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Urine-derived stem cells accelerate the recovery of
injured mouse hepatic tissue
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Abstract: Urine-derived stem cells (USCs) are autologous stem cells that exhibit self-renewal ability and multi-lineage
differentiation potential. These characteristics make USCs an ideal cell source for hepatocellular transplantation.
Here, we investigated the biological characteristics of USCs and their potential use for the treatment of chronic liver
injury. We characterized the cell-surface marker profile of USCs by flow cytometry and determined the osteogenic,
adipogenic, and hepatic differentiation capacities of USCs using histology. We established a chronic liver-injury
model by intraperitoneally injecting carbon tetrachloride into nude mice. USCs were then transplanted via tail vein
injection. To determine liver function and histopathology following chronic liver injury, we calculated the liver index,
measured serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels, and performed his-
tological staining. USCs were small, adherent cells expressing mesenchymal but not hematopoietic stem-cell mark-
ers. Some induced USCs underwent osteogenic and adipogenic differentiation. When co-cultured with hepatic pro-
genitor cells, about 10% of USCs underwent hepatic differentiation. The ALT and AST levels of the USC-transplanted
group were lower than that of the chronic liver-injury model group, and there were no significant differences between
the two USC-transplanted groups. However, hepatocyte degeneration and liver fibrosis substantially improved in the
hypoxia-pretreated USC-transplanted group compared with the normoxia USC-transplanted group. Taken together,
USCs display desirable proliferation and differentiation characteristics, and USC transplantation partially improves
abnormal liver function and pathology associated with chronic liver injury. Furthermore, hypoxia pretreatment pro-
motes cell proliferation, migration, and colony formation by inducing autophagy, leading to USC-elicited liver tissue
recovery following injury in vivo.
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Introduction needs to be urgently resolved. Stem cells have
proven to be important seed cells for HCT,

Hepatocellular transplantation (HCT) is a cell- owing to their multi-lineage differentiation

based therapy that is widely considered as an
alternative to orthotopic liver transplantation.
Several animal experiments have indicated
that HCT can revert liver fibrosis, repair liver
physiology and improve metabolism in many
cases of hepatic insufficiency [1-4]. Since its
inception, HCT technology has been studied for
more than 30 years as a method to treat liver
diseases. However, the cell source for HCT is
still limiting and imposes a bottleneck that

potential, self-renewal ability and immune regu-
lation. Studies have demonstrated that differ-
ent types of stem cells can be induced into
hepatocyte-like cells under certain induction
conditions in vitro [5-8]. Transplanted stem
cells can additionally activate proliferation
and differentiation of endogenous stem cells
through paracrine signaling, alleviate local
inflammation and protect hepatocytes from
apoptosis, thus promoting the regeneration and
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repair of liver tissue [9, 10]. Ideal seed cells for
transplantation are autologous stem cells that
are derived from the patients themselves, so
as to minimize immunological rejection of the
transplanted cells. In clinical trials, autologous
bone marrow mesenchymal stem cells (BMSCs)
transplantation has been used to treat chronic
liver injury, resulting in moderate improvement
of biochemical indicators and clinical symp-
toms in patients [11]. However, successful
mobilization of BMSCs depends on the overall
health of the patient. The method of acquisition
of BMSCs is invasive, which increases the risk
of potential complications. Therefore, an alter-
native autologous stem cell source for HCT that
circumvents the above shortcomings would be
preferable.

A small number of stem cells exists in the urine,
known as urine-derived stem cells (USCs), and
can be obtained using a non-invasive, facile,
safe, and low-cost approach. USCs can be
easily cultured and passaged, owing to their
high proliferative potential. In addition, USCs
express mesenchymal stem cell surface mark-
ers and display a self-renewal ability as well as
multi-lineage differentiation potential. Studies
have performed tissue engineering of the uro-
genital system using USCs to improve renal,
penile erectile, and urethral sphincter functions
in multiple animal models [12, 13]. The applica-
tion of USCs in HCT for the repair of liver injury
has not been reported.

In this study, we isolated and cultured USCs
from the urine of healthy volunteers and deter-
mined their morphology, phenotype and differ-
entiation potential. To evaluate the therapeutic
effect of USCs, we transplanted USCs in vivo
in mouse models of CCl -induced acute or
chronic liver injury. We found that USCs could
partially improve hepatic function, repair dam-
aged liver tissue and resolve liver fibrosis.
Hypoxia improved cell proliferation, migration
and colony formation of USCs by inducing
autophagy, and thus improved liver recovery
induced by USCs in vivo. Autologous HCT of
USCs in patients with chronic liver injury may
therefore have potential as a treatment strate-
gy for end-stage liver diseases.

