 copy number [105]. The copy number of SMN2
gene is inversely correlated with the severity of SMA
symptoms, ranging from severe type I SMA (1-2 copies
of SMN2) to mild type IV SMA (4-6 copies of SMN2)
[106]. A previous study used type I (2 copies of SMN2)
and type III (3 copies of SMN2) cells from the urine of
SMA patients to generate UiPSCs by lentiviral-OSKM
to investigate SMA in vitro [17]. Consistent with the
SMN2 copy number, UiPSCs derived from type I cells
exhibited the lowest amount of SMN proteins com-
pared to type III cells and healthy controls, and these
differences carried through into the MN populations.
Although there were no significant differences among
the three groups in terms of the number of OLIG2"
spinal MN progenitors (MNPs), differentiating MNs
(HB9"/ISL1"), and mature MNs (ChAT™), the neurite
outgrowth from type I and III SMA clones were sig-
nificantly reduced compared to the control. The SMN
protein is involved in the assembly of U12 spliceosome
that contributes to the alternative splicing, hence, SMN
deficiency leads to disrupted U12 splicing and mRNA
expression required for motor circuit function [107].
Alternatively, low SMN expression resulted in the
activation of Rho/ROCK and JNK signaling pathways,
which may mediate the neuronal growth dysfunction
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in SMA [108]. In addition, type I SMA MNs, but not
type III, displayed hyperexcitability with enhanced Na™
channel activities. Whether this abnormal neuronal
firing is a cell autonomous event remains unknown
[109, 110]. Nevertheless, modeling SMA disease using
patient urine cells provides a simple and non-invasive
strategy to reveal the molecular mechanisms underly-
ing MN defects in SMA.

On the other hand, organoid spinal cord differenti-
ated from skin fibroblast-derived iPSCs from SMA
patients could also recapitulate the neurological condi-
tions of SMA [111]. The MNs in SMA spinal organoids
had upregulated cell cycle genes (CDKI1, CDK2, CCNA2,
CCNBI1, and CCNB2) and could subsequently re-enter
the cell cycle leading to MN death. Treatment with CDK
inhibitor prolonged the survival of SMA MNs. Besides,
another report [93] used CRISPR/Cpfl and single-
stranded oligodeoxynucleotide to edit SMN2 gene to an
SMN1-like gene in SMA UiPSCs generated by an epi-
somal reprogramming vector. Restoration of the SMN
expression rescued MN generation. This study provides
proof-of-principle for establishing a gene correction
approach for the treatment of SMA.

Spinal cord injury

Traumatic injury to the spinal cord can result in severed
axons and neuronal death, leading to motor and sen-
sory dysfunction. Currently, there are no effective treat-
ments for spinal cord injury. Transplantation of NSCs
has shown promise as a treatment for spinal cord injury.
Although transplantation of hNSCs (derived from fetal
brain, spinal cord, or hESCs) into a spinal cord-injury
mice model demonstrated promising results of locomo-
tor recovery [112—114], these cell sources have raised
ethical concerns. In addition, the derived cells are allo-
geneic and require life-long immunosuppression to
suppress immune rejection. A previous study gener-
ated iPSCs from patients’ urine by Sendai virus carrying
OSKM, and further differentiated them into NSCs using
appropriate neural induction medium [76]. These UiN-
SCs were grafted into spinal cord-injury mice giving rise
to neurons and astrocytes in the injured environment
without tumor formation, although locomotor recovery
in these grafted mice was not examined. Nevertheless,
this study demonstrates the therapeutic potential of UiN-
SCs which are transgene-free and safe for the transplan-
tation treatment of spinal cord injury.

Although similar non-integrated reprogramming strat-
egy was used to generate pluripotent UiPSCs from an
Alzheimer’s disease patient’s urine, no further characteri-
zation of their ability to differentiate into neural lineages
in vitro and in animal models were conducted [100].
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Direct reprogramming of USCs into NSCs

or neurons

Several studies have demonstrated that USCs can be
reprogrammed into neurons without going through the
stage of iPSC or iNSC generation. This can be accom-
plished by different approaches including retroviral-
driven expression of transcription factors, matrix and
small molecules. The iNSCs can differentiate into differ-
ent neuronal subtypes and glial cells in vitro. Apart from
expressing characteristic markers, the induced neurons
(iNs) showed extensive neurite outgrowth and gener-
ated action potential, indicating the ability to generate
functional neurons in vitro by direct reprogramming of
USCs. A recent review has provided a detailed summary
of different direct reprogramming strategies in generat-
ing iNSCs or iNs from USCs [115]. Several of these stud-
ies used small molecules as a non-integration approach
which is faster than going through iPSC to generate neu-
rons or NSCs from USCs [38, 91, 116], providing a more
effective and safer strategy for modeling neurological dis-
eases and developing therapies respectively.

