Theranostics 2019, Vol. 9, Issue 14 4221

Y [VYSPRING R
v§ INTERNATIONAL PUBLISHER 7 I’,evunost]cs

2019; 9(14): 4221-4232. doi: 10.7150/ thno.34050

Research Paper

Impaired Regeneration Potential in Urinary Stem Cells
Diagnosed from the Patients with Diabetic Nephropathy

Geng Xiong!34*, Weiqing Tang?, Deying Zhang 34, David He*, Guanghui Wei4, Antony Atala3, Xing-Jie
Liang®, Anthony ]. Bleyer¢, Michael E. Bleyer®, Jie Yu’, Joseph A. Aloi?, Jian-Xing Ma?, Cristina M. Furdui0
and Yuanyuan Zhang?”

Department of Pediatric Surgery, The Affiliated Hospital of Southwest Medical University, Luzhou, Sichuan, China

The MOH Key Laboratory of Geriatrics, Beijing Hospital, National Center of Gerontology, Beijing, China

Wake Forest Institute for Regenerative Medicine, Winston-Salem, NC, USA

Department of Urology, Children Hospital of Chongqging Medical University, Chonggqing, China

Chinese Academy of Sciences (CAS) Key Laboratory for Biomedical Effects of Nanomaterials and Nanosafety, National Center for Nanoscience and
Technology of China, Beijing, China

6. Section on Nephrology, Department of Internal Medicine, Wake Forest School of Medicine, Winston-Salem, NC, USA

7. Department of Obstetrics and Gynecology, Wake Forest School of Medicine, Winston-Salem, NC, USA

8.  Department of Endocrinology, Wake Forest School of Medicine, Winston-Salem, NC, USA
9.

1

S .

Department of Physiology, University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA.
0. Department of Internal Medicine, Section on Molecular Medicine, Wake Forest School of Medicine, Winston-Salem, NC, USA

* Both authors contribute equally in this study

P4 Corresponding author: Yuanyuan Zhang. E-mail: yzhang@wakehealth.edu, Tel: 1-336-713-1189

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license
(https:/ / creativecommons.org/licenses/by-nc/4.0/). See http:/ /ivyspring.com/ terms for full terms and conditions.

Received: 2019.02.12; Accepted: 2019.04.03; Published: 2019.05.31

Abstract

Stem cells present in urine possess regenerative capacity to repair kidney injury. However, the unique
characteristics of urinary stem cells (USC) from patients with diabetic nephropathy (d-USC) are
unknown. The goal of this study was to investigate stemness properties in cell phenotype and
regenerative potential of d-USC, compared to USC from healthy individuals.

Methods: Thirty-six urine samples collected from patients (n=12, age range 60-75 years) with diabetic
nephropathy (stages 3-4 stage chronic kidney disease [CKD]) were compared with 30 urine samples from
healthy age-matched donors (n=10, age range 60-74 years).

Results: There were approximately six times as many cells in urine samples from patients with diabetic
nephropathy, including twice as many USC clones as healthy donors. However, approximately 70% of
d-USC had weaker regenerative capacity as assessed by cell proliferation, less secretion of paracrine
factors, weaker telomerase activity, and lower renal tubular epithelial differentiation potential compared
to healthy controls. In addition, the levels of inflammatory factors (IL-13 and Cx43) and apoptotic
markers (Caspase-3, and TUNEL) were significantly increased in d-USC compared to USC (p<0.01).
Protein levels of autophagy marker (LC3-l) and mTOR signaling molecules (p-mTOR/mTOR,
p-Raptor/Raptor and p-S6K1) were significantly lower in patient with diabetic nephropathy (p<0.01).
Nevertheless, up to 30% of d-USC possessed similar regenerative capacity as USC from healthy donors.

Conclusions: Regenerative performance of most d-USC was significantly lower than normal controls.
Understanding the specific changes in d-USC regeneration capability will help elucidate the pathobiology
of diabetic nephropathy and lead to prevent USC from diabetic insults, recover the stemness function and
also identify novel biomarkers to predict progression of this chronic kidney disease.
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Introduction

Diabetic nephropathy (DN) is a major cause of end-stage renal disease in the U.S. [1].
complication of diabetes mellitus and the leading  Long-term  hyperglycemia causes glomerular
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hypertrophy, podocyte loss, inflammatory cell
infiltration, ~ basement membrane thickening,
accumulation of extracellular matrix or expansion of
mesangial matrix, glomerular sclerosis, and tubular
atrophy and interstitial fibrosis, eventually leading to
kidney failure [2, 3]. Histopathology of kidney
biopsies and serum creatinine measurements are the
most commonly used tools to evaluate past, but not
active, kidney damage. The accurate assessment of
ongoing kidney damage is difficult. The lack of
specific and sensitive predictive biomarkers hampers
timely treatment for DN. The discovery of
differentially expressed proteins associated with DN
is critical to increasing our understanding of DN and
may lead to the identification of biomarkers that may
be useful in the study and monitoring of chronic
kidney diseases. Furthermore, protection or
improvement of these injured stem cells would be
beneficial for kidney function recovery in DN.