Materials and methods
Isolation and culture of USCs

The USCs culture medium was prepared as
described [14]. Institutional review board com-
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mittee approval for this study was obtained for
the collection of urine samples. Urine samples
were centrifuged at 1500 rpm for 5 min at room
temperature. The cell pellets were re-suspend-
ed with 24 mL of USCs culture medium and
then plated in one 24-well tissue culture plate.
Cells were cultured in the 19% oxygen (normox-
ia) incubator (37°C, 5% CO,) for 10-14 days and
then passaged to a 6-well plate. The cells were
cultured in a 3% oxygen (hypoxia) incubator
(37°C, 5% CO,) during hypoxia treatment.

The cells were divided into 4 groups: normal
oxygen (normoxia) group, hypoxia 48 hours
group, hypoxia 48 hours + 3-MA (3-methylade-
nine) (20 mmol/L) group; hypoxia 48 hours +
Baf (Bafilomycin) (50 nmol/L) group. In the last
two groups, cells were treated with 3-MA or Baf
for 3 hours in advance, then the medium was
changed to USCs culture medium. 3-MA and
Baf were purchased from Sigma Aldrich (St.
Louis, MO, USA).

Flow cytometry analysis

Cells were washed twice and resuspended
at a concentration of 1 x 10° cells/mL in phos-
phate buffer saline (PBS) (Solarbio, Beijing,
China). Cells were incubated in the dark at 4°C
with antibodies (murine anti-human CD24-FITC,
CD29-PE, CD31-FITC, CD34-PE, CD45-FITC,
CD73-PE, CD90-PE, CD105-FITC, CD146-PE
(Becton, Dickinson and Company, USA). After
30 min, the cell suspensions were washed
twice and resuspended in 300 uL PBS for flow
cytometry.

Muiltiple differentiation capability

USCs at P3 were seeded in 24-well plate at
approximately 30% cell confluence, followed
with osteogenic and adipogenic differentiation
induction (Cyagen Biosciences Inc, Guangzhou,
China) respectively. The medium was changed
every 3 days. Early osteogenic differentiation
was stimulated for 7 days, adipogenic and late
osteogenic differentiation were stimulated for
14 days. Cells in the 24-well plates were fixed
with 4% paraformaldehyde for 30 min for ALP
staining (Solarbio, Beijing, China), Alizarin red
staining (Solarbio, Beijing, China) and Qil red O
staining (Beijing Reagan Biotechnology Co.,
Ltd.) respectively.

For hepatocyte-induced differentiation, USCs
at P3 were individually incubated in 24-well
plates or co-incubated with embryonic hepatic
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progenitor cells (HPCs) [15] in 24-well plate
with transwell chambers (Solarbio, Beijing,
China) (HPCs in wells of 24-well plate, USCs in
transwell chambers) at approximately 30% cell
confluence, and induced with hepatic differen-
tiation induction medium as described [16],
and the medium was changed once every 3
days. After 10 days of induction Indocyanine
green (ICG) (Sigma-Aldrich, USA) uptake release
test and PAS staining (Solarbio, Beijing, China)
were performed to detect hepatic function as
described [17, 18].

Cell viability assay

Trypan blue staining was performed to mea-
sure cell viability. Cells were digested and plat-
ed inthe 12-well plates at 5 x 10% cells per well.
The whole cell suspensions were collected and
mixed with 0.4% trypan blue buffer (Solarbio,
Beijing, China) at indicated time points. Cell
mixture (10 pL) were counted in the hemocy-
tometer under the microscope (Nikon, Tokyo,
Japan), while blue-stained cells were identified
as dead cells. Three independent experiments
were carried out in duplicate.

Colony formation assay

USCs were planted in 12-well plates at 200
cells per well. After treatment for 7 days, cells
were fixed with 4% paraformaldehyde then
stained with 0.1% crystal violet. Cell colonies
containing more than 50 cells were counted
under an inverted microscope (Nikon ECLIPSE
Ti, Japan) and the plate clone-forming efficiency
was calculated as follows: (number of colonies/
number of seeded cells) x 100% [19].

Wound healing assay

Cells were plated in 6-well plates reached a
level of 100% confluent monolayer. A consis-
tent gap in the surface of confluent cells was
created by a pipette tip across the cell layer.
After washed with PBS, cells were incubated
with different treatments. Bright-field images of
the same wound field were captured at indicat-
ed time points [19].

