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Abstract: Despite being a biological waste, human urine contains a small population of cells with 

self-renewal capacity and differentiation potential into several cell types. Being derived from the 

convoluted tubules of nephron, renal pelvis, ureters, bladder and urethra, urine-derived stem cells 

(UDSC) have a similar phenotype to mesenchymal stroma cells (MSC) and can be reprogrammed 

into iPSC (induced pluripotent stem cells). Having simple, safer, low-cost and noninvasive 

collection procedures, the interest in UDSC has been growing in the last decade. With great potential 

in regenerative medicine applications, UDSC can also be used as biological models for 

pharmacology and toxicology tests. This review describes UDSC biological characteristics and 

differentiation potential and their possible use, including the potential of UDSC-derived iPSC to be 

used in drug discovery and toxicology, as well as in regenerative medicine. Being a new cellular 

platform amenable to noninvasive collection for disease stratification and personalized therapy 

could be a future application for UDSC. 

Keywords: urine-derived stem cells; personalized medicine; regenerative medicine; induced-

pluripotent stem cells 

 

1. Morphological Characterization and Early Applications of Urine-Derived Stem Cells 

Whenever a tissue is under constant stress from various factors (physical, chemical or 

mechanical), increased cell proliferation, high regeneration rate of the tissue and presence of regional 

stem cells is often observed. The fast renewal capability of skin and mucous layer of the stomach is 

one such example. In this context, urine also contains toxic metabolic wastes, having high osmotic 

pressure and a nonphysiological pH [1], which converts it into an aggressive body fluid that 

dramatically changes with the type of insult. These characteristics justify why the urinary tract, as an 

excretory organ, reveals a high regeneration potential as well. Due to this, the search for regional 

tissue-specific stem cells of the urinary system gained momentum in the last decade. 

The first cells from the urinary tract that were isolated, cultivated and characterized in vitro were 

exfoliated urinary cells from newborn children, initially described in 1972 by Sutherland and Bain 

[2]. Four years later, Linder described the culture of cells from the urine and bladder washings of 

adults [3]. Several follow-up papers reported the isolation, culture and growth properties of human 
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urinary epithelial cells (urothelial cells) [4–6]. Independently, Herz et al. described the culture of 

urinary cells from adults [7,8].  

The optimization of the culture conditions for epithelial cells from newborn urine, namely on 

plates covered by collagen-I matrix in serum-free medium consisting of a 1:1 mixture of Dulbecco's 

modified Eagles' medium (DMEM) and Ham's F-12 medium supplemented with insulin, transferrin, 

selenium and hydrocortisone was described [9]. Under these conditions, epithelial cells were able to 

undergo five passages while retaining the original morphology. Another alternative methodology 

for epithelial cells isolation from four to six-week-old rat urinary bladders was suggested by Johnson 

et al. by performing an attachment of bladder mucosal explants to collagen-I gels and the addition of 

the epidermal growth factor (EGF) [10]. The cultured cells had similar characteristics to human 

urothelial cells, namely junctional complexes, desmosomes, stratification and apical glycocalyx, 

while the ability of derived cells to be serially passaged increased 100-fold. Since bladder urothelial 

cells are in contact with interstitial cells, Howlett et al. described the culture of isolated urothelial cells 

on the feeder layer of embryonic mesenchymal-derived (Swiss 3T3) cells and collagen-I matrices [11]. 

Using this protocol, the culture of urothelial cells using conditioned medium from 3T3 cells was not 

enough to support the expression of tissue-specific characteristics. This indicated that direct 

intercellular contacts are necessary. Moreover, such culture models simplified three-dimensional 

tissue-like facsimiles of bladder stroma [11]. Another important factor determining viability, growth 

kinetics and cell differentiation is the cell culture medium and its supplements [12]. Variations in 

calcium concentration may affect cell growth capabilities, since with high calcium concentrations 

viability of growing cultures decreases, suggesting an accelerated rate of cellular differentiation. On 

the other hand, cells fail to form stratified epithelium in low-calcium medium [12,13]. For 

maintenance of the stratified structure of urothelial cells in long-term cultivation, it is preferred to 

cultivate cells in collagen-covered flasks [14], although more effective results were achieved by 

cultivating cells on a porous collagen matrix in cell medium supplemented with fetal bovine serum 

(FBS), hormones and calcium [13,15]. 

Urothelial cells can be isolated not only by urine sedimentation, as previously performed, but 

also by biopsies from renal pelvis, ureter, bladder and urethra [16]. This method is effective, allowing 

the isolation of cells from distinct tissues and in larger quantities, in comparison with those obtained 

by using a sedimentation technique. Nonetheless, biopsy is an invasive procedure which can present 

different complications, during and after the manipulation, and should be avoided whenever 

possible. 

An alternative method to obtain stratified urothelial cell layers was described by Gustafson et 

al. [17], involving the cultivation of urothelial cells on decellularized skin grafts. The advantage of 

this approach is its short time of cultivation, facilitation of transplantation procedure, opportunity to 

transplant undifferentiated cells and formation of a vascular network under a urothelium graft. As 

the authors suggested, this method provides autologous urothelium for reconstructive surgery in the 

genitourinary tract [17].  

Immunomagnetic beads, conjugated with monoclonal antibodies to aminopeptidase M (APM, 

CD13) allowed to isolate proximal tubule cells and an addition of antibodies to Tamm-Horsfall 

glycoprotein, a specific antigen for the thick ascending limb, and the early distal convoluted tubule 

allowed the separation of distal tubular cells [18].  

Isolation and cultivation of two other different cell types from human urine sediments were 

performed by Dörrenhaus et al. [19]. In this work, authors described two cell populations: (a) type 1 

cells presented irregular contours, including spindle-like cells inside colonies, expressed cytokeratin-

7 (marker of urothelial cells), were cultivated up to six passages and formed cobblestone-like cells 

and domes (hemicysts); (b) type 2 cells had smooth-edged contours, stained positively with carbonic 

anhydrase (marker of renal tubular epithelium) and subcultivation was not possible. According to 

the results, type 1 cells were thought to be a urothelial population, originated within the urinary tract, 

while type 2 were considered renal tubular cells [19]. Figure 1 summarizes potential sources, 

morphological and phenotypic characterizations of different types of urine-derived cells. 
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Figure 1. Potential sources, morphological and phenotypic characterizations of different types of 

urine-derived stem cells. Upper urinary tract cells can be derived from renal cortical nephron part–

renal tubular cells from proximal and distal convoluted tubules [19,25], glomerular pericytes [23,30], 

renal interstitial cells [23,66,102] and vascular endothelial cells [23,26]. Lower urinary tract urine-

derived stem cells (UDSC) belong to epithelial (urothelial) cells from ureter, urinary bladder and 

urethra [19,20,23]. Original source of UDSC determines their morphology in vitro, culture conditions, 

phenotype and differentiation capabilities. Image was adapted from original images from Servier 

Medical Art, as licensed under a Creative Commons Attribution 3.0 Unported License. Text was 

added to the original images. 

An alternative method for the isolation and long-term cultivation of differentiated rat urothelial 

cells was introduced by Zhang et al. [20]. Cells were isolated by enzymatic digestion of the 

urothelium and then cultivated during a period of four to five months, subcultured up to 18 passages 

and stained positively with antibody to cytokeratin 17 (marker of epithelial phenotype), forming 

stratified urothelial sheets similar to the native tissue. Following these results, Zhang and Frey 

discussed the use of this technique to obtain autologous grafts for bladder surgical augmentation 

[21]. In this surgical context, part of stomach or bowel is normally used, but since their mucosa is not 

specialized for a persistent contact with urine, gastrocystoplasty or entero-cystoplasty were 

accompanied by several complications. Since graft demucosalization usually led to its fibrosis and 

shrinkage, Zhang and Frey offered an original solution to the problem by using de-epithelialized 

bowel lined with autologous urothelium, achieving decreased graft shrinkage in experimental 

cystoplasty [21].  

Another method for bladder urothelial cells isolation involves bladder lavage [22], first 

described by Linder [3]. The authors demonstrated that isolated cells needed feeder cells in order to 

establish primary cultures. If further cultured without the same feeder cell layer, high quality 

urothelial cells would then be obtained with a normal karyotype during 14 passages, while 

maintaining proliferation capacity after cryopreservation [22]. Despite their ability to grow in vitro, 

form colonies and proliferate, these urothelial cells are not considered stem cells. Although a great 

potential in the treatment of genitourinary tract diseases, they can only restore the mucous epithelium 

and do not have multi-differentiation potential, one of three criteria, together with clonogenicity and 

self-renewal, that characterize stem cells [23]. 

Stem-like cells were also described in the urinary system. Zhang et al. [23] described four 

different cell populations, including stem cells, isolated from voided urine, and their characteristics 

studied. Following this first work, other groups reproduced this experiment, and the existence of 

urine-derived stem cells (UDSC) was gradually accepted by other researchers [24,25]. Since UDSC 

can be obtained by noninvasive procedures, their isolation and cultivation are easy and inexpensive 
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[23]; urine is now considered a promising source of stem cells, and several follow-up studies have 

been performed in recent years with refined approaches.  

Conditions of urine collection and storage that may affect the quality and quantity of UDSC have 

been studied. It was previously demonstrated that UDSC from 13- to 40-year-old humans have the 

highest rate of clonogenicity and, in order to obtain a large number of cells, catheterization, triple 

urine samples collection [23] or upper urinary tract urine collection [25] are recommended. Collection 

of urine from the upper urinary tract is an alternative solution for patients with bladder cancer, if the 

renal pelvis and upper part of the ureter are not affected [26]. Isolation of UDSC from fresh urine is 

preferable, but protocols for UDSC isolation can be performed within 24 h if urine is stored at 4 °C in 

a storage medium with serum; longer storage negatively influences the viability of cells [27]. 