Current challenges and Future perspectives

Despite aforementioned advantageous of using USCs
to generate target cell types for modeling CNS defects
in patient-specific manner, there are still several issues
yet to be resolved for further basic research and clini-
cal applications. Firstly, microorganism contamination
in urine remains an issue of USCs sampling compared
to other somatic cells. Addition of normocure, a broad-
spectrum antibacterial agent that can eliminate microor-
ganism in unsterile floor-collected urine samples without
affecting the growth of USCs in culture [117]. Secondly,
it is a double-edged sword that UiPSCs from individuals
carrying specific genetic background may impact the dif-
ferentiation propensities into a specific lineage under the
same culture condition that makes comparison difficult,
but the distinct genetic differences give us clues about the
specific determinants of disease severity and the response
to drug treatment on an individual basis that provides an
important ground for future personalized medicine. Ide-
ally, the USCs from patients with genetic diseases for dis-
ease modeling should be compared with the USCs from
their healthy relatives or siblings with similar genetic
background. However, this is not always practically feasi-
ble. To resolve the impact of genetic differences between
individual on disease modeling, genome editing tech-
nology such as the CRISPR/Cas9 system could be used
to create disease mutation or deletion in UiPSCs and
the healthy control UiPSCs originated from the same
individual, enabling us to reveal the disease mechanism
caused by a specific genetic defect [118, 119]. A recent
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study using CRISPR/Cas9-mediated beta-globin gene
correlation of sickle cell disease patient-derived hemat-
opoietic stem cells in combination with autologous
transplantation underlies its potential application in gen-
erating gene-correlated autologous UiPSCs-derived cell
type for the treatment of genetic diseases [120]. Thirdly,
it has been reported that iPSCs from different somatic
origins harbor different patterns of epigenetic signatures,
which bias their differentiation potency to specific line-
ages related to the donor cell while antagonizing other
cell fates. Such an “epigenetic memory” of the donor tis-
sue could compromise the iPS reprogramming efficiency
and the differentiation propensity of iPSCs to generate
target cell type for disease modeling and treatment [121].
This issue can be overcome by adding vitamin C [122] or
histone deacetylase inhibitor valproic acid (VPA) [123] in
the culture medium for proper DNA demethylation and
histone acetylation in somatic cell genome to enhance
reprogramming efficiency of USCs into iPSCs [32] and
neurons [50]. Last but not least, the aforementioned
studies investigated patient-specific UiPSCs and their
target cell types in 2D culture which does not mimic the
disease conditions in vivo. Advances in organoid tech-
nology are anticipated to bridge the gap between two-
dimensional cell models and three-dimensional in vivo

Page 13 of 17

models. Recent studies have successfully generated brain
and spinal organoids, which can virtually recapitulate the
development of the CNS and diseases [124, 125]. Martins
et al. demonstrated the ability to generate common pro-
genitor cells for posterior spinal cord and muscle, allow-
ing the formation of functional neuromuscular junctions
in single organoids [125]. This study has opened new
avenues of research for modeling neuromuscular defects
in three-dimensional neural tissues generated from UiP-
SCs of SMA patients. In addition, SMA organoids can be
used to evaluate current treatment efficacy, toxicity and
pharmacokinetics, as well as optimize personal treatment
strategies for patients.

Conclusion

USCs serve as a useful non-invasive cell source for dis-
ease modeling with high proliferation and differentiation
abilities, and the development of UiPSC/UiNSC-based
technology holds enormous potential for clinical appli-
cations in personalized medicine (Fig. 2). For long-term
therapeutic potential, efficacy and safety of gene-edited
UiNSCs or neural organoids need to be critically evalu-
ated in pre-clinical rodent models and in large animal
models that more closely mimic the neuropathological
features of humans.

o s,
X ﬁsp/antat_ -
:Y\e}p\l 3 \“‘/7 Gene-correlated cell V
N Cardiomyocyte .
— Modeling of diseases - 4
i — ¢ Hematopoietic
z Patients
SgtmL N Endothelial == | == | == |
Differentiation .
g Osteogenic = =
o s
—_— Chondrogemc@
Reprogramming
Adipogenic
Skeletal = ®
Differentiatio, Myogenic <@ —>
Neurogenic lineages ' ®
—

Fig. 2 Schematic diagram showing the broad applications of USCs as cellular models of human diseases. Patients-specific USCs can be collected
by non-invasive methods for reprogramming into UiPSCs, UINSCs or different cell types for disease modeling and functional assessment of
gene-corrected cell types by transplantation into rodent model before applying to human, paving the way for personalized medicine
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