We previously demonstrated that kidney stem
cells shed into urine could be easily isolated and
cultured in vitro [4-8]. These urinary stem cells or
urine-derived stem cells (USC) have robust
proliferative  potential, paracrine effects, and
multi-potential differentiation [4, 5, 7, 8]. USC can be
obtained simply by urine collection [5, 7, 8], avoiding
the adverse events, cost, and inconvenience associated
with obtaining stem cells from other parts of the
body[9, 10]. USC have achieved similar outcomes in
cell therapy compared to other mesenchymal stem
cells (MSC) used in tissue regeneration in different
organs such as urethra [11], urinary sphincter [12],
bladder [13], cartilage [14], and in the treatment of
diabetic complications, such as nephropathy [15], skin
wound [16] and erectile dysfunction [17, 18]. Despite
significant ~ progress, experiments using the
autologous cells derived from diabetic subjects are
still controversial [19]. Multiple previous studies have
shown that diabetes can impair essential stem cell
assets in cell proliferation and differentiation function
[20-24]. One study reported that MSC from rats with
chronic kidney disease showed premature senescence
and loss of regenerative potential [20]. In addition,
circulating endothelial progenitor cells (EPC) were
sparser and had impaired repair function in diabetic
patients with vascular complications [21]. Thus, it is
likely that USC from patients with DN (d-USC) may
have impaired proliferation and differentiation
capacity; these deficiencies may contribute to
podocyte loss and renal tubular impairment in DN.
Thus, the goals of this study were: (1) to investigate
the stemness potential, particularly regenerative
function, of d-USC from patients with diabetes and
stages III to IV chronic kidney disease (CKD),
compared to USC from non-diabetic controls; and (2)

to study the biological relevance of inflammation and
oxidative stress in d-USC compared to USC from
healthy control. We hypothesized that these results
could be used to develop a predictive profile of
impaired regenerative capacity when preparing
autologous stem cells to be used in the repair of DN.
In addition to comparing regenerative capacity, we
studied biological factors that might explain these
differences in regenerative function, with an emphasis
on the m-TOR signaling pathway, apoptosis, cellular
inflammatory and redox properties.

Materials and Methods

Ethics statements

This study was approved by the Wake Forest
University Institutional Review Board (IRB00014033).
Written informed consent was obtained from each
participant using an IRB-approved form. We included
patients with type 1 or 2 diabetes and CKD stages
II-IV. We excluded patients with the following
comorbid conditions: end-stage renal disease, urinary
tract cancer, new onset diabetes after organ
transplant, or a recent cardiovascular event within the
3 months prior to study initiation.

Collection of Urine Samples

Urine samples were obtained exclusively from
males in this study because of the lower bacterial
contamination rate in urine samples from men vs.
women. We obtained 36 fresh urine samples from 12
males (age range 60-75 years, [mean + SD] 66+4.7
years) with diabetes and stages III to IV CKD, with an
estimated glomerular filtration rate between 15 and 60
ml/min/1.73m? [25]. Similarly, 30 fresh urine samples
were obtained from 10 heathy men (age range 60-74
years, [mean * SD] 6612.2 years), who served as
controls. To determine the total number of cells shed
into the urine and the proportion of living cells,
staining was performed with trypan blue and cells
were counted with a hemocytometer.

Isolation and Culture

After mid- and last stream urine was collected,
samples were immediately transferred to the
laboratory for isolation and culture as previously
described [4]. Briefly, urine samples were centrifuged
at 500xg for 5 min at room temperature, and the
supernatant was removed. The cell pellets were
gently re-suspended and counted in mixed media,
with the remaining cells plated in 24-well tissue
culture plates. The medium was composed of
keratinocyte-serum free medium (KSFM) (Gibco,
Logan, Utah) and embryonic fibroblast medium
(EFM) at a 1:1 ratio with 5% fetal bovine serum (FBS).
Only colonies derived from a single USC remained, as

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 14

4223

unattached somatic cells were washed away after the
medium was changed. USC clones were trypsinized
and transferred into 100mm dishes when the cells
reached a confluence of 70~80%. Cell morphology,
population doublings (PD), and doubling time (DT)
were assayed at each passage.