Recommendation on the process of urine collection, including exclusion criteria (e.g., viral or 

bacterial infections and malignancies) for future regenerative medicine, have been previously 

published; nevertheless, the future will bring advances in the automatic recovery of cells from the 

urine and possibly rescuing UDSC from otherwise excluded individuals [28].  

Subsequently to urine cell pellet seeding, cells tend to grow in colonies. Once cells achieve 

confluence, they should be subcultured. The average population doubling time varies between 20 

and 29 h for fresh urine and between 28 to 32 h for urine preserved at 4 °C during 24 h [25,27]. Studies 

about urine preservation for UDSC isolation are still scarce [27], and it is an important point to be 

addressed, since it would bring several advantages to the process of UDSC isolation. Although values 

can vary according to culture conditions, Bharadwaj et al. achieved an average of 3.7 × 108 UDSC 

cells, at passage 5, in about 27 days of culture [25]. UDSC can be isolated from individuals from both 

genders and with an age range reported so far from 5 to 75 years [29]. In adult cells, telomerase 

activity is largely limited to stem cells and is associated with a high proliferative capacity. Bharadwaj 

et. al. described telomerase activity in 60% of independent UDSC samples [29], while a normal 

karyotype was found at least until cell passage 15 [23–25,27].  

After UDSC isolation, questions about their phenotype, origin and differentiation potential arise. 

A common method to identify and characterize a stem cell phenotype is based on the analysis of cell 

surface markers known as clusters of differentiation (CD). For UDSC, the CD phenotype is similar to 

MSC, expressing CD73, CD90, CD105 and CD133, while CD markers of HSC (CD45, CD31 and CD34) 

are not present [23,26,29]. Besides distinct CD markers, the exact origin of UDSC can be studied 

through the detection of other specific markers for various cell populations of the urinary system. 

Detailed comparisons of the phenotype of UDSC with renal tubular cells, urothelial, endothelial, 

interstitial and other types of cells was already published by Manaph et al. [30]. Although most UDSC 

markers are similar to that of MSC, the former cells also express other markers of pluripotent cells, 

including POU5F1 or octamer-binding transcription factor 3/4 (Oct 3/4), a VMyc avian 

myelocytomatosis viral oncogene homologue (c-Myc), as well as renal markers, such as sine oculis 

homeobox homologue 2 (SIX2) or the neural cell adhesion molecule (NCAM) [30]. As suggested by 

Manaph et al., UDSCs should also be considered as renal progenitor cells due to the above-mentioned 

markers, in addition to other markers present. In other words, UDSC can be a source of MSC-like 

cells, which present some but not all markers typical of the latter cells, although presenting high 

expandability and high proliferative ability typical from other stem cells [31]. 

Despite this, the origin of UDSC remains controversial [25]. According to some authors, collected 

UDSC originate from the kidneys, because cells obtained from female patients who received a sex-

mismatched kidney transplant contained the Y-chromosome and expressed normal kidney cell genes 

and protein markers common for parietal cells and podocytes from the upper urinary tract (renal 

pelvic and/or upper segments of transplanted ureter) [25]. Other authors suggested instead that 

UDSC originates from the basal layer of urothelium [32], pericytes of kidney [33] or urinary 

epithelium [26]. Such possible diversity of origins may result in the presence of various cell 

populations in the urine. Zhang et al. described four distinct types of cells, with each one presenting 

distinct origins: (a) cobblestone-like cells, expressing uroplakin-Ia from urothelial origin; (b) spindle-

shaped desmin+cells from muscle origin; (c) cells with circular morphology and expression of vWF 
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(von Willebrand's factor) from endothelial origin and (d) elongated and expressing c-kit cells, 

considered as interstitial cells.  

The number of cells and their origin is also determined by the procedure used for urine 

collection—more cells may be present in urine collected by using a urethral catheter due to catheter-

induced injury of the bladder and urethral mucosa [27]. Most of the cells are basically quiescent until 

injury, and according to clinical and scientific viewpoints, cells from hematological (such as 

erythrocytes) and epithelial origin (renal tubular cells, transitional epithelial cells and squamous 

epithelial cells) can be found in urine, normally in low amounts [28].  

Related with the immune system, another important marker that distinguishes UDSC from 

hematopoietic stem cells is class II HLA (human leucocytes antigen) glycoproteins, which are 

common for antigen-presenting cells (dendritic cells, macrophages, B-lymphocytes and some 

activated cells). According to numerous independent studies, human UDSC do not express HLA-DR 

(one of class II HLA glycoproteins) responsible for the triggering of an immune reaction [34–38]. 

Furthermore, this immunogenic HLA-DR glycoprotein does not appear during in vitro UDSC culture 

until passage 7, so absence of this marker is considered as the reason for the immune suppressive 

effect of USCs transplantations [38]. This fact highlights the fact that UDSC are an attractive cell 

source for therapeutic application. At the same time, there is no clear information about the 

expression levels of class I HLA markers, glycoproteins present in the cell membrane of almost all 

nucleus-containing cells, which restricts opportunities of allogenic transplantation. We would then 

agree with Gaignerie et al. when stating that the transplantation of UDSC should be addressed 

according to the specific HLA haplotypes of the donor [39]. It also needs to be stressed that 

implantation of UDSC does not lead to teratoma formation [23,26,29]. 

UDSC can differentiate into various cell lineages of the urinary system—cells with urothelial, 

smooth muscle, endothelial and interstitial markers expression [23,24,40], as well as in mesenchymal 

derivatives: osteoblasts, chondrocytes and adipocytes [40]. Under specific conditions in terms of 

culture induction media, Bhadawaraj et al. obtained cells from the three germ layers—ectoderm 

(neuronal differentiation); mesodermal (smooth muscle cells, as well as osteogenic, chondrogenic, 

adipogenic, myogenic and endothelial differentiation) and endoderm (urothelial cells) [29,41]. In 

vitro differentiation into smooth muscle-like cells was also performed by Bhadawaraj et al., who 

cultivated UDSC in a differentiation medium. UDSC acquired not only the phenotype but also 

demonstrated a contractile function similar to native smooth muscle cells [25]. Wu et al. recently 

showed that UDSC had better adipogenic and endothelial capacities, as well as the potential to 

originate new vascularization, when compared to bone marrow-derived stem cells [34]. 

Urothelial-differentiated UDSC express urothelial-specific genes and proteins, such as 

uroplakin-Ia and -III, cytokeratin (CK)-7 and CK-13. Renal differentiation of UDSC can be performed 

by cultivating cells in commercial kidney differentiation medium [40]. Importantly, and as described 

above, transplanted UDSC do not lead to teratoma formation [25] or kidney abnormalities [40]. 

Urothelial differentiation of UDSC can be induced by implantation of UDSC into bacterial 

cellulose. As a result, the formation of a multilayered urothelium that can be used as a urinary conduit 

for urological operations was reported [32]. Following this study, UDSC were first differentiated in 

vitro into urothelial cells and smooth muscle cells, seeded afterwards on 3D-porous small intestine 

submucosa scaffolds and transplanted into athymic mice. Later, the authors demonstrated the 

formation of tissue, similarly to native ureter [42]. To improve vascularization of the graft, human 

UDSC were infected with an adenoviral vector containing the mouse vascular endothelial growth 

factor (VEGF) gene, co-cultured with human umbilical vein endothelial cells in a collagen-I gel and 

implanted subcutaneously into athymic mice. As a result, the authors observed increased in vivo 

survival and myogenic differentiation of a UDSC graft. Besides increased vascularization, new nerve 

fibers were observed at 28 days of the experiment [42].  

The potential of UDSC for therapeutic application in urologic operations was also shown by 

Bhadawaraj et al. [29]. Similarly, to the work by Wu et al., UDSC were differentiated into urothelial 

and smooth muscle cells in vitro and then seeded on small intestinal submucosa scaffolds, cultivated 

for 14 days and implanted into nude mice. Multilayered tissue-like structures were observed 
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consisting of urothelium and smooth muscle, proving that UDSC could be a source of cells for tissue-

engineered therapeutic strategies for patients with chronic bladder diseases or for those from whom 

adequate cells cannot be obtained by biopsy [29]. In another context, intravenous injection of UDSC 

for protamine/lipopolysaccharide-induced interstitial cystitis in rats led to inhibition of oxidative 

stress, inflammatory response and cellular apoptosis, thus providing improvement of bladder 

function in experimental interstitial cystitis [43].  

Neurogenic differentiation of UDSC was demonstrated in vitro in several works [24,29]. Besides 

in vitro studies, Guan et al. investigated whether UDSC could serve as a potential cell source for 

neural tissue engineering in vivo and compared UDSC with adipose tissue-derived MSC (ADSC). 

When seeding UDSC on a hydrogel scaffold and transplanting them into rat brains, UDSC behaved 

similarly to ADSC. Cells survived in the lesion site and migrated to other brain areas, expressing 

neurogenic markers such as glial fibrillary acidic protein, β-III tubulin and nestin. The observations 

show that UDSC can differentiate into neuron-like cells in the rat brain and demonstrate promising 

potential for regenerative medicine [24].  

Being easily harvested without using invasive procedures and having the capacity to 

differentiate into osteoblasts prompted the interest of UDSC in bone tissue engineering. Guan et al. 

demonstrated that USCs were able to adhere, survive, proliferate and differentiate into osteoblasts in 

beta-tricalcium phosphate (β-TCP), a typical scaffold used in bone tissue engineering [36]. The 

authors also further demonstrated that the combination of UDSC and β-TCP improved bone 

regeneration in rats, suggesting UDSC as an alternative source of stem cells for bone tissue 

engineering. A study from Gao et al. demonstrated that the age of urine donors influences the 

proliferation rates, senescence tendency and osteogenic differentiation capacity of UDSC [44]. 