Transwell assay for cell migration

Cells of each group were resuspended with
serum-free Dullbecco’s modified Eagle’s medi-
um (DMEM) and then 200 pL cell suspension (3
x 10% per well) was seeded into the upper tran-
swell chambers (8.0 um, Corning, NY, USA).
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Medium containing 5% FBS was added into the
lower chambers. After 48 h of incubation, cells
in the upper chamber were carefully removed,
and the remaining cells that have migrated to
the lower surface were fixed in 4% paraformal-
dehyde at room temperature for 30 min and
stained with 0.1% crystal violet (Beyotime,
Shanghai, China) for 20 min. Five independent
fields of view were quantified under a micro-
scope (Nikon, Tokyo, Japan). The stain was dis-
solved by absolute ethanol and the absorbance
was detected at 570 nm with a micro plate
reader (Thermo Scientific, MA, USA).

Cell apoptosis assay

An annexin V-FITC apoptosis detection kit (BD,
New Jersey, USA) was used in flow cytometry.
Cells were resuspended in 1 x binding buffer at
a concentration of 1 x 10° cells/mL. Then 5 uL
of FITC and 5 pL of Pl were added into the solu-
tion and incubated for 15 min at room tempera-
ture in the dark. Add a 400 pL of 1 x binding
buffer into each tube to dilute the solution
above and the samples were subsequently ana-
lyzed by flow cytometry.

FACS Analysis for cell cycle distribution

The cells were fixed with cold 70% ethanol for
24 h, incubated with RNase A (Solarbio, Beijing,
China) and then propidium iodide solution
(Solarbio, Beijing, China). Cell cycle distribution
was then analysed by flow cytometry using
FACS analysis (BD FACS Calibur, BD Biosciences,
San Jose, CA, USA). Finally, the percentage of
cells in different phases of cell cycle was deter-
mined by FlowJo single-cell analysis software
(Ashland, OR, USA).

Transmission electron microscopy (TEM) de-
tection

Cells were digested by 0.25% Trypsin, then cell
suspension was centrifuged with the rapid of
1500 r/min for 10 min to obtain cell pellet. The
pellet samples were subsequently fixed, rinsed,
dehydrated, soaked and embedded. The ultra-
thin sections were observed by TEM in the elec-
tron microscope laboratory of the Institute of
Life Sciences, Chongqing Medical University.

Western blotting analysis

Total proteins of each group were extracted
(Beyotime, Shanghai, China). Equal amounts of
protein per group were separated on 15% SDS-
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PAGE gel (Beyotime, Shanghai, China) and sub-
sequently transferred to PVDF membrane
(Millipore, Billerica, MA, USA). After blocked
with Quick-Block blocking buffer (Beyotime,
Shanghai, China) for 15 min, the membranes
were incubated overnight at 4°C with pri-
mary antibodies respectively against B-actin
(1:2000; Sigma Aldrich, St. Louis, MO, USA),
Microtuble-associated protein 1 light chain 3
(LC3) (1:1000; Cell Signaling Technology, MA,
USA), Beclinl (1:1000; Cell Signaling Tech-
nology, MA, USA) and P62 (1:1000; Sigma
Aldrich, St. Louis, MO, USA), followed by probing
with appropriate second antibodies (1:2000,
ZSGB-Bio, Beijing, China) for 1 h. Finally, the
blots were visualized by using enhanced che-
miluminescent substrate (Bio-Rad, CA, USA)
and exposed under ChemiDoc Touch Imaging
System (Bio-Rad, CA, USA).

Laser scanning confocal microscope to mea-
sure the autophagic flux

The dual-fluorescene mMRFP-GFP-LC3 plasmid
(ptfLC3) were transfected into USCs with
Lipofactamine 2000 (Invitrogen, Carlsbad, CA,
USA), the laser scanning confocal microscope
(Nikon, Tokyo, Japan) was used to dynamically
measure the autophagic flux at indicated time
points with treatment.

Animal models and cell transplantation

Nude mice (8-week-old males, 20-26 g, quali-
fied number: SCXK (Beijing) 2014-0004) were
purchased from Tengxin Institute of Biotech-
nology (Chongging, China). All mouse procedu-
res described here were reviewed and approved
by the Animal Care and Use Committee of
Chongging Medical University. Nude mice were
randomly divided into the acute liver injury
group (n=36) and the chronic liver injury group
(n=20). In the acute liver injury group (n=36),
mice were further divided into the control group
(n=6), CCl, model group (n=6, model group),
hepatic progenitor cell (HPC) splenic vein group
(n=6), HPC tail vein group (n=6), USC splenic
vein group (n=6), and USC tail vein group (n=6).
In the chronic liver injury group (n=20), mice
were further divided into control group (n=5),
CCl, model group (n=5, model group), USC-
transplanted group (n=5, CCl, + USC group),
and hypoxia-pretreated transplanted group
(n=5, CCl, + hypoxia USC group).
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To induce acute liver injury in mice, nude mice
were injected with 10% (vol/vol) CCl, (Shanghai
Macklin Biochemical Co., Ltd, Shanghai, China)
diluted in olive oil at a dose of 20 mL/kg body
weight by intraperitoneal injection. Control
mice were similarly injected with an equal vol-
ume of olive oil alone [20]. After 24 hours
of CCl, treatment, 2 x 10° HPCs or USCs sus-
pended in 0.2 mL of PBS were injected through
the tail vein or splenic vein. To induce chronic
liver injury, nude mice were injected with 10%
(vol/vol) CCl, at a dose of 10 mL/kg body weight
by intraperitoneal injection. After CCI, treat-
ment for 8 weeks, 2 x 10° USCs or hypoxia-
pretreated USCs suspended in 0.2 mL of PBS
were injected through the tail vein twice a week
for 2 weeks. The CCl, group was administrated
with an equal volume (0.2 mL) of PBS only. In
each group, two nude mice were transplanted
with cells previously labeled with Hoechst
33342 (Beyotime Institute of Biotechnology,
Shanghai, China) to detect the extent of coloni-
zation by the transplanted cells, while three
other mice of each group in chronic liver fibrosis
experiment were transplanted using cells previ-
ously labeled with PKH26 (Sigma Aldrich, St.
Louis, MO, USA).