Cell Proliferation

Stem cells obtained from urine samples of
participants with DN and healthy donors were seeded
at a density of 3,000 cells/well with 100pul medium in
96-well plates. The culture medium was changed
every other day. Cell proliferation was measured on
days 1, 3, 5, 7, and 9 using the MTS Assay Kit
(Promega, Madison, WI). Briefly, the MTS reagent
was incubated with the cells in the dark at 37°C for 1
hour. Following incubation, the absorbance was
measured at 490 nm using a spectrophotometer
(Molecular Devices Inc, Sunnyvale, CA). Two
repeated measurements were carried out for each
time point. To calculate PD and DT, cell numbers and
culture time were measured at each passage from p0
until the passage at cellular senescence. PD and DT
were calculated using the following formula [5]:

PD = In (Nf/Ni)/In2; DT=Ct/PD (Nf: Final number of
cells, Ni: Initial number of cells, Ct: Culture time)

Flow Cytometry

At p5, the cultured cells were labelled with
specific anti-human mesenchymal stromal cell surface
markers (CD44-PE, CD45-FITC, CD73-PE, CD90-FITC
and CD105) and hematopoietic stem cell markers
(CD31-PE and CD34) (BD Pharmingen™, San Diego,
CA). AC133/1-PE, PE or FITC conjugated isotype
control antibodies (BD™ Biosciences, San Diego, CA)
were used to determine background fluorescence.
Unlabeled primary antibodies were detected with PE
labeled antibody to mouse IgG. After staining, the
cells were analyzed using a FACS Calibur™ analytical
fluorescence activated cell sorter.

Karyotype Analysis

To determine the chromosomal stability of stem
cells form patients with DN, karyotype analysis was
performed on d-USC and compared to USC
undergoing similar analysis. Briefly, the cultured cells
at p5 were treated with a hypotonic solution of 0.075%
KCl and fixed with a solution of 3:1
methanol-to-acetic acid. The metaphase spread on
glass slides were digested using trypsin and then
stained with Giemsa to generate G bands along each
chromosome. Standard cytogenetic analysis was
carried out on the captured images, and karyotyping
was performed using MetaSystems software (Zeiss).

Telomerase activity

To detect the changes in telomerase activity in
the stem cells from 10 of 12 patients with DN and 10
healthy donors, a modified gel-telomerase repeated
amplification protocol (TRAP) assay was performed.
Whole cell lysates from 2x10° USC at p5 were assayed
for telomerase activity using the Telo TAGGG PCR
ELISA kit (Roche Applied Sciences, Indianapolis, IN),
according to the manufacturer’s instructions. Cell
extracts were prepared from immortalized
telomerase-expressing human embryonic kidney cells
(HEK 293 cells, American Type Culture Collection
[ATCC], Manassas, VA) provided in the kit as a
positive control. The difference in absorbance
readings (A450nm-A690nm) obtained with the
positive control was greater than 1.5 units after 20
minutes of the substrate reaction. Samples were
regarded as telomerase-positive if the difference in
absorbance (A450nm-A690nm) was higher than 0.2
units.

Proteome profiler array

To measure trophic factors secreted by d-USC
and USC, cell culture supernatant was collected from
the cells (5x10° cell/well at p5) cultured with
serum-free DMEM in 6-well plates in a standard
incubator environment of 20% oxygen and 5% carbon
dioxide at 37°C for 24 hours. The conditioned medium
was analyzed using a human angiogenesis array kit
(ARY007, R&D Systems, Minneapolis, MN) according
to the manufacturer’s instructions. Briefly, the
membrane containing 55 pro-angiogenetic factors was
blocked with bovine serum albumin for 1h on a
rocking platform at room temperature. The
membrane was then incubated with the cell culture
supernatants along with detection antibody cocktail
overnight on a rocking platform at 4°C. The
membrane was incubated with streptavidin-
horseradish peroxidase conjugate antibody and
developed on X-ray film following exposure to
chemiluminescent reagents. Quantitative analyses
were  performed  using Image]  software

(http:/ /imagej.nih.gov/ij/).
Renal Tubule Epithelial Differentiation

To evaluate the plasticity and differentiation
capability of d-USC, we induced these cells to
differentiate into human renal tubular epithelial cells
(RPTEC). Both d-USC and USC (1,000 cells/cm?, at p5)
were induced to differentiate into RPTEC for 14 days,
respectively. Renal tubule epithelial differentiation
media consisted of a mixture of conditioned medium
collected from cultured RPTEC and USC culture
medium containing 30 ng/mL epidermal growth
factor (EGF, 236-EG-200, R&D Systems) in a 1:1 ratio.
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The differentiation medium was replaced every third
day. Cell morphology was observed before and after
induction. Human RPTEC (ATCC® PCS-400-010T™)
were cultured as a positive control.