According to the authors, UDSCs from younger donors are better models for basic research and may 

have more extensive clinical applications. Nevertheless, the authors suggested that, independently 

from age, UDSC have potential applications in bone tissue engineering as seed cells. 

The range of UDSC differentiation capabilities made those cells a promising source of stem cells 

for the treatment of various diseases. An antifibrotic effect and inhibition of cellular apoptosis was 

demonstrated in experimental streptozocin-induced type 2 diabetes rats. Transplantation of UDSC 

inhibited cell apoptosis, contributing to reduced fibrosis development and improving pancreas, 

heart, kidney and bladder functions [41]. 

Compared to other MSC sources, collection of voided urine is noninvasive, thus painless, and 

safe for patients, which is particularly important for pediatric patients [49]. Although UDSC are 

actively studied, their clinical application has not yet been appropriately tackled, although 

autologous urothelial cells, cultivated in vitro on acellular allogenic dermis, were already successfully 

used for the surgical treatment of hypospadias [45]. 

Advantages of UDSC isolation made them an attractive source of induced pluripotent stem cells, 

initially generated by Zhou et al. [46]. Induced pluripotent stem cells (iPSC) can be applied to model 

various human diseases “in vitro” and have already been established in different diseases: cardiac 

[47], endocrine [48], neural [49], muscular [50], aneuploidy diseases such as Down syndrome [51] and 

systemic lupus erythematousus [52], among others.  

UDSC may be applied, not only for regenerative medicine but may also be used for the diagnosis 

of genetic disorders, allowing to store samples of patients with inherited diseases. Since UDSC 

isolation from patients with spinal muscular atrophy, Duchenne muscular dystrophy, paroxysmal 

kinesigenic dyskinesia and Wilson’s disease were already successfully established, it is possible to 

obtain cell samples from those individuals in a noninvasive and simple manner and use those cells 

for detecting genetic alterations [53]. 

2. Generation of iPSC from UDSC 

In 2006, Kazutoshi Takahashi and Shinya Yamanaka showed that adult fibroblasts can be 

reprogrammed by the addition of four transcription factors: Oct3/4, Sox2, c-Myc and Klf4, to generate 

iPSC, which behave as embryonic stem cells in terms of unlimited self-renewal capacity and ability 

to virtually give rise to all types of cells of the organism, excluding extra-embryonic tissues [54]. 
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Furthermore, iPSC circumvents ethical issues and immune rejection of embryonic stem cells. iPCS 

are a very effective tool for research, preserving the characteristics of the original cell, such as genetic 

mutations and epigenetic alterations, with potential applications in personalized regenerative 

medicine, in vitro pharmacological tests and as disease model [55]. Commonly, the differentiation of 

iPSC into disease-relevant cell types is imperative, since the disease phenotype is often only shown 

in differentiated cells. It was already demonstrated that these differentiated cells have disease 

characteristics. As a summary of the several possible fields of iPSC applications, the following can be 

mentioned: (a) iPSC technologies allow to generate patient-specific iPSC lines and differentiate them 

in multiple necessary lineages; (b) as a cell model to study the pathophysiology of diseases; (c) as 

disease models to develop and test new therapeutic drugs and strategies, including cell-target specific 

treatment; (d) to study genetic and epigenetic abnormalities, splicing and post translational 

modifications; (e) to study gene-editing technologies for the treatment of genetically inherited 

diseases and (f) to use differentiated iPSC for cell and organ transplantations in the clinic. The ability 

to generate iPSC from autologous cells reduces ethical problems and the risk for immunological 

rejection (Figure 2). 

 

Figure 2. Possible applications for urine-derived cells. After urine collection from healthy or disease-

affected individuals, urine-derived cells are cultured and reprogrammed into induced pluripotent 

stem cells (iPSC). Those cells can be differentiated into condition-relevant cell types maintaining the 

original genome. Otherwise, the genome can be edited to correct mutations or to introduce alterations 

associated with disease treatments or for research purposes. These differentiated cells can be used for 

autologous or allogeneic regenerative medicine as a model to study diseases or for pharmacological 

tests, both in personalized or high-throughput approaches. 

Several human cell types, such as fibroblasts, bone marrow mesenchymal stroma cells, 

peripheral blood, keratinocytes, melanocytes, dental pulp stem cells, hepatocytes, amniotic fluid-

derived cells, neural stem cells, cord blood stem cells and adipose stem cells, have been 

reprogrammed to iPSC [56]. UDSC are an alternative source of cells for iPSC generation, with the 
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advantage of being collected by a noninvasive method [51,52,57]. Several protocols have been studied 

to efficiently and safely generate pluripotent stem cells, including nonintegrative approaches, 

without the requirement of feeders, serum and the oncogene c-MYC—for example, using the 

combination of the transcription factors OCT4, SOX2, SV40T, KLF4 and the miR-302-367 cluster or 

Oct4, Glis1, Klf4, Sox2, L-Myc and the miR-302 cluster, combined with a short incubation with four 

compounds (inhibitors of lysine-demethylase1, methyl ethyl ketone, glycogen synthase kinase 3 beta 

and histone deacetylase) [55,58]. Moreover, UDSC appear to be easier for the induction of a 

pluripotent state than skin fibroblasts, possibly because urinary cells do not require the 

mesenchymal-to-epithelial transition (MET). This idea is supported by the MET inductive expression 

profile found in urinary cells [55]. It would be interesting to evaluate whether some specific 

characteristics of a UDSC subpopulation—for example, regarding surface markers—influence the 

efficiency of iPSC generation and properties of themselves and cells obtained by differentiation. 

There is still a lack of work about the properties of both urine-derived iPSC and mature cells 

generated from them, obtained from healthy or unhealthy individuals.  

3. UDSC in Drug Discovery Therapeutics and Toxicology 

In silico, in vitro and in vivo approaches have been used in human predictive toxicology. However, 

due to the increasing production of new molecules with potential human applications, the currently 

available approaches do not respond quickly and effectively to the requirements of the industry. 

Human cells, with the advantages of recapitulating the precise physiologic signaling mechanisms, 

can be used in a personalized way and for high-throughput screenings. The unmet need for new 

toxicology models has been recognized by a committee from the U.S. National Academy of Sciences, 

which urged the need for more efficient and relevant methods to assess human risks of exposure to 

different chemicals and pharmaceuticals [59,60]. Improvement in models, including human-derived 

stem cells, 3D organotypic culture models, mathematical modeling of cellular processes and 

morphogenesis, represents a clear movement towards in vitro/in silico-based assessments [60]. In 

vivo studies are also frequently used in predictive toxicology, but due to ethical issues, the use of 

animals in scientific research has been restricted, highlighting the need for alternative approaches 

and new models. With a noninvasive, low-cost collection, simple isolation methods, efficient 

proliferation and multipotent differentiation potential, UDSC are an important discovery in cell 

therapy and tissue engineering, with possible applications in regenerative and personalized medicine 

[28,37,61]. Clonogenicity, self-renewal capacities, the ability to reprogram to iPSCs [55,62] and the 

ability to differentiate in vitro into several lineages make USDC potential biological models for in 

vitro predictive toxicological tests with higher human relevance. In fact, Guan and co-workers [62] 

observed that UDSC reprogram to iPSCs easier and quicker than fibroblasts or MSCs and maintain 

the original genetic characteristics. The authors also highlighted UDSC as a novel biological resource 

for personalized medicine and for the discovery of new drugs. However, the use of UDSC in 

pharmacology and toxicology tests has not been much exploited. Since iPSCs derived from UDSC 

maintain the original genetic characteristics of the donor and can differentiate in several lineages, 

those cells could be an added value in new drug developments for the correction of genetic defects 

(Figure 2). Furthermore, due to the characteristics of USDC above described, those cells could be a 

good biological model used in in vitro tests to predict toxicity in drug discovery. Nevertheless, this 

is an area of very large interest, and it is likely to grow in the next few years. 

4. Use of UDSC for Regenerative Medicine 

4.1. Urological Tissue Engineering 

For urological tissue regeneration purposes, bone marrow mesenchymal stroma cells do not 

efficiently differentiate into functional urothelial cells, while UDSC have a better performance [29]. 

UDSC differentiated into urothelial and smooth muscle cells were previously co-cultured in layers 

into specific 3D porous small intestinal submucosa scaffolds. The multilayer structure obtained was 

comparable to the tissue of the urinary tract, suggesting that UDSC can be used for urological tissue 
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regeneration [42]. The treatment of stress urinary incontinence can benefit from the ability of UDSC 

to differentiate into endothelial, myogenic and neurogenic directions, as it was previously 

demonstrated. In this study, UDSC mixed with alginate microbeads, containing growth factors 

(VEGF, insulin-like growth factor 1, fibroblast growth factor-1, PDGF, hepatocyte growth factor and 

nerve growth factor) and collagen-I, were injected subcutaneously into nude mice. The injection of 

UDSC with growth factors stimulated resident cell survival, myogenesis, enhanced revascularization 

and innervation, while UDSC themselves differentiated into a myogenic lineage [53]. In a follow-up 

experiment, the authors modified UDSC with an adenovirus-containing human vascular endothelial 

growth factor 165 (VEGF165), known to improve cell survival, angiogenesis and the myogenesis of 

MSC [63]. Subcutaneous implantation of UDSC, overexpressing (VEGF165) or added to endothelial 

cells/human skeletal myoblasts (as control) suspended in collagen-I-containing gel into nude mice 

led to increased survival of implanted cells, efficient differentiation of cells into endothelial cells and 

myocytes, stimulated vascularization and regeneration of nerve fibers [53]. Both experimental studies 

were a good approach for the development of cell therapies for the correction of stress urinary 

incontinence. 