Assessment of liver function and histopathol-
ogy

Serum samples were collected for measure-
ments of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels. Liver
tissues were harvested to calculate liver index
(=liver wet weight (g)/body weight (g) x 100)
and then fixed in 4% paraformaldehyde and
embedded in paraffin. Tissue sections were cut
at a thickness of 4 uym and used for hematoxy-
lin and eosin (H&E) staining (Beijing Reagan
Biotechnology Co., Ltd., Beijing, China), Masson
staining (Beijing Reagan Biotechnology Co.,
Ltd., Beijing, China), and immunohistochemis-
try for detection of a-smooth muscle actin
(x-SMA) (1:800, Bioss Beijing, China), myelo-
peroxidase (MPO) (1:200, Boster, Wuhan,
China) and 8-hydroxy-2’-deoxyguanosine ((8-
OHdG) 1:400, Bioss, Beijing, China).

For cell tracking, the transplanted USCs were
pre-labeled with Hoechst 33342. Liver tissues
were embedded in O.C.T. and frozen sections
were cut at a thickness of 10 ym and visualized
using a fluorescent imaging system.
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Statistical analysis

All data were expressed as mean + standard
deviation and analyzed using SPSS software
(version 19.0; IBM Corp., Armonk, NY, USA).
Statistical analysis was performed by using a
two-tailed Student’s t-test to determine signifi-
cant differences between two groups, while
One-Way ANOVA and a post hoc SNK'’s test
were used to measure significant differences
among more than three groups. A P<0.05 was
considered statistically significant.

Results

Morphological and molecular characterization
of USCs

We found that USCs were closely arranged,
adherent cells that were granular in shape
and uniformly small in size. Primary USCs began
to adhere around 3 days after seeding and
reached a confluence of 50-60% after 10-14
days. Upon passaging, USCs exhibited acceler-
ated growth and features of stem cells in
vitro. The proliferation of cells was significantly
reduced after 10 passages (Figure 1A). Flow
cytometry analysis showed that USCs expres-
sed mesenchymal stem cell surface markers;
CD24 (97.85+2.62%), CD29 (99.95+0.07%),
CD73 (95.15+1.06%), CD90 (95.20+6.65), and
CD105 (2.22+2.01%); and also the endothelial
cell surface marker CD146 (96.45+4.74%).
The hematopoietic cell surface markers CD31
(1.69+1.68%), CD34 (0.28+0.03%), and CD45
(0.80+0.42%) were negligibly expressed in
USCs (Figure 1B). These results suggest that
USCs resemble mesenchymal stem cells.

Characterization of the differentiation poten-
tial of USCs

ALP staining and alizarin red staining have com-
monly been used for detecting osteogenic dif-
ferentiation. Cytoplasmic purple-blue staining
using ALP is indicative of early osteogenic dif-
ferentiation, while alizarin red stains for calci-
um deposits and is indicative of functional
osteocytes. Uninduced USCs were apparently
unstained, whereas about 20-30% of cells
were positively stained for ALP after 7 days of
osteogenic induction. After 14 days of osteo-
genic induction, alizarin red staining significant-
ly increased with about 50% of cells staining
red and the appearance of some calcium nod-
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ules, which indicates calcium salt deposition
and late osteogenic differentiation of USCs. Oil
red O staining was applied to examine the abil-
ity of USCs to undergo adipogenic differentia-
tion. Uninduced USCs remained unstained.
After 14 days of adipogenic induction, approxi-
mately 30-40% of cells showed vacuolar, lipid
droplets in the cytoplasm and red staining
(Figure 1C). Together, these data suggest that
USCs might have the potential to differentiate
into osteoblasts and adipocytes.