Immunofluorescence

Both d-USC and USC at p5 were induced to
differentiate into RPTEC on 8-well chamber slides
(Thermo Scientific, Waltham, MA) for 14 days.
Differentiated cells were evaluated by
immunofluorescent staining with human RPREC
markers (Na/K-ATPase, E-cadherin, AQP-1, Abcam,
Cambridge, MA). The slides were mounted using
anti-fade mounting media (Vector Laboratories)
containing propidium iodide, and images were
captured using a Leica upright microscope (DM
4000B, Germany).

Apoptosis

To evaluate the impaired d-USC, apoptosis was
examined by the terminal deoxynucleotidyl
transferase dUTP nick end labeling staining (TUNEL,
Trevigen,  Gaithersburg, @ MD) assay and
immunoblotting of cleaved caspase 3 (#9664, Cell
Signaling Technologies). TUNEL was performed on
chamber slides using the TACS® 2 TdT-Fluor In Situ
Apoptosis Detection Kit (4812-30-K; Trevigen,
Gaithersburg, MD) according to the manufacturer’s
instructions. The cells were seeded at a density of
2,000 cells/cm? on 4-well Lab-Tek® Chamber-slides.
After 24 hours, TUNEL-positive cells were counted
under a fluorescent microscopy by using 495nm
excitation.

The number of positively stained nuclei (green)
per field was determined in 10 randomly selected
fields; 10 independent experiments were conducted in
each group. Apoptotic index was measured as the
number of apoptotic events or cell deaths divided by
the number of cells present. Using the TUNEL
method, we determined the proportion of cells from
the initial plating that expressed markers.

Inflammatory, oxidative stress and apoptosis

We measured relative protein levels of IL-1(3
(Cell Signaling Technology, Danvers, MA, USA),
Cx43 (Cell Signaling Technology), and nitro-tyrosine
(Abcam, Cambridge, MA, USA) in d-USC and USC by
Western Blot.

Western Blots

After cultured cells were harvested from the
culture dish (10cm), proteins were extracted using
RIPA lysis buffer (Thermo, Scientific, Rockford, IL)
containing a protease/phosphatase inhibitor cocktail
(Cell Signaling, Technologies). Protein extracts (20-30
pug) were run on 6-15% sodium dodecyl

sulfate-polyacrylamide gels to separate the proteins.
A pre-stained protein ladder (1610374, Bio-Rad) was
used to monitor resolution of protein bands. After
electrophoresis, the separated proteins were
transferred to a nitrocellulose filter membrane
(Millipore, Billerica, MA) by semi-dry transfer.
Following transfer, the membrane was incubated in
blocking solution (5% nonfat dry milk in TBS) for 1 h
at room temperature. For protein signal analysis, the
membrane was incubated overnight at 4°C with
primary antibodies in 5% bovine serum albumin in
TBS, subsequently rinsed with washing solution (0.1%
Tween-20 in TBS) and then incubated with the
appropriate diluted HRP-conjugated secondary
antibody for 1 hour at room temperature. The blots
were visualized with an enhanced
chemiluminescence assay (Supersignal West Femto,
Thermo Scientific).

Transmission Electron Microscopy

Changes in the number and morphology of
autophagosomes and autophagic vacuoles in USC
were determined using transmission electronic
microscopy (TEM). USC at p5 were cultured as
described above on 6-well plate trans-well inserts,
fixed, and sectioned according to standard protocols.
Briefly, the cultured cells were fixed in 2.5%
glutaraldehyde, post-fixed with 1% osmium tetroxide,
dehydrated in graded alcohols, embedded in Spurr’s
resin (Polysciences, Warrington, PA), and cut into
70-nm sections with a Reichert Ultracut E
ultramicrotome. The specimens were viewed and
photographed with a JEM-1400plus transmission
electron microscope.

Statistical analyses

The data were expressed as the mean + standard
deviation (SD). To determine statistical significance
between two groups, we used a two-tailed t-test
(Graph Pad Prism 5). A p value <0.05 was considered
statistically significant.

Results
Number USC Clones

Although several cell types are present in urine,
USC are the only urinary cells that attach and grow in
this culture system. More epithelial cells shed from
the urinary tract into the urine were observed in
patients with DN. The total number of cells and
number of live cells per 100 ml urine significantly
increased in DN patients vs. controls (p < 0.01).
However, the ratio of live cells to total cells in patient
urine was significantly less in DN patients than that in
controls (p = 0.014) (see Table 1). Individual d-USC
clones appeared in the primary culture after
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approximately 1 week, which was significantly longer
than the time (average at 3 days) for USC clone
appearance in controls (p < 0.01).