Besides their use for stress urinary incontinence, Liu et al. investigated the usefulness of UDSC 

for urethral reconstruction. Isolated rabbit UDSC were seeded on small intestine submucosa scaffolds 

and transplanted to repair the urethral defect of white male rabbits. The graft, containing autologous 

UDSC, facilitated urothelial regeneration and decreased inflammation and post-surgical fibrosis. 

Transplanted UDSC differentiated into smooth muscle and urothelial cells, improving smooth 

muscle and vessels content [49].  

Although UDSC present some limitations in terms of differentiation potential, a recent study 

demonstrated that, although those cells did not show chondrogenic differentiation capacity, the 

decellularized matrix deposited by them provided a 3D expansion substrate to promote senescent 

bone marrow stromal cells’ chondrogenic potential, which provided an additional approach for the 

application of UDSC in tissue engineering and regeneration [64]. 

Transplantation of UDSC may be applied, not only for bladder or urethra reconstruction but 

also for the preservation of the erectile function in a rat model of a cavernous nerve injury. The 

authors modeled bilateral cavernous nerve injury-induced erectile dysfunction in rats and injected 

UDSC into the penile cavernous bodies. UDSC were genetically modified with a pigment epithelium-

derived factor. As a result, they increased the smooth muscle to collagen ratio and decreased 

expression of transforming growth factor-b1, and decreased cell apoptosis and fibrosis in the 

cavernous tissue were observed. Furthermore, the paracrine effects of transplanted UDSC led to 

nerve protection, prevention of erectile function destruction and improvement of endothelial cell 

function [65].  

4.2. Bone Regeneration 

In another application, UDSC seeded onto bone tissue engineering scaffolds, such as β-

tricalcium phosphate and calcium silicate incorporated into poly(lactic-co-glycolic acid), showed 

increased osteogenic differentiation and potential for bone regeneration when implanted in vivo (rat 

and mice). Bone formation probably involved the Wnt/β-catenin signaling pathway activation, a 

mechanism already known to be associated with bone formation [36,66]. Furthermore, silver 

nanoparticles, which are recognized as an excellent antimicrobial agent for use on scaffolds, and bone 

morphogenic protein 2 transduction also promote the osteogenic differentiation of UDSC in vitro and 

also in vivo [67,68]. Therefore, the use of UDSC to repair bone tissue injuries is clearly as promising 

as for genitourinary system regeneration.  

4.3. Neuroregeneration 

In a neuronal context, UDSC can be reprogrammed into iPSC and differentiated into neural 

progenitor cells with further in vitro induction to neurons-, oligodendrocytes- and astrocytes-like 

cells. In the same work, the authors suggested a method of purification of neural progenitor cells 

from undifferentiated cells using fluorescence-activated cell sorting with the A2B5 antibody. Being 
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transplanted into a mouse with contusion of the thoracic spinal cord-purified neural progenitor cells 

survived, integrated into the injured spinal cord, and differentiated into neurons and glia without 

tumor formation [49]. Additionally, when UDSC were injected directly into the rat brain, positive 

neuronal markers were found after three weeks, suggesting that the brain environment can induce 

neuronal differentiation of UDSC [24]. 

4.4. Dental Reconstruction Applications 

Dental tissue was also previously obtained by differentiation of iPSC generated from UDSC [69]. 

iPSC were generated from human UDSC and were differentiated into epithelial sheets while placed 

on the top of one mouse dental mesenchyme (E14.5). One to two days after incubation, this chimeric 

culture graft was transplanted into the renal subcapsular layer of adult nude mice. Interestingly, 

around 30% of these transplanted sheets developed into ameloblasts in a tooth-like structure. Thus, 

human iPSC, pre-differentiated into epithelial sheets, may contribute to tooth development by 

responding to odontogenic signals from embryonic dental mesenchyme. These results may be useful 

for further drug screening or regenerative therapies in dentistry [69].  

4.5. UDSC Extracellular Vesicles and Exosomes  

Beyond UDSC themselves, it has been recently proposed that exosomes released from those cells 

have also therapeutic activity. Chen et al. demonstrated that systemic injection of extracellular 

vesicles from human-harvested UDSC prevented osteoporosis in ovariectomized mice by 

transferring collagen triple-helix repeat containing 1 (CTHRC1) and osteoprotegerin (OPG) [70]. The 

same strategy was done to improve erectile dysfunction in a diabetic rat model—this time, by means 

of transferring pro-angiogenic miRNA [71]—and to decrease kidney injury in a diabetic rat model by 

transferring pro-vascular regeneration and cell protection factors, including growth factor, 

transforming growth factor-β1, angiogenin and bone morphogenetic protein-7 [72]. In the same 

disease context, Jin et al. demonstrated that exosomes from UDSC attenuated podocyte apoptosis in 

a mouse model of diabetes, besides decreasing apoptosis and increasing autophagy fluxes when 

added to MPC5 cells exposed to hyperglycemia. The molecular mechanism proposed was through 

increasing the expression of miR-486 [73].  

UDSC-derived extracellular vesicles (EVs) may also play an indirect role towards the immune 

system. Recently, an immunomodulatory effect of EVs from MSCs has been raised mainly due to its 

endocrine/paracrine effects on damaged tissues. EVs can transfer proteins, lipids, mRNAs, and long 

noncoding RNAs between various cell types, thus mediating intercellular communication and 

signaling. Indeed, depending on its origin, EVs may aggravate or promote injury, as in cancer, or 

they are capable of modulating immune cells [74–76]. To highlight this phenomenon, in a rat renal 

injury model, MSC-EVs were able to reduce IL1-B and TNF-alpha [75,77]. The expression of IL-10, an 

important anti-inflammatory cytokine, was also shown to be regulated by EVs [78]. Other authors 

have suggested that MSC-EVs are able to control renal macrophage infiltration [79]. The precise 

mechanism by which EVs regulate the immune system is still unknown. One of the possible 

mechanisms is through microRNAs. For example, both miRs 21 and 199a, or miR-15a, are described 

to play an immunomodulatory role or even modulate macrophages chemoattraction [80–82]. 

Although this has not been established yet, it is reasonable to think that UDSCs could also have an 

immunomodulatory role. Nevertheless, to establish this new capacity, more comprehensive research 

needs to be performed. 

In conclusion, UDSC or their derived EVs can potentially be used in cell therapy for a variety of 

conditions, although more studies are needed, as well as their clinical translation discussed. Of 

interest is the fact that exosomes released by UDSC appear to carry biologically active molecules, 

with meaningful and relevant therapeutic impacts.  

5. Potential or Current Utilization of Urine-Derived Stem Cells as Disease Models 



Cells 2020, 9, x FOR PEER REVIEW 11 of 18 

 

For the study of disease staging and drug development assays, animal models have the 

drawback of not always accurately mimicking the precise human gene expression and physiology, 

which limits extrapolating results from animal models to humans. Although human cells are 

certainly a good option for disease modeling, their collection is often invasive and poses ethical 

problems. Cell-based technologies are an opportunity to model various human diseases in a culture 

dish. For such purposes, differentiated cells are needed; however, their isolation and long-term 

cultures are still a limiting step. In this case, the use of iPSC may be a good alternative, although the 

approach requires characterization, including the reprogramming and in vitro differentiation 

processes [83]. A great advantage of iPSC is the ability of human disease-specific iPSC to present the 

genetic background of a targeted disease [84–86]. UDSC can be successfully reprogrammed into iPSC, 

and their ability of differentiation into multiple fates can generate models for different conditions: 

metabolic, autoimmune and hemorrhagic disorders and diseases of cardiovascular, nervous, 

muscular or urinary systems, among many others. One such example is hemophilia A, from which 

iPSC were previously generated from human UDSC, which were further differentiated into 

hepatocytes that did not produce blood coagulation factor VIII, resembling patient cells [87]. Since 

the isolation of UDSC is noninvasive, they are a safe and promising source of stem cells from patients 

with bleeding disorders, since all invasive procedures are life-threatening for them [88]. The CRISPR-

Cas9 nuclease system was successfully used by Park et al. on iPSC from patients with hemophilia A 

caused by chromosomal inversions that involve introns 1 and 22 of the F8 (blood coagulation factor 

VIII) gene [89]. The CRISPR-Cas9 technology was used in iPSCs in order to revert chromosomal 

segments to the appropriate position, being later differentiated into endothelial cells. These 

endothelial cells expressed the F8 gene and functionally rescued factor VIII deficiency in a mouse 

model of hemophilia.  

Another example of iPSC application regards fibrodysplasia ossificans progressiva (FOP), a 

genetic disease caused by a heterozygous missense mutation in the activin receptor-like kinase 2 gene 

(ACVR1/ALK2) and characterized by progressive heterotopic ossification of soft tissues [90]. iPSC 

generated from urine cells from patients with fibrodysplasia ossificans progressiva showed ALK2 

mutations that led to a decreased ability of cells to differentiate into bone and appeared to have 

reduced expression of the VEGF receptor 2 in differentiated endothelial cells. This cell line can be 

applied as an alternative research model to evaluate ALK2 bioactivity and therapeutic drugs to 

inhibit the mineralization of soft tissues [91]. 

It has been previously observed that iPSC derived from human UDSC can differentiate into 

human alveolar type II (AT II) epithelial cells, which are responsible for the production of surfactants. 

Differentiated cells showed outstretched and epithelium-like morphology and expressed surfactant 

proteins A, B and C-like mature human AT II cells, modeling lung disease caused by the dysfunction 

of AT II cells [92].  

The same approach was also used to obtain iPSC from UDSC of patients with Down syndrome. 

These T21-iPSC differentiated into glutamatergic neurons that had the ability to fire action potentials 

and into cardiomyocytes that had spontaneous contractions and were sensitive to the β-adrenergic 

agonist isoproterenol [51].  