Periodic acid-Schiff (PAS) staining and indo-
cyanine green (ICG) uptake assay were per-
formed to detect glycogen storage and meta-
bolic functioning of mature hepatocytes. To
induce hepatic differentiation of USCs, we used
a previously described induction method, which
could efficiently induce maturation and differ-
entiation of HPCs. After 10 days of hepatic
induction, ICG uptake and PAS staining in USCs
were undetectable. However, when USCs were
co-cultured with HPCs and induced to undergo
hepatic differentiation, 8-15% of them exhibit-
ed green staining in the nucleus or purple gran-
ules in the cytoplasm (Figure 1D). These results
indicate that USCs might have the potential to
differentiate into functional hepatocytes in the
hepatic microenvironment.

USCs can normalize liver function and pathol-
ogy following acute liver injury in mice

We used previously constructed immortalized
HPCs to evaluate their ability to improve the
recovery efficiency of acutely injured liver in
vivo. Because USCs have the ability to differen-
tiate into functional hepatocytes, they were
treated as an additional experimental group.
Compared to the control group, the liver index
and serum levels of ALT and AST significantly
increased in the CCl, -treated acute liver injury
mice (Figure 2A-C, P<0.001). This was accom-
panied by severe hepatic cord disorder and
hepatocyte degeneration, hepatocyte steato-
sis, vacuolar degeneration, and nuclear con-
densation or disappearance in the liver tissue.
With HPC and USC transplantation, the liver
index, ALT/AST level and hepatic pathological
changes partly recovered, and the recovery effi-
ciency elicited by HPCs was better than that by
USCs (Figure 2A-C, 2E). Meanwhile, the num-
ber of exogenous cells implanted into the liver
of model mice by splenic vein transplantation is
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Figure 1. Morphological, molecular, and differentiation characteristics of USCs. A. Cell morphology of USCs on differ-
ent days of primary passage and additional passages. B. FACS analysis for determining surface antigen expression
on passage 3 human USCs. C. Alkaline phosphatase (ALP) staining, alizarin red staining and oil red O staining to
measure differentiation potential. D. Indocyanine green (ICG) uptake assay: cells with a green-stained nucleus are
the positive-stained cells. Periodic acid-Schiff (PAS) staining, purple color in cell plasma indicates glycogen accumu-
lation. Scale bar =100 um.

A B i

*

0.084 ok 600+

o

0.06 T

400+
0.04+

200
0.02

0.00-
liver index ALT(U/L)

C

Il control M HPCs-spenic vein [l USCs-spenic vein
0 model HPCs-tail vein [ USCs-tail vein

ulaA oluads

UIaA |1g)

AST(UIL)

Figure 2. USCs resolved the functional impairment and pathology associated with acute liver injury in a mouse
model. (A) Evaluation of the liver index, serum level of (B) alanine aminotransferase (ALT), and (C) aspartate ami-
notransferase (AST). (D) Exogenous cells were visualized using fluorescent imaging. The number of cells in splenic
vein transplantation group is much greater than that in the tail vein transplantation group. (E) Representative H&E
images for the different conditions. *P<0.05, **P<0.01, ***P<0.001 one-way ANOVA. Scale bar =100 pym.

much more than that by tail vein transplanta- These results suggested that USCs could partly
tion, and the subsequent benefit to liver func- recover the liver function following acute liver
tion and repair is also improved (Figure 2D). injury. USCs can therefore be used as a stable
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Figure 3. Hypoxia pretreatment improves cell morphology, promotes cell proliferation, and colony formation, but
does not affect apoptosis. A. Morphological comparison of USCs under normoxic and hypoxic culture conditions.
B. Statistical analysis histograms and comparison of cell surface marker expression levels in USCs. C. Cell growth
curve, colony formation assay, and its statistical analysis. D. Cell cycle and apoptosis measured by flow cytometry.
*P<0.05, **P<0.01, ***P<0.001, Student’s t-test. Scale bar =100 pym.

cell source for HCT and has the advantage of
being an autologous cell source. However, suc-
cessful colonization and survival of exogenous
cells in the liver tissue is key to its therapeutic
benefit.