Table 1. Total numbers of cells and USC clones in urine from
healthy donors and the patients with DN

Healthy individuals Pts. with DN

(n=10, M +SD) (n=12, M£SD)

Total no. of cells x10¢ /100ml urine 0.6+0.1 43 +1.0*
Total no. of live cells x106 /100ml urine 04+0.1 21+0.6**
Live cell ratio (no. of live cells/total no. of 66.4 £10.9 50.1 £7.9*
cells)

USC initial appearance time (Days) 45+1.0 72+21*
USC clone No. at p0/100ml urine 73£23 13.0 £3.0*
>p5 clone number percentage (%) 69.2+6.8 27.1+5.9*
Population doubling (p1-p8) 435+21 28.3+3.0*
Doubling time (hours) (p1-p5) 251+1.9 38.4 +2.5*

Abbreviations: DN: diabetic nephropathy; Pts: patients; No: number
Note: */** indicating significant difference in the permeates between healthy donors
and patients with DN, *p<0.01; **p<0.05

Cell morphology and proliferation

The d-USC in the early passages (p0-3) displayed
a “rice grain” appearance, similar to USC. After p4,
d-USC cells increased in size, with the development of
more vacuoles in the cytoplasm (Figure 1A). No
vacuoles were observed in the cytoplasm of USC

during any passages. Although many cell clones were
formed in d-USC, only 1/3 of them could be cultured
to p5. In contrast, 2/3 USC clones from healthy men
proliferated past p5 (Table 1). Six urine samples from
3 DN patients were contaminated by bacteria or fungi;
no urine samples from heathy donors were
contaminated. In addition, the cell proliferation rates
of both d-USC and USC were similar at p1-3, but most
d-USC proliferated significantly more slowly than
USC at p4-5 (Figure 1B). Furthermore, the population
doubling (PD) rate of d-USC at p1-8 was significantly
shorter than USC from p1 to p8, and the doubling time
(DT) of d-USC at p1-5 was significantly higher than
for USC (Mean + SD), indicating that d-USC grew
significantly slower than USC (Table 1).

In brief, two types of urinary stem cells were
identified in the urine of DN patients. Approximately
10-30% of the cells had nearly normal proliferation
function and reached p8, while 70% had poor
regenerative capacity. While the proportion of good
quality USC was only 30%, the total number of cells in
diabetic patients was 3 to 5 times that of controls,
resulting in a similar absolute number of good quality
cells in the diabetic and normal urines.
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Figure 1. Cell morphology, proliferation and cell surface markers of d-USC. (A) Cell morphology of d-USC was similar to that of USC at the early stage (p0 to p3),
the cell size increased with more vacuoles existed in most d-USC at p5, compared to USC with uniform and small size at p7. (B) Cell proliferation remarkably decreased in d-USC
at p5, compared to that in USC at p5. (C) The d-USC at p5 expressed positive for mesenchymal stromal cell markers, including CD44, CD73, CD90, and CD105, and negative
for the hematopoietic stem cell markers such as CD31, CD34 and CD45, assessed by flow cytometry.
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Figure 2. Normal chromosomes detected in d-USC. No multi-ploidy or
obvious chromosomal rearrangements at metaphase were detected in d-USC at p5
by Giemsa band karyogamy.

Cell surface marker expression

Similar to USC from healthy donors[4], d-USC at
p5 expressed positivity for mesenchymal stromal cell
markers (i.e. CD44, CD73, CD90, CD105) and were
negative for hematopoietic stem cell markers (CD31,
CD34, and CD45) as assessed by flow cytometry
(Figure 1C).

Karyotype Analysis and telomerase activity

Karyotype analysis was performed to test
chromosomal stability of stem cells after serial
cultures. Results showed that d-USC and USC both
displayed normal karyotypes, with 1 X and 1 Y
chromosome and a normal diploid (2n = 46)
complement of autosomes. No multiploidy or obvious
chromosomal rearrangements at metaphase in d-USC
at p5 were detected by Giemsa bandings (Figure 2),
similar to USC [4].

While telomerase activity levels in all d-USC and
USC were positive (> 0.2 units), the mean level of
telomerase activity in d-USC was significantly lower
than in USC (p < 0.01, n = 10). The relatively high
telomerase activity detected in 3 (D2, D9, D10) of the
10 d-USC samples was similar to lower levels of

37

Absorbance
(451 -690nm)

123 4567 89101

telomerase in two USC samples (N4 and N7) (Figure
3).

Regeneration function of USC

The profiles of proteins secreted from stem cells
are often evaluated to assess stem cell regenerative
function. The concentration of 32 pro-angiogenic
growth factors detected in the supernatant of d-USC
was significantly lower than in USC (p < 0.01) (Figure
4). Seven proteins secreted in d-USC were similar to
or higher in concentration than in USC.