The identification of cardiac dysfunction in patients with specific genetic backgrounds is 

problematic, since a source of human cardiomyocytes is limited. Facing this, Jouni et al. generated 

iPSC from UDSC of patients with a rare genetically-inherited cardiac disease, the long QT syndrome. 

Differentiation of the generated iPSC into functional cardiomyocytes A561P-UhiPS CMs allowed to 

define trafficking defects, which led to a delayed rectifier potassium current and prolonged action 

potential. In patients, such changes can lead to potentially fatal cardiac arrhythmias [47].  

UDSC from healthy individuals and muscular dystrophy patients can also be directly 

reprogrammed, by transduction with a tamoxifen-inducible MyoD lentiviral vector into functional 

myogenic cells, which express transcripts for muscle markers, form sarcomeres and have the capacity 

of contraction while harboring the mutation [93]. Furthermore, CRISPR/Cas9-edited USC produced 

the most frequent mutation responsible for limb-girdle muscular dystrophy type 2C [93]. 

Additionally, the antisense oligonucleotide strategy was used to correct the defect of dystrophin exon 
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44, by exon skipping, in UDSC differentiated into myogenic cells from Duchenne muscular dystrophy 

patients and healthy controls [94].  

iPSCs were also used to generate cardiomyocytes from patients with cryptorchid-specific iPSC 

lines with genetic variations [95], hepatocyte-like cells with mutated proprotein convertase 

subtilisin/kexin type 9 to mimic the pathophysiology of autosomal dominant hypercholesterolemia 

[96] and systemic lupus erythematosus-specific iPSC from UDSC [52].  

6. Advantages and Challenges of UDSC 

As described above, urine collection preceding UDSC isolation is easy, safe, noninvasive and 

inexpensive, unlike surgical biopsies associated with the collection of other stem cell types. UDSC 

can be isolated from healthy and unhealthy individuals while maintaining proliferation and 

differentiation capacity, allowing the possibility of large-scale noninvasive sample collection and 

storage. Furthermore, no major ethical concerns are applied to UDSC collection, and they can be used 

for personalized and high-throughput research or clinical applications, such as in vitro 

pharmacological tests, regenerative medicine and as a disease model.  

Regarding challenges and open questions, UDSC biological characterizations need to be deeper 

explored, with a special focus on donor age effects on UDSC properties, as previously mentioned. 

Moreover, in UDSC, the expression levels of some characteristic surface markers, analyzed by flow 

cytometry, show discrepancy among different studies [23–25,29,36,44,67,68,72,83,94,97–99]. These 

discrepancies can be attributed to different culture conditions, such as the composition of the culture 

medium, or can be a native characteristic of the isolated cells that can be heterogeneous within the 

same individual or between different individuals. Further studies to gather relevant information 

about expression levels of surface markers and their significance for UDSC biology are important. 

Conceivably, autologous UDSC can be used to mitigate age-related conditions, provided that 

cells are collected at a younger age and cryo-preserved. Nonetheless, the maintenance of UDSC 

features when isolated from old individuals is not adequately assessed and is a crucial question to 

unveil. Gao et al. (2017) compared UDSC isolated from different age groups (5 to 14 years old, 30 to 

40 years old and 65 to 75 years old), showing that, although the older group can still proliferate and 

undergo osteogenic differentiation, these properties decrease with age, and the count of senescent 

cells increases [44]. 

The maintenance of UDSC properties after cryopreservation would be beneficial for some 

experimental designs. However, to our knowledge, this process was not well-described. 

Consequently, along with the impact of donor age on the properties of isolated UDSC, the origin of 

UDSC, urine preservation methods for subsequent UDSC isolation and cryopreservation methods 

maintaining UDSC properties needs to be explored. Considering that there is a negative impact of 

aging on UDSC biology, the discovery of approaches to improve the properties of UDSC from elder 

individuals has considerable relevance before clinical applications. 

As reviewed by Ji et al. [83], human individuals have a diverse genetic background, thereby 

increasing the variability of obtained results and making data explanation difficult. To overcome this 

issue, it would be beneficial to enlarge the population sample or establish the control and 

experimental group from the same cell source with the matching genetic background. The second 

possibility implies that the experimental group is created by targeted genome editing. It has been 

reported that iPSC can retain epigenetic transcriptional memory from the donor, and these traits 

change according to the original cell type and can influence iPSC properties such as differentiation 

potential with a bias towards the cell type of origin [100]. These can affect the future applications of 

UDSC. Concerning clinical applications, UDSC and derived cells’ safety and effectiveness conditions 

to be used are not established. For example, iPSC complete differentiation must be achieved before 

clinical transplantation, since iPSC can form teratomas when implanted. 

Although numerous interesting studies have already been performed and, clearly, iPSC 

generated from UDSC are a promising cell source for various laboratory, fundamental and clinical 

applications, there are still a lot of important points to clarify, and several steps of the procedures 

need to be standardized. One involves the optimization and standardization of the urine samples 
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collection method. There are various methods, including the collection of voided urine, 

catheterization or the collection of upper urinary tract urine. The protocol for collection can determine 

the type of isolated cells and their growth and proliferation potential. A variety of methods brings 

the diversity of isolated cells, differentiation capabilities, theories concerning the origin of UDSC and 

the multiplicity of results interpretations. Additionally, strict eligibility requirements for UDSC 

donors should be established, while all the procedures should be carried out in an ethical way and 

under quality control. In the same context, a rapid method for the detection of urine samples’ 

contamination is required [101]. 

7. Conclusions 

UDCs’ impact on personalized and regenerative medicine has been increasing, despite the still-

open questions. One advantage related to other sources of human biological material is the 

noninvasive nature of their collection, which simplifies ethical concerns. When searching Pubmed 

with the keywords “urine-derived cells”, we obtain a total of three publications in 2010 and 52 in 

2019. It is very likely that the number will steadily increase as more is discovered about this very 

particular group of cells. The next years will tell whether UDC will be a critical tool in biomedicine. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1: Supplementary Text: 

Culture conditions, biological characteristics and differentiation of UDSC. 

Author Contributions: G.B.: literature reviewing, manuscript writing and figure preparation; A.S.: manuscript 

writing; V.S.: manuscript writing; A.R., P.M. and P.O.: revision of the final version of the manuscript. 

Acknowledgments: Work in the laboratories of the authors is funded by FEDER funds through the Operational 

Programme Competitiveness Factors—COMPETE and national funds by FCT—Foundation for Science and 

Technology (PTDC/BTM-SAL/29297/2017, POCI-01-0145-FEDER-029297, PTDC/MED-FAR/29391/2017, POCI-

01-0145-FEDER-029391, IF/01182/2015 and UIDB/04539/2020). iNOVA4Health-UID/Multi/04462/2013, a 

program financially supported by Fundação para a Ciência e Tecnologia/Ministério da Educação e Ciência, 

through national funds and co-funded by FEDER under the PT2020 Partnership Agreement, is acknowledged. 

Guida Bento is the recipient of a Ph.D. fellowship from the Foundation for Science and Technology 

(PD/BD/114119/2015). AKS and AAR were supported by the Program of Competitive Growth of Kazan Federal 

University. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Adamowicz, J.; Kloskowski, T.; Tworkiewicz, J.; Pokrywczynska, M.; Drewa, T. Urine is a highly cytotoxic 

agent: does it influence stem cell therapies in urology? Transplant. Proc. 2012, 44, 1439–1441. 

2. Sutherland, G.R.; Bain, A.D. Culture of cells from the urine of newborn children. Nature 1972, 239, 231. 

3. Linder, D. Culture of cells from the urine and bladder washings of adults. Somatic. Cell Genet. 1976, 2, 281–

283. 

4. Felix, J.S.; Littlefield, J.W. Urinary tract epithelial cells cultured from human urine. Int. Rev. Cytol. Suppl. 

1979, 10, 11–23. 

5. Felix, J.S.; Littlefield, J.W. Human newborn urine as a source of epithelial cells. Birth Defects Orig. Artic. Ser. 

1980, 16, 231–237. 

6. Felix, J.S.; Sun, T.T.; Littlefield, J.W. Human epithelial cells cultured from urine: growth properties and 

keratin staining. In Vitro 1980, 16, 866–874. 

7. Herz, F.; Schermer, A.; Koss, L.G. Short-term culture of epithelial cells from urine of adults. Proc. Soc. Exp. 

Biol. Med. 1979, 161, 153–157. 

8. Herz, F. Culture of urinary cells. Birth Defects Orig. Artic. Ser. 1980, 16, 85–93. 

9. Hintz, D.S.; Sens, M.A.; Jenkins, M.Q.; Sens, D.A. Tissue culture of epithelial cells from urine. I. Serum-free 

growth of cells from newborn infants. Pediatr Pathol. 1984, 2, 153–163. 

10. Johnson, M.D.; Bryan, G.T.; Reznikoff, C.A. Serial cultivation of normal rat bladder epithelial cells in vitro. 

J. Urol. 1985, 133, 1076–1081. 



Cells 2020, 9, x FOR PEER REVIEW 14 of 18 

 

11. Howlett, A.R.; Hodges, G.M.; Rowlatt, C. Epithelial-stromal interactions in the adult bladder: urothelial 

growth, differentiation, and maturation on culture facsimiles of bladder stroma. Dev. Biol. 1986, 118, 403–

415. 

12. Reznikoff, C.A.; Loretz, L.J.; Pesciotta, D.M.; Oberley, T.D.; Ignjatovic, M.M. Growth kinetics and 

differentiation in vitro of normal human uroepithelial cells on collagen gel substrates in defined medium. 

J. Cell Physiol. 1987, 131, 285–301. 

13. Southgate, J.; Hutton, K.A.; Thomas, D.F.; Trejdosiewicz, L.K. Normal human urothelial cells in vitro: 

Proliferation and induction of stratification. Lab. Invest. 1994, 71, 583–594. 