Hypoxia pretreatment affects the biological
behavior of USCs in vitro

In order to enhance the curative effect of stem
cell therapy, in vitro pretreatment of stem cells
has previously been used. An appropriate level
of hypoxic preconditioning has been reported
to improve survival rate and viability of implant-
ed cells in the relatively hypoxic environment
encountered by the cells in vivo. In our study,
we found that USCs cultured continuously in
hypoxic condition were smaller and more homo-
geneous compared to those cultured in nor-
moxic conditions (Figure 3A). Flow cytometry
analysis showed that a 48-hour hypoxia pre-
treatment had no significant effect on the
expression level of cell surface markers of
USCs (Figure 3B). Cell growth in both normo-
xic and hypoxic USCs remained logarithmic.
However, compared to the normoxic environ-
ment, cell proliferation was faster in a hypoxic
environment and a greater number and size of
colonies were observed (Figure 3C). After 48
hours of hypoxic preconditioning, the percent-
age of cells in S phase increased significantly
(P<0.05) and the apoptotic rate displayed no
noticeable differences (Figure 3D). Additionally,
cell migration was promoted after 48 hours
of hypoxic preconditioning (Figure 4A, 4B).
Differentiation potential was not significantly
different between the two groups as assessed
by ALP and alizarin red staining following osteo-
genic induction, and oil red O staining following
adipogenic induction (Figure 4C). These results
indicate that hypoxia pretreatment could accel-
erate the cell cycle, promote cell proliferation
and colony formation, and improve cell migra-
tion but did not affect cell apoptosis and
differentiation.

Hypoxia pretreatment of USCs improves recov-
ery efficiency in a chronic liver fibrosis mouse
model

Intraperitoneal injection of 10% CCl, was per-
formed for 8 weeks to induce chronic liver fibro-
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sis in nude mice. USCs and hypoxia-pretreated
USCs were transplanted in vivo through the tail
vein twice a week. After four rounds of cell
injection, the number of exogenous cells that
implanted in liver was greater in hypoxia-pre-
treated USCs compared to untreated USCs
(Figure 5A). Compared to the control group, the
liver index and the levels of serum ALT and AST
were significantly higher in the chronic CCI,-
treated model (Figure 5A, P<0.05). Upon USC
transplantation, the liver index and the level of
ALT were unchanged, and the level of serum
AST partially recovered (Figure 5A, P<0.05).
There were no differences in the liver index or
levels of ALT and AST between the USC group
and the hypoxia-pretreated USC group. H&E
staining showed that although the control liver
tissue structure was normal and the hepatic
lobules intact (Figure 5B), liver tissue of the
CCl, model group displayed obvious alterations
of normal structure and composition, including
hepatocyte degeneration, disordered hepatic
cord structure, nuclear pyknosis or disappear-
ance, island pseudolobules, and infiltration of
inflammatory cells in the portal area (Figure
5B). Masson staining showed plenty of blue col-
lagen staining, indicating fibrosis around the
portal area in the chronic CCl -treated group
(Figure 5B). Upon USC transplantation, the dis-
organization of the liver pathological structure
significantly recovered (Figure 5B), and blue-
stained collagen fibers were obviously reduced
(Figure 5B, 5D, P<0.05). The blue-stained area
was further decreased upon transplantation of
hypoxia-pretreated USCs. The basal expression
levels of the fibrosis marker a-smooth muscle
actin (x-SMA) and oxidative stress-related
genes, MPO and 8-OHdG, were very low in nor-
mal liver tissue and were obviously increased in
the chronic CCl, -treated group. Upon USC
transplantation, the expression levels of
o-SMA, MPO, and 8-OHdG were markedly
reduced, but no differences were observed
between the USC and hypoxia-pretreated USC
groups (Figure 5C, 5D). These results indicate
that USC transplantation could partially recover
liver function and resolve fibrosis following
chronic liver injury. Furthermore, hypoxia pre-
treatment may promote migration/homing rate
and cell viability, thus marginally improving the
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Figure 4. Hypoxia pretreatment promotes cell migration but does not affect cell differentiation. The migration of
USCs was determined by (A) wound-healing assay and (B) transwell migration assay, and its statistical analysis. (C)
The differentiation potential of USCs was determined by alkaline phosphatase (ALP) staining, alizarin red staining,
oil red O staining and Alcian blue staining. ***P<0.001, Student’s t-test. Scale bar =100 pm.

recovery efficiency elicited by USCs following
chronic liver fibrosis.

Hypoxia pretreatment promotes cell prolifera-
tion, migration, and colony formation by induc-
ing autophagy

Hypoxia is a type of environmental stress, and
autophagy is an active regulatory response that
enables cells to adapt to this stress. After 48
hours of hypoxia pretreatment, a large number
of autophagosomes with bi-layered or multi-
layered membrane structures encapsulating
organelles could be observed by transmission
electron microscopy (TEM) (Figure 6A). At the
same time, large autophagic lysosomes were
formed by fusion of lysosomes and autophago-
somes, which were seldom seen in the normox-
ia group. Beclinl and LC3 are typical markers
of autophagy. The protein levels of Beclinl and
LC3-1l, as well as the LC3-1l/LC3-I ratio, were
significantly increased after 48 hours of hypox-
ia treatment in USCs (Figure 6B, P<0.001).
USCs were transfected with the LC3 double-
fluorescent plasmid, and confocal laser scan-
ning was used to analyze the autophagic state
of the cells. Confocal imaging showed only
a small amount of autophagosomes (yellow
spots) and autophagic lysosomes (red spots) in
the normoxic group, whereas more autophago-
somes and autophagic lysosomes appeared
in the hypoxia pretreatment group (Figure 6C).
Therefore, autophagy can be predictably in-
duced by hypoxia treatment in USCs.