Renal tubule epithelial differentiation is also an
important parameter in the assessment of stem cell
plasticity and regenerative function of USC. Although
both d-USC and USC displayed differentiation
capacities, expression of RPTEC markers (AQPI,
Na/K ATPase and E-cadherin) in d-USC was
significantly weaker than in USC (p < 0.01) (Figure 5A
and B). Expression of RPTEC markers in USC was
similar to that in human RPTEC, used as a positive
control.

mTOR signaling pathway proteins and
autophagy expression

The mTOR pathway in stem cells has an
important role in inhibiting senescence. Ratios of
p-mTOR/total mTOR, p-Raptor/total Raptor, and
p-S6K1/ B-actin were significantly lower in d-USC (n
= 10) than USC (p < 0.01) (Figure 6). This was
consistent with the more rapid senescence of d-USC at
p5, compared to USC at p8 and higher passages. In
addition, stem cells maintain a high level of
autophagy to promote regulation of damaged
organelles. We tested how autophagy regulated the
uniqueness of d-USC. There are no significant
changes in levels of LC3-II expression in d-USC and
USC in normal culture medium or the medium
containing the autophagy inhibitor chloroquine (CQ)
(Figure 7A). Autophagic flux was determined by
calculating the ratio of LC3-II: p-actin in cells in
starvation that did or did not receive treatment with
chloroquine. Levels of LC3-II in d-USC were

= HEK 293 cells

=1
- USC 3 E
- d-USC 8 § 2
i
3%,
HEK USC d-USC
293
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2 3456 78910

Figure 3. Telomerase activity in d-USC. (A) Both d-USC (n=10 patients with DN) and USC clones (n=10 healthy donors) at p5 showed telomerase positive
(A450nm-A690nm > 0.2 units). (B) The levels of telomerase activity of d-USC clones showed significantly lower than those of USC (* p < 0.01). HEK 293 cells were used as a

positive control.
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significantly lower in d-USC treated in HBSS buffer
(starvation for 2 h) and chloroquine (10 pM, starvation
for 2h) treatment than those in USC (Figure 7B).
There were fewer autophagosomes in d-USC treated
with chloroquine than USC based on TEM results,
which agreed with the Western blot data (Figures 7B
and C).

Inflammatory, oxidative stress and apoptosis

Oxidative stress and inflammatory are thought
to promote apoptosis in cells from patients with
diabetes [26, 27]. We therefore analyzed protein levels
of inflammatory, oxidative stress, and apoptosis in
d-USC compared to USC. Expressions of IL-1f3, an
inflammatory marker, were significantly higher in
d-USC vs. USC (p < 0.01). As a propagated
pro-inflammatory and pro-fibrotic factor [28, 29], the
levels of Cx43 were significantly higher in d-USC vs.
USC (p < 0.01) (Figures 8A and B). In addition, levels
of the oxidative stress maker nitro-tyrosine were
significantly increased in d-USC vs. USC, as
compared to those in USC as assessed by Western Blot
(p<0.01) (Figures 8C). More d-USC stained positively
for expression of apoptotic markers than USC. Based
on the same number of cells seeded at initial plating
24 hours previously (phrase contrast data not
included), the apoptotic index in d-USC (Mean = SD,
23 + 5.5%) was significantly higher than USC (Mean +
SD, 9.2 £ 2.8%), as quantitatively analyzed by TUNEL
assay (Figure 9A). In addition, protein levels of

cleaved caspase 3 (c-cas-3), an apoptotic marker, were
significant higher in d-USC vs. USC (Figure 9B), as
assessed by Western blots.

Discussion

Patient-derived stem cells provide potentially
valuable resources for in vitro testing of novel drugs or
agents and in vivo therapeutic strategies. In addition,
there is an emerging interest in studying stem cell
characteristics to better understand the cellular basis
of human diseases, including DN. Abnormal
characteristics of stem cells identified in kidney
disease may then be used as biomarkers to predict
impaired kidney regenerative capacity and as tools
for evaluating drug nephrotoxicity [30]. A primary
focus of this study was to explore differences in
essential stem cell properties in regenerative function
between d-USC and USC. The present study
confirmed a reduction in the stemness properties of
kidney resident stem cells collected in the urine from
patients with DN. Compared to USC, d-USC had
impaired telomerase activity and differentiation
capacity, diminished production of pro-regenerative
cytokines, and increased levels of inflammatory
factors, apoptosis and oxidative stress markers,
reflecting a reduced capacity for kidney injury repair
in patients with diabetes and chronic kidney disease.
These specific changes in the stemness of d-USC (such
as levels of telomerase actively) could help clarify the
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Figure 4. Levels of Trophic factors secreted from d-USC. Levels of 32 pro-angiogenic growth factors secreted from d-USC (5%105, p5) in vitro were significantly lower
than those from USC, analyzed by human angiogenesis array kit, Relative Pixel Density presented as mean * SD (p<0.0]). Levels of seven proteins (Angiopoietin-1,
Angiostatin/Plasminogen, Coagulation Factor lll, Leptin, MIP-1a, Serpin E1, Thrombospondin-1) secreted in d-USC were similar to or higher than those in USC.
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enhance their beneficial impact in the treatment of

pathobiology of DN and lead to the recognition of
diabetic kidney diseases.