14. Ludwikowski, B.; Zhang, Y.Y.; Frey, P. The long-term culture of porcine urothelial cells and induction of 

urothelial stratification. Bju. Int. 1999, 84, 507–514. 

15. Chlapowski, F.J. Long term growth and maintenance of stratified rat urothelium in vitro. Cell Tissue Kinet. 

1989, 22, 245–257. 

16. Petzoldt, J.L.; Leigh, I.M.; Duffy, P.G.; Masters, J.R. Culture and characterisation of human urothelium in 

vivo and in vitro. Urol. Res. 1994, 22, 67–74. 

17. Gustafson, C.J.; Eldh, J.; Kratz, G. Culture of human urothelial cells on a cell-free dermis for 

autotransplantation. Eur. Urol. 1998, 33, 503–506. 

18. Baer, P.C.; Nockher, W.A.; Haase, W.; Scherberich, J.E. Isolation of proximal and distal tubule cells from 

human kidney by immunomagnetic separation. Technical note. Kidney Int. 1997, 52, 1321–1331. 

19. Dorrenhaus, A.; Muller, J.I.; Golka, K.; Jedrusik, P.; Schulze, H.; Follmann, W. Cultures of exfoliated 

epithelial cells from different locations of the human urinary tract and the renal tubular system. Arch. 

Toxicol. 2000, 74, 618–626. 

20. Zhang, Y.Y.; Ludwikowski, B.; Hurst, R.; Frey, P. Expansion and long-term culture of differentiated normal 

rat urothelial cells in vitro. In Vitro Cell. Dev. Biol. Anim. 2001, 37, 419–429. 

21. Zhang, Y.Y.; Frey, P. Growth of cultured human urothelial cells into stratified urothelial sheet suitable for 

autografts. Adv. Exp. Med. Biol. 2003, 539, 907–920. 

22. Fossum, M.; Lundberg, F.; Holmberg, K.; Schoumans, J.; Kratz, G.; Nordenskjold, A. Long-term culture of 

human urothelial cell--a qualitative analysis. Cells Tissues Organs 2005, 181, 11–22. 

23. Zhang, Y.; McNeill, E.; Tian, H.; Soker, S.; Andersson, K.E.; Yoo, J.J.; Atala, A. Urine derived cells are a 

potential source for urological tissue reconstruction. J. Urol. 2008, 180, 2226–2233. 

24. Guan, J.J.; Niu, X.; Gong, F.X.; Hu, B.; Guo, S.C.; Lou, Y.L.; Zhang, C.Q.; Deng, Z.F.; Wang, Y. Biological 

characteristics of human-urine-derived stem cells: potential for cell-based therapy in neurology. Tissue Eng. 

Part A 2014, 20, 1794–1806. 

25. Bharadwaj, S.; Liu, G.; Shi, Y.; Markert, C.; Andersson, K.E.; Atala, A.; Zhang, Y. Characterization of urine-

derived stem cells obtained from upper urinary tract for use in cell-based urological tissue engineering. 

Tissue Eng. Part A 2011, 17, 2123–2132. 

26. Chun, S.Y.; Kim, H.T.; Lee, J.S.; Kim, M.J.; Kim, B.S.; Kim, B.W.; Kwon, T.G. Characterization of urine-

derived cells from upper urinary tract in patients with bladder cancer. Urology 2012, 79, 1186.e1181–

1187.e1181. 

27. Lang, R.; Liu, G.; Shi, Y.; Bharadwaj, S.; Leng, X.; Zhou, X.; Liu, H.; Atala, A.; Zhang, Y. Self-renewal and 

differentiation capacity of urine-derived stem cells after urine preservation for 24 hours. PLoS ONE 2013, 

8, e53980. 

28. Kloskowski, T.; Nowacki, M.; Pokrywczynska, M.; Drewa, T. Urine--a waste or the future of regenerative 

medicine? Med. Hypotheses 2015, 84, 344–349. 

29. Bharadwaj, S.; Liu, G.; Shi, Y.; Wu, R.; Yang, B.; He, T.; Fan, Y.; Lu, X.; Zhou, X.; Liu, H.; et al. Multipotential 

differentiation of human urine-derived stem cells: potential for therapeutic applications in urology. Stem 

Cells 2013, 31, 1840–1856. 

30. Pavathuparambil Abdul Manaph, N.; Al-Hawwas, M.; Bobrovskaya, L.; Coates, P.T.; Zhou, X.F. Urine-

derived cells for human cell therapy. Stem Cell Res. Ther. 2018, 9, 189. 

31. Sato, M.; Takizawa, H.; Nakamura, A.; Turner, B.J.; Shabanpoor, F.; Aoki, Y. Application of Urine-Derived 

Stem Cells to Cellular Modeling in Neuromuscular and Neurodegenerative Diseases. Front. Mol. Neurosci. 

2019, 12, 297. 

32. Bodin, A.; Bharadwaj, S.; Wu, S.; Gatenholm, P.; Atala, A.; Zhang, Y. Tissue-engineered conduit using 

urine-derived stem cells seeded bacterial cellulose polymer in urinary reconstruction and diversion. 

Biomaterials 2010, 31, 8889–8901. 



Cells 2020, 9, x FOR PEER REVIEW 15 of 18 

 

33. Penny, J.; Harris, P.; Shakesheff, K.M.; Mobasheri, A. The biology of equine mesenchymal stem cells: 

phenotypic characterization, cell surface markers and multilineage differentiation. Front. Biosci. (Landmark 

Ed). 2012, 17, 892–908. 

34. Wu, C.; Chen, L.; Huang, Y.Z.; Huang, Y.; Parolini, O.; Zhong, Q.; Tian, X.; Deng, L. Comparison of the 

Proliferation and Differentiation Potential of Human Urine-, Placenta Decidua Basalis-, and Bone Marrow-

Derived Stem Cells. Stem Cells Int. 2018, 2018, 7131532. 

35. Chen, L.; Li, L.; Xing, F.; Peng, J.; Peng, K.; Wang, Y.; Xiang, Z. Human Urine-Derived Stem Cells: Potential 

for Cell-Based Therapy of Cartilage Defects. Stem Cells Int. 2018, 2018, 4686259. 

36. Guan, J.; Zhang, J.; Li, H.; Zhu, Z.; Guo, S.; Niu, X.; Wang, Y.; Zhang, C. Human Urine Derived Stem Cells 

in Combination with beta-TCP Can Be Applied for Bone Regeneration. PLoS ONE 2015, 10, e0125253. 

37. Zhang, D.; Wei, G.; Li, P.; Zhou, X.; Zhang, Y. Urine-derived stem cells: A novel and versatile progenitor 

source for cell-based therapy and regenerative medicine. Genes Dis. 2014, 1, 8–17. 

38. Kang, H.S.; Choi, S.H.; Kim, B.S.; Choi, J.Y.; Park, G.B.; Kwon, T.G.; Chun, S.Y. Advanced Properties of 

Urine Derived Stem Cells Compared to Adipose Tissue Derived Stem Cells in Terms of Cell Proliferation, 

Immune Modulation and Multi Differentiation. J. Korean Med. Sci. 2015, 30, 1764–1776. 

39. Gaignerie, A.; Lefort, N.; Rousselle, M.; Forest-Choquet, V.; Flippe, L.; Francois-Campion, V.; Girardeau, 

A.; Caillaud, A.; Chariau, C.; Francheteau, Q.; et al. Urine-derived cells provide a readily accessible cell 

type for feeder-free mRNA reprogramming. Sci. Rep. 2018, 8, 14363. 

40. Choi, J.Y.; Chun, S.Y.; Ha, Y.S.; Kim, D.H.; Kim, J.; Song, P.H.; Kim, H.T.; Yoo, E.S.; Kim, B.S.; Kwon, T.G. 

Potency of Human Urine-Derived Stem Cells for Renal Lineage Differentiation. Tissue Eng. Regen. Med. 

2017, 14, 775–785. 

41. Dong, X.; Zhang, T.; Liu, Q.; Zhu, J.; Zhao, J.; Li, J.; Sun, B.; Ding, G.; Hu, X.; Yang, Z.; et al. Beneficial effects 

of urine-derived stem cells on fibrosis and apoptosis of myocardial, glomerular and bladder cells. Mol. Cell. 

Endocrinol. 2016, 427, 21–32. 

42. Wu, S.; Liu, Y.; Bharadwaj, S.; Atala, A.; Zhang, Y. Human urine-derived stem cells seeded in a modified 

3D porous small intestinal submucosa scaffold for urethral tissue engineering. Biomaterials 2011, 32, 1317–

1326. 

43. Li, J.; Luo, H.; Dong, X.; Liu, Q.; Wu, C.; Zhang, T.; Hu, X.; Zhang, Y.; Song, B.; Li, L. Therapeutic effect of 

urine-derived stem cells for protamine/lipopolysaccharide-induced interstitial cystitis in a rat model. Stem 

Cell Res. Ther. 2017, 8, 107. 

44. Gao, P.; Han, P.; Jiang, D.; Yang, S.; Cui, Q.; Li, Z. Effects of the donor age on proliferation, senescence and 

osteogenic capacity of human urine-derived stem cells. Cytotechnology 2017, 69, 751–763. 

45. Fossum, M.; Skikuniene, J.; Orrego, A.; Nordenskjold, A. Prepubertal follow-up after hypospadias repair 

with autologous in vitro cultured urothelial cells. Acta Paediatr. 2012, 101, 755–760. 

46. Zhou, T.; Benda, C.; Duzinger, S.; Huang, Y.; Li, X.; Li, Y.; Guo, X.; Cao, G.; Chen, S.; Hao, L.; et al. 

Generation of induced pluripotent stem cells from urine. J. Am. Soc. Nephrol. 2011, 22, 1221–1228. 