Next, we used 3-Methyladenine (3-MA) and Ba-
filomycin to inhibit autophagy. Hypoxia induced
the expression of Beclinl, P62, and LC3-Il, and
the LC3-ll/LC3-I ratio was significantly de-
creased after 3-MA and Bafilomycin treatment
(Figure 7A, P<0.001). Upon inhibition of autoph-
agy under hypoxic conditions, cell proliferation
and colony size was significantly decreased,
especially in the Bafilomycin-treated group
(Figure 7B, 7C, P<0.001). Scratch wound in a
monolayer of USCs in the hypoxia group almost
entirely healed within 48 hours after scratch
creation, but the wound-healing rate was sig-
nificantly decreased in 3-MA and Bafilomycin
groups, suggesting that cell migration was also
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inhibited upon autophagy inhibition (Figure 7D,
P<0.001). Similarly, lower cell numbers were
observed in a transwell assay in 3-MA and
Bafilomycin-treated groups than in the untreat-
ed hypoxia group. Apoptosis and cell cycle dis-
played no significant differences among the
treated groups (Figure 8A). Additionally, the dif-
ferentiation potential of USCs was unaffected
by hypoxic culture conditions and cellular
autophagy levels (Figure 8B). Therefore, these
results suggest that hypoxia pretreatment
might promote USC proliferation, migration,
and colony formation by inducing cellular
autophagy.

Discussion

USCs display a high proliferative capacity and
characteristics of mesenchymal stem cells,
which have the ability to differentiate into mul-
tiple lineages. Furthermore, USCs have the abil-
ity to regulate the immune system and induce
paracrine effects in the surrounding cells [14,
21, 22]. In vitro experiments have demonstrat-
ed that USCs can differentiate into osteocytes,
chondrocytes, adipocytes, and smooth muscle
cells (mesoderm), as well as functional epithe-
lial cells (endoderm) and nerve cells (ectoderm)
[23, 24]. USCs have immunomodulatory func-
tions that can inhibit the proliferation of Tand B
cells in the peripheral blood. USCs also elicit
paracrine effects by secreting a variety of nu-
trient factors, such as vascular endothelial
growth factor, fibroblast growth factor, platelet-
derived growth factor, insulin-like growth factor,
and hepatic growth factor [25, 26]. These fac-
tors help promote angiogenesis in the regener-
ated tissues and improve the survival of trans-
planted cells. After several generations of cul-
ture, the chromosome numbers in USCs remain
stable and no tumors form after subcutaneous
or subrenal capsule transplantation in nude
mice after more than 3 months [27].

In this study, we have confirmed that USCs have
multi-lineage differentiation potential. USCs
are likely stem cells from the kidney that is
mesodermal in origin. Thus, USCs have the abil-
ity to differentiate into other mesodermal cells
such as osteocytes and adipocytes, but not
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Figure 5. Hypoxia pretreatment can improve the recovery efficiency elicited by USCs in a chronic liver fibrosis mouse
model. A. Evaluation of liver index and the serum level of alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST). Exogenous cells were visualized using fluorescent imaging. B. Representative H&E and Masson stain-
ing images. C. Representative images of immunohistochemistry for x-SMA, MPO, and 8-OHdG. D. Statistical quanti-
fication of Masson staining and immunohistochemistry. *P<0.05, **P<0.01, ***P<0.001, one-way ANOVA. Scale
bar =200 pm. (a-SMA - a-smooth muscle actin, MPO - myeloperoxidase, 8-OHdG - 8-hydroxy-2’-deoxyguanosine).
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Figure 6. Hypoxia pretreatment promotes cell autophagy. A. Autophagosomes were observed under transmission
electron microscopy (TEM). B. Autophagy-related markers LC3 and Beclinl were analyzed by western blot with
B-actin normalization. C. USCs were transfected with ptfLC3 and treated as above described. Autophagic flux was
dynamically observed by laser scanning confocal microscope. ***P<0.001, Student’s t-test. Scale bar =200 pym.
(White arrow indicates autophagosome, black arrow indicates autophagic lysosome).

eixodAy

into endodermal hepatocytes. USCs did induction medium, which is specifically formu-
not respond to the hepatic differentiation lated for HPCs derived from liver tissue. How-