novel biomarkers to predict progression of DN.
Importantly, restoration of USC function could

= usc d-USC
hRPTE non-induced induced non-induced induced
Na/K ATPase MBS 3oy
IDAPI o o
E-Cadherin >
IDAPI r
AQP-1
IDAPI ¢
B
usc d-UscC
hRPTEC

non-induced induced non-induced induced

ECachern QD W SR TR m—
pqp-1 D G G - =T
B-ACtn c— D < G cmmmm—

15
.gu\o B‘é
ﬁéto =
o0& a2
b g 05 §a
g2
0 o
1.2 3 4 5 1 2 3 4 5

1, hRPTEC; 2, non-induced USC; 3, Induced USC; 4, Non-induced d-USC
5, Induced d-USC

Figure 5. Renal tubular epithelial differentiation of d-USC. Expression of renal tubular epithelial cell markers (Na/K ATPase, E-Cadherin, AQP-1) in d-USC at p5 were
significantly less compared to that in USC, quantitatively assessed by immunofluorescence staining (A) and by Western-blot (n = 6) (B). Results were presented as mean + SD

(*p < 0.01; ** p > 0.05).
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Figure 6. mTOR signaling pathway in d-USC. (A) Phosphorylation of mTOR signaling pathway was inhibited in d-USC at p5, compare to that in USC. (B) Ratios of
p-mTOR/total m-TOR, p-Raptor/total Raptor and p-S6K/B-actin in d-USC (n = 10) were significantly lower than those in USC (*p < 0.01). Results presented as mean + SD were
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Figure 7. Lower autophagic flux in d-USC. (A) No difference in LC3 expression between d-USC and USC when grew in normal culture medium or medium containing
chloroquine for 2 hours, assessed by Western blotting. B-actin served as the loading control. (B) Quantification of autophagic flux by calculating the ratio of LC3-Il with or
without CQ treatment in starvation. Levels of LC3-Il in d-USC were significantly lower in d-USC treated in HBSS buffer (starvation for 2 h) and chloroquine (CQ, 10 uM,
starvation for 2 h) treatment than those in USC. Data shown are the mean * SD, n = 6 individual cell clones, *p < 0.05, **p > 0.05 (Student’s t-test). (C) Representative
transmission electron microscopy (TEM) images showed less autophagic vacuoles (AVs, indicated by short arrowheads) in d-USC with CQ treatment (10 uM, 2 h), compared to
those in USC (scale bars, 500 nm).
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Figure 9. Apoptosis and apoptosis-related protein in d-USC. (A) Marker of apoptosis expressed positive in d-USC at p5 with TUNEL staining (green), compared to that
in USC at p5 24 hours after seeding at 5 x 105 cells/well in a 6-well plate, captured by a fluorescence microscope (400x%). Numbers of cells expressed apoptosis-related marker
in d-USC (n = 10 samples) was significantly higher compared to those in USC (n=10 samples) (*p<0.01). Data represented mean * SD. (B) The d-USC expressed significantly
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Patients with DN shed more somatic cells,
including podocytes [31] renal tubule epithelial cells
and urothelial cells [4], into the urine than healthy
individuals, and more renal stem cells as well. At this
time, the cause for this difference has not been
determined. It is speculated that pathologic changes
in DN lead to podocyte injury and injury to other
segments of the nephron, resulting in increased
shedding of cells into the urine. Whether the total
number of cells or stem cells shed into urine is directly
related to the severity of renal damage requires
further investigation. Although a heterogeneous cell
population exists in the urine, our culture system
allows only stem cells to attach and proliferate over
time [5, 7, 8]. This method provides a means to isolate
stem cells from other somatic cells. Thus, it is possible
to characterize the quality of USC from patients with
DN and potentially quantitate these findings and
develop biomarkers that are predictive of kidney
disease progression. In addition, clone appearance,
cell morphology and growth rate at p5 as are signs of
good cell quality and may be good biomarkers of DN.
The poor quality of d-USC cell appeared in later clone
formation (about one week or longer after initial
plating), associated with slower cell proliferation
rates, increased cell size, and the presence of
abundant vacuoles in the cytoplasm by p5. These cells
had no or lower level of telomerase activity.