47. Jouni, M.; Si-Tayeb, K.; Es-Salah-Lamoureux, Z.; Latypova, X.; Champon, B.; Caillaud, A.; Rungoat, A.; 

Charpentier, F.; Loussouarn, G.; Baro, I.; et al. Toward Personalized Medicine: Using Cardiomyocytes 

Differentiated From Urine-Derived Pluripotent Stem Cells to Recapitulate Electrophysiological 

Characteristics of Type 2 Long QT Syndrome. J. Am. Heart Assoc. 2015, 4, e002159. 

48. Guo, D.; Wu, F.; Liu, H.; Gao, G.; Kou, S.; Yang, F.; Abbas, N.; Zhou, T.; Cai, X.; Zhang, H.; et al. Generation 

of non-integrated induced pluripotent stem cells from a 59-year-old female with multiple endocrine 

neoplasia type 1 syndrome. Stem Cell Res. 2017, 18, 64–66. 

49. Liu, Y.; Zheng, Y.; Li, S.; Xue, H.; Schmitt, K.; Hergenroeder, G.W.; Wu, J.; Zhang, Y.; Kim, D.H.; Cao, Q. 

Human neural progenitors derived from integration-free iPSCs for SCI therapy. Stem Cell Res. 2017, 19, 55–

64. 

50. Afzal, M.Z.; Strande, J.L. Generation of induced pluripotent stem cells from muscular dystrophy patients: 

Efficient integration-free reprogramming of urine derived cells. J. Vis. Exp. 2015, 18, 70–72. 

51. Y, M.L.; Zampieri, B.L.; Scott-McKean, J.J.; Johnson, M.W.; Costa, A.C.S. Generation of Integration-Free 

Induced Pluripotent Stem Cells from Urine-Derived Cells Isolated from Individuals with Down Syndrome. 

Stem Cells Transl. Med. 2017, 6, 1465–1476. 

52. Chen, Y.; Luo, R.; Xu, Y.; Cai, X.; Li, W.; Tan, K.; Huang, J.; Dai, Y. Generation of systemic lupus 

erythematosus-specific induced pluripotent stem cells from urine. Rheumatol. Int. 2013, 33, 2127–2134. 



Cells 2020, 9, x FOR PEER REVIEW 16 of 18 

 

53. Liu, G.; Wang, X.; Sun, X.; Deng, C.; Atala, A.; Zhang, Y. The effect of urine-derived stem cells expressing 

VEGF loaded in collagen hydrogels on myogenesis and innervation following after subcutaneous 

implantation in nude mice. Biomaterials 2013, 34, 8617–8629. 

54. Schmidt, R.; Plath, K. The roles of the reprogramming factors Oct4, Sox2 and Klf4 in resetting the somatic 

cell epigenome during induced pluripotent stem cell generation. Genome Biol. 2012, 13, 251. 

55. Xue, Y.; Cai, X.; Wang, L.; Liao, B.; Zhang, H.; Shan, Y.; Chen, Q.; Zhou, T.; Li, X.; Hou, J.; et al. Generating 

a non-integrating human induced pluripotent stem cell bank from urine-derived cells. PLoS ONE 2013, 8, 

e70573. 

56. Brouwer, M.; Zhou, H.; Nadif Kasri, N. Choices for Induction of Pluripotency: Recent Developments in 

Human Induced Pluripotent Stem Cell Reprogramming Strategies. Stem Cell Rev. Rep. 2016, 12, 54–72. 

57. Zhou, T.; Benda, C.; Dunzinger, S.; Huang, Y.; Ho, J.C.; Yang, J.; Wang, Y.; Zhang, Y.; Zhuang, Q.; Li, Y.; et 

al. Generation of human induced pluripotent stem cells from urine samples. Nat. Protoc. 2012, 7, 2080–2089. 

58. Wang, L.; Chen, Y.; Guan, C.; Zhao, Z.; Li, Q.; Yang, J.; Mo, J.; Wang, B.; Wu, W.; Yang, X.; et al. Using low-

risk factors to generate non-integrated human induced pluripotent stem cells from urine-derived cells. Stem 

Cell Res. Ther. 2017, 8, 245. 

59. Rowlands, J.C.; Sander, M.; Bus, J.S.; FutureTox Organizing, C. FutureTox: Building the road for 21st 

century toxicology and risk assessment practices. Toxicol. Sci. 2014, 137, 269–277. 

60. Knudsen, T.B.; Keller, D.A.; Sander, M.; Carney, E.W.; Doerrer, N.G.; Eaton, D.L.; Fitzpatrick, S.C.; 

Hastings, K.L.; Mendrick, D.L.; Tice, R.R.; et al. FutureTox II: In vitro data and in silico models for predictive 

toxicology. Toxicol. Sci. 2015, 143, 256–267. 

61. Gao, P.; Jiang, D.; Liu, W.; Li, H.; Li, Z. Urine-derived Stem Cells, a New Source of Seed Cells for Tissue 

Engineering. Curr. Stem Cell Res. Ther. 2016, 11, 547–553. 

62. Guan, X.; Mack, D.L.; Moreno, C.M.; Strande, J.L.; Mathieu, J.; Shi, Y.; Markert, C.D.; Wang, Z.; Liu, G.; 

Lawlor, M.W.; et al. Dystrophin-deficient cardiomyocytes derived from human urine: New biologic 

reagents for drug discovery. Stem Cell Res. 2014, 12, 467–480. 

63. Djouad, F.; Bouffi, C.; Ghannam, S.; Noel, D.; Jorgensen, C. Mesenchymal stem cells: Innovative therapeutic 

tools for rheumatic diseases. Nat. Rev. Rheumatol. 2009, 5, 392–399. 

64. Pei, M.; Li, J.; Zhang, Y.; Liu, G.; Wei, L.; Zhang, Y. Expansion on a matrix deposited by nonchondrogenic 

urine stem cells strengthens the chondrogenic capacity of repeated-passage bone marrow stromal cells. Cell 

Tissue Res. 2014, 356, 391–403. 

65. Yang, Q.; Chen, X.; Zheng, T.; Han, D.; Zhang, H.; Shi, Y.; Bian, J.; Sun, X.; Xia, K.; Liang, X.; et al. 

Transplantation of Human Urine-Derived Stem Cells Transfected with Pigment Epithelium-Derived Factor 

to Protect Erectile Function in a Rat Model of Cavernous Nerve Injury. Cell Transplant. 2016, 25, 1987–2001. 

66. Guan, J.; Zhang, J.; Guo, S.; Zhu, H.; Zhu, Z.; Li, H.; Wang, Y.; Zhang, C.; Chang, J. Human urine-derived 

stem cells can be induced into osteogenic lineage by silicate bioceramics via activation of the Wnt/beta-

catenin signaling pathway. Biomaterials 2015, 55, 1–11. 

67. Qin, H.; Zhu, C.; An, Z.; Jiang, Y.; Zhao, Y.; Wang, J.; Liu, X.; Hui, B.; Zhang, X.; Wang, Y. Silver 

nanoparticles promote osteogenic differentiation of human urine-derived stem cells at noncytotoxic 

concentrations. Int. J. Nanomedicine 2014, 9, 2469–2478. 

68. Guan, J.; Zhang, J.; Zhu, Z.; Niu, X.; Guo, S.; Wang, Y.; Zhang, C. Bone morphogenetic protein 2 gene 

transduction enhances the osteogenic potential of human urine-derived stem cells. Stem Cell Res. Ther. 2015, 

6, 5. 

69. Cai, J.; Zhang, Y.; Liu, P.; Chen, S.; Wu, X.; Sun, Y.; Li, A.; Huang, K.; Luo, R.; Wang, L.; et al. Generation of 

tooth-like structures from integration-free human urine induced pluripotent stem cells. Cell Regen. (Lond). 

2013, 2, 6. 

70. Chen, C.Y.; Rao, S.S.; Tan, Y.J.; Luo, M.J.; Hu, X.K.; Yin, H.; Huang, J.; Hu, Y.; Luo, Z.W.; Liu, Z.Z.; et al. 

Extracellular vesicles from human urine-derived stem cells prevent osteoporosis by transferring CTHRC1 

and OPG. Bone Res. 2019, 7, 18. 

71. Ouyang, B.; Xie, Y.; Zhang, C.; Deng, C.; Lv, L.; Yao, J.; Zhang, Y.; Liu, G.; Deng, J.; Deng, C. Extracellular 

Vesicles From Human Urine-Derived Stem Cells Ameliorate Erectile Dysfunction in a Diabetic Rat Model 

by Delivering Proangiogenic MicroRNA. Sex. Med-UK 2019, 7, 241–250. 

72. Jiang, Z.Z.; Liu, Y.M.; Niu, X.; Yin, J.Y.; Hu, B.; Guo, S.C.; Fan, Y.; Wang, Y.; Wang, N.S. Exosomes secreted 

by human urine-derived stem cells could prevent kidney complications from type I diabetes in rats. Stem 

Cell Res. Ther. 2016, 7, 24. 



Cells 2020, 9, x FOR PEER REVIEW 17 of 18 

 

73. Jin, J.; Shi, Y.; Gong, J.; Zhao, L.; Li, Y.; He, Q.; Huang, H. Exosome secreted from adipose-derived stem 

cells attenuates diabetic nephropathy by promoting autophagy flux and inhibiting apoptosis in podocyte. 

Stem Cell Res. Ther. 2019, 10, 95. 

74. Wang, B.; Jia, H.; Zhang, B.; Wang, J.; Ji, C.; Zhu, X.; Yan, Y.; Yin, L.; Yu, J.; Qian, H.; et al. Pre-incubation 

with hucMSC-exosomes prevents cisplatin-induced nephrotoxicity by activating autophagy. Stem Cell Res. 

Ther. 2017, 8, 75. 