5143 Am J Transl Res 2020;12(9):5131-5150



USCs recover mouse hepatic injury

A hypoxia 48h Il normoxia [ hypoxia MM hypoxia+3-MA hypoxia+Baf
normoxia —_— 3-MA Baf 2.0 L
T
>
Beclin-1 2
— S S — g
ann GHD = = g
Q
- LC3 | )
2
G GNP GEEED e (-actin _
Beclin-1 LC3-11
B Proliferation curve
5 204 " 0-
=} -~ normoxia
T 15 " hypoxia 54
2 -+ hypoxia +3-MA
510_ - hypoxia +Baf . o
.
@ 5 5-
o
el
5> ol— . v r . . 04
D1 D2 D3 D4 D5 D6 £
2 o
ﬂ“o‘f- 90*‘ .\,'3 ey
a0 w \JQO-;.\a h\]po
Cc
normoxia hypoxia hypoxia+3-MA hypoxia+Baf
normoxia hypoxia hypoxia+3-MA hypoxia+Baf
D
=
o
o
S
©
=
=

B0 hypoxia hypoxia+Baf

CD570 Value
o
N

36h 48h
Il normoxia MM hypoxia+3-MA

5144 Am J Transl Res 2020;12(9):5131-5150



USCs recover mouse hepatic injury

Figure 7. 3-Methyladenine (3-MA) and Bafilomycin (Baf) could reverse the effect of hypoxia-induced USC prolifera-
tion and migration by inhibiting autophagy. A. Autophagy-related markers were detected by western blot. B. Cell
growth was measured by trypan blue staining. C. Cell proliferation was determined by colony formation assay. D. The
migration of USCs was determined by a wound-healing assay and transwell migration assay. *P<0.05, **P<0.01,

***P<(0.001, one-way ANOVA. Scale bar =100 pym.

ever, a small number of USCs demonstrated
anabolism when co-cultured with HPCs, sug-
gesting that USCs may have the potential to dif-
ferentiate into hepatocytes in a liver-mimetic
microenvironment. These data suggest that
USCs can serve as seed cells for HCT. In our
previous study, we constructed a reversibly
immortalized HPC line and verified its trans-
plantation efficiency in an acute liver injury
mouse model. Herein, USCs were set as an
experimental group, and we found that USC
transplantation could partially restore liver
function and attenuate the histopathology
associated with acute liver injury. The number
of exogenous cells that successfully implanted
in the liver of model mice by tail vein transplan-
tation was far less than by splenic vein trans-
plantation and the restorative effect on liver
function was consequently weaker upon splen-
ic vein transplantation. In the clinic, liver cell
transplantation may require multiple rounds
of transplantation. Peripheral vein transplanta-
tion is minimally invasive and simple to per-
form, which can minimize the pain experienced
by patients. Therefore, devising a means to
improve the homing ability of exogenous cells
to the liver and enhancing the viability of trans-
planted cells is key to improving the efficiency
of HCT.

We reasoned that the concept of tissue-cell
preconditioning to hypoxia could provide a so-
lution. In recent years, various methods of pre-
treatment in vitro have been used to improve
cell viability in vitro and in vivo, including gene
modification, drug pretreatment, and co-culture
[28-31]. Hypoxic preconditioning is the sim-
plest, safest and most effective method and
has been used for the repair of heart, lung,
liver, brain and skeletal muscle injury [32].
Normally, cells experience a physiological oxy-
gen level of 2-5% in tissues. However, most cell
culture experiments in vitro are performed in
a normal oxygen (20% O,) incubator. When
incubation time exceeds 24 hours under the
normal oxygen conditions in vitro, the number
of directionally homing cells is significantly
reduced. It has also been reported that expo-
sure to hypoxia in vitro can enhance the prolif-
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eration and directional differentiation of mes-
enchymal stem cells, adipose stem cells, and
germ stem cells, while promoting cell homing,
migration, and angiogenesis in vivo [33-35]. In
this study, we found that hypoxia can signifi-
cantly enhance USC proliferation, migration,
and colony formation in vitro, but did not affect
its differentiation capability.

USCs have a high proliferation capacity-a single
USC can generate 3.8 x 108 cells after 4 weeks
of culture. The average number of cells gener-
ated from a 200 mL urine sample can reach
about 5.0 x 10° at 4 weeks after 5 passages.
Thus, a sufficient number of cells can be ob-
tained from 24 hours of urine collection. The
advantage of using USCs for transplantation
is that it can be an autologous cell source,
which can completely avoid autoimmune rejec-
tion following transplantation. Traditional autol-
ogous cell sources require several weeks of
collection to obtain sufficient cell numbers.
Thus, USCs may be a more suitable alternative