Telomerase activity represents the intrinsic
stemness property of stem cells in cell growth, trophic
factor secretion  and multiple potential
differentiations. Therefore, telomerase activity as a
biomarker might offer a reliable tool to screen the

stemness and regenerative capacity of resident stem
cells for renal repair before intervention and also
predict the progress of diabetic kidney disease. Our
previous studies demonstrated that >75% of USC
from healthy donors expressed telomerase activity [6].
In this study, impaired telomerase activity was
observed in d-USC with poor stemness quality. This
decline of telomerase activity appears associated with
diminished production of pro-regenerative cytokines
and reduced differentiation ability of renal tubule
epithelial cells, indicating impaired repair capability
of urinary stem cells in diabetic kidney disease.
Therefore, telomerase activity is a critical factor to
predict the basic stem cell potential and fitness of USC
and provides a platform by which to evaluate the
regenerative aptitude of cell needed for kidney repair.

Oxidative stress and mTOR signaling are crucial
mediators of the renal injury that occurs in DN [32].
Producing reactive oxygen species (ROS) and reactive
nitrogen species (RNS), uncoupling nitric oxide
synthase (NOS), and disturbing mitochondrial quality
control are three major mechanisms of oxidative
stress. ROS affects stem cell renewal, proliferation and
differentiation, healthy immune responses and
longevity [33, 34]. In addition, the mTOR pathway
plays a central role in the regulation of cell
metabolism, growth and proliferation in renal cells
[35]. Autophagy is a key for mitochondrial
homeostasis regulation in stemness, including
multi-potency acquisition and maintenance of adult
stem cells [36]. The present study displayed higher
levels of oxidative stress maker (Nitro-Tyrosine) in
d-USC compared to those in USC. In addition, low
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autophagic flux in d-USC, indicating that glucose
toxicity might weaken autophagy function and
subequatorial regenerative function of stem cells in
diabetic kidney diseases. Furthermore, dysregulation
of the m-TOR signaling pathway and increased levels
of ROS were found in d-USC. Autophagy activity
significantly decreased in d-USC, with low levels of
autophagy markers in LC3-II and p-mTOR/mTOR,
p-Raptor/Raptor, p-S6K1 for mTOR  signaling
molecules.

Connexin 43 (Cx43) as a major component of gap
junctions is widely distributed in the human kidney,
and also is important factor in the molecular biology
of diabetes. In addition, Cx43 is considered to be
involved in the inflammatory response and in the
regulation of renal cell growth [37] and act as an early
signal of renal inflammation during the progression of
chronic kidney diseases [29, 38, 39, 40]. Cx43
expression was increased during the progression of
renal disease and decreased Cx43 expression has been
shown to be beneficial in chronic inflammation [28,
29]. In this study, a significantly higher expression of
Cx43 and TUNEL in d-USC vs controls with moderate
to severe loss of renal function was found, compared
to USC from healthy donors, which might implicate
delayed repair of nephrons in DN and also chronic
renal inflammation. As the disease progresses, Cx43
appears expressed by all cell types affected by DN.
Strongly expressed on inflammatory cells, on
damaged tubular cells, and on interstitial cells in
human kidneys [37], Cx43 displayed in USC might be
used as biomarker for inflammation and renal fibrosis
to predict disease progression. In addition, Cx43 can
be pharmacological target against inflammatory renal
diseases to improved glomerular injury and renal
failure.

Based on our results, up to 70% of d-USC with
impaired regenerative capacity might not be good
candidates for cell therapy while 10-30% of d-USC
have non-impaired or less impaired regeneration.
Although the patients with DN and CKD 3-5 have
impaired renal function, they still void urine. There
appears to be a certain amount of USC with normal
regenerative function. However, it is unknown why
d-USC differ in their regenerative capacities and
whether the good quality USC from the patients can
be used for future cell therapy. Taken together, our
data suggested the increased inflammatory cytokines
and oxidative stress may enhance the apoptosis levels
and impair the regenerative function of urinary stem
cells in DN. Further investigations are needed to
determine the changes in quality and quantity of
d-USC associated with the different stages (I-V) of
chronic kidney disease in more cases. In addition, we
will characterize these stem cells with less impaired

function and determine whether they can be made
suitable for cell therapy. We seek to confirm our
findings in a larger group of patients in the future.

Conclusions

Intrinsic stem cell properties, including
regenerative capacity of urinary stem cells from DN
patients, are significantly reduced due to alleviating
inflammation, oxidative stress and apoptosis. These
findings are associated with diminished production of
pro-regenerative cytokines, reflecting a reduced
capacity for kidney injury repair in patients with
chronic kidney disease. These results indicate that the
patient-derived urinary stem cells could be used for
modeling the cell biology of DN and as a tool to
predict poor outcome in patients with diabetes and
chronic kidney disease. Understanding the defects in
d-USC may help us better identify the pathogenesis of
DN while USC populations with regeneration
potential from the patients could be used in stem cell
therapy.
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