75. Lin, K.C.; Yip, H.K.; Shao, P.L.; Wu, S.C.; Chen, K.H.; Chen, Y.T.; Yang, C.C.; Sun, C.K.; Kao, G.S.; Chen, 

S.Y.; et al. Combination of adipose-derived mesenchymal stem cells (ADMSC) and ADMSC-derived 

exosomes for protecting kidney from acute ischemia-reperfusion injury. Int. J. Cardiol. 2016, 216, 173–185. 

76. Costa-Silva, B.; Aiello, N.M.; Ocean, A.J.; Singh, S.; Zhang, H.; Thakur, B.K.; Becker, A.; Hoshino, A.; Mark, 

M.T.; Molina, H.; et al. Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver. Nat. 

Cell Biol. 2015, 17, 816–826. 

77. Wang, R.; Lin, M.; Li, L.; Li, L.; Qi, G.; Rong, R.; Xu, M.; Zhu, T. [Bone marrow mesenchymal stem cell-

derived exosome protects kidney against ischemia reperfusion injury in rats]. Zhonghua yi xue za zhi. 2014, 

94, 3298–3303. 

78. Eirin, A.; Zhu, X.Y.; Puranik, A.S.; Tang, H.; McGurren, K.A.; van Wijnen, A.J.; Lerman, A.; Lerman, L.O. 

Mesenchymal stem cell-derived extracellular vesicles attenuate kidney inflammation. Kidney Int. 2017, 92, 

114–124. 

79. Choi, H.Y.; Lee, H.G.; Kim, B.S.; Ahn, S.H.; Jung, A.; Lee, M.; Lee, J.E.; Kim, H.J.; Ha, S.K.; Park, H.C. 

Mesenchymal stem cell-derived microparticles ameliorate peritubular capillary rarefaction via inhibition 

of endothelial-mesenchymal transition and decrease tubulointerstitial fibrosis in unilateral ureteral 

obstruction. Stem Cell Res. Ther. 2015, 6, 18. 

80. Sun, Z.; Ma, Y.; Chen, F.; Wang, S.; Chen, B.; Shi, J. miR-133b and miR-199b knockdown attenuate TGF-

beta1-induced epithelial to mesenchymal transition and renal fibrosis by targeting SIRT1 in diabetic 

nephropathy. Eur. J. Pharmacol. 2018, 837, 96–104. 

81. Zou, X.; Zhang, G.; Cheng, Z.; Yin, D.; Du, T.; Ju, G.; Miao, S.; Liu, G.; Lu, M.; Zhu, Y. Microvesicles derived 

from human Wharton's Jelly mesenchymal stromal cells ameliorate renal ischemia-reperfusion injury in 

rats by suppressing CX3CL1. Stem Cell Res. Ther. 2014, 5, 40. 

82. Wynn, T.A. Common and unique mechanisms regulate fibrosis in various fibroproliferative diseases. The 

J. Clin. Invest. 2007, 117, 524–529. 

83. Ji, X.; Wang, M.; Chen, F.; Zhou, J. Urine-Derived Stem Cells: The Present and the Future. Stem Cells Int. 

2017, 2017, 4378947. 

84. Park, I.H.; Arora, N.; Huo, H.; Maherali, N.; Ahfeldt, T.; Shimamura, A.; Lensch, M.W.; Cowan, C.; 

Hochedlinger, K.; Daley, G.Q. Disease-specific induced pluripotent stem cells. Cell 2008, 134, 877–886. 

85. Mack, D.L.; Guan, X.; Wagoner, A.; Walker, S.J.; Childers, M.K. Disease-in-a-dish: The contribution of 

patient-specific induced pluripotent stem cell technology to regenerative rehabilitation. Am. J. Phys. Med. 

Rehabil. 2014, 93, S155–S168. 

86. Avior, Y.; Sagi, I.; Benvenisty, N. Pluripotent stem cells in disease modelling and drug discovery. Nat. Rev. 

Mol. Cell Biol. 2016, 17, 170–182. 

87. Jia, B.; Chen, S.; Zhao, Z.; Liu, P.; Cai, J.; Qin, D.; Du, J.; Wu, C.; Chen, Q.; Cai, X.; et al. Modeling of 

hemophilia A using patient-specific induced pluripotent stem cells derived from urine cells. Life Sci. 2014, 

108, 22–29. 

88. Shi, L.; Cui, Y.; Luan, J.; Zhou, X.; Han, J. Urine-derived induced pluripotent stem cells as a modeling tool 

to study rare human diseases. Intractable Rare Dis. Res. 2016, 5, 192–201. 

89. Park, C.Y.; Kim, D.H.; Son, J.S.; Sung, J.J.; Lee, J.; Bae, S.; Kim, J.H.; Kim, D.W.; Kim, J.S. Functional 

Correction of Large Factor VIII Gene Chromosomal Inversions in Hemophilia A Patient-Derived iPSCs 

Using CRISPR-Cas9. Cell Stem Cell 2015, 17, 213–220. 

90. Billings, P.C.; Fiori, J.L.; Bentwood, J.L.; O'Connell, M.P.; Jiao, X.; Nussbaum, B.; Caron, R.J.; Shore, E.M.; 

Kaplan, F.S. Dysregulated BMP signaling and enhanced osteogenic differentiation of connective tissue 

progenitor cells from patients with fibrodysplasia ossificans progressiva (FOP). J. Bone Miner. Res. 2008, 23, 

305–313. 

91. Hildebrand, L.; Rossbach, B.; Kuhnen, P.; Gossen, M.; Kurtz, A.; Reinke, P.; Seemann, P.; Stachelscheid, H. 

Generation of integration free induced pluripotent stem cells from fibrodysplasia ossificans progressiva 

(FOP) patients from urine samples. Stem Cell Res. 2016, 16, 54–58. 



Cells 2020, 9, x FOR PEER REVIEW 18 of 18 

 

92. Wang, C.; Hei, F.; Ju, Z.; Yu, J.; Yang, S.; Chen, M. Differentiation of Urine-Derived Human Induced 

Pluripotent Stem Cells to Alveolar Type II Epithelial Cells. Cell. Reprogram. 2016, 18, 30–36. 

93. Kim, E.Y.; Page, P.; Dellefave-Castillo, L.M.; McNally, E.M.; Wyatt, E.J. Direct reprogramming of urine-

derived cells with inducible MyoD for modeling human muscle disease. Skelet. Muscle 2016, 6, 32. 

94. Falzarano, M.S.; D'Amario, D.; Siracusano, A.; Massetti, M.; Amodeo, A.; La Neve, F.; Maroni, C.R.; 

Mercuri, E.; Osman, H.; Scotton, C.; et al. Duchenne Muscular Dystrophy Myogenic Cells from Urine-

Derived Stem Cells Recapitulate the Dystrophin Genotype and Phenotype. Hum. Gene Ther. 2016, 27, 772–

783. 

95. Zhou, J.; Wang, X.; Zhang, S.; Gu, Y.; Yu, L.; Wu, J.; Gao, T.; Chen, F. Generation and characterization of 

human cryptorchid-specific induced pluripotent stem cells from urine. Stem Cells Dev. 2013, 22, 717–725. 

96. Si-Tayeb, K.; Idriss, S.; Champon, B.; Caillaud, A.; Pichelin, M.; Arnaud, L.; Lemarchand, P.; Le May, C.; 

Zibara, K.; Cariou, B. Urine-sample-derived human induced pluripotent stem cells as a model to study 

PCSK9-mediated autosomal dominant hypercholesterolemia. Dis. Model. Mech. 2016, 9, 81–90. 

97. He, W.; Zhu, W.; Cao, Q.; Shen, Y.; Zhou, Q.; Yu, P.; Liu, X.; Ma, J.; Li, Y.; Hong, K. Generation of 

Mesenchymal-Like Stem Cells From Urine in Pediatric Patients. Transplant. Proc. 2016, 48, 2181–2185. 

98. Niemietz, C.J.; Sauer, V.; Stella, J.; Fleischhauer, L.; Chandhok, G.; Guttmann, S.; Avsar, Y.; Guo, S.; 

Ackermann, E.J.; Gollob, J.; et al. Evaluation of Therapeutic Oligonucleotides for Familial Amyloid 

Polyneuropathy in Patient-Derived Hepatocyte-Like Cells. PLoS ONE 2016, 11, e0161455. 

99. Schosserer, M.; Reynoso, R.; Wally, V.; Jug, B.; Kantner, V.; Weilner, S.; Buric, I.; Grillari, J.; Bauer, J.W.; 

Grillari-Voglauer, R. Urine is a novel source of autologous mesenchymal stem cells for patients with 

epidermolysis bullosa. BMC Res. Notes 2015, 8, 767. 

100. Kim, K.; Zhao, R.; Doi, A.; Ng, K.; Unternaehrer, J.; Cahan, P.; Huo, H.; Loh, Y.H.; Aryee, M.J.; Lensch, 

M.W.; et al. Donor cell type can influence the epigenome and differentiation potential of human induced 

pluripotent stem cells. Nat. Biotechnol. 2011, 29, 1117–1119. 

101. Singh, V.K.; Kalsan, M.; Kumar, N.; Saini, A.; Chandra, R. Induced pluripotent stem cells: applications in 

regenerative medicine, disease modeling, and drug discovery. Front. Cell Dev. Biol. 2015, 3, 2. 

102. Liu, G.; Pareta, R.A.; Wu, R.; Shi, Y.; Zhou, X.; Liu, H.; Deng, C.; Sun, X.; Atala, A.; Opara, E.C.; et al. Skeletal 

myogenic differentiation of urine-derived stem cells and angiogenesis using microbeads loaded with 

growth factors. Biomaterials 2013, 34, 1311–1326. 

 

© 2020 by the authors. Submitted for possible open access publication under the terms 

and conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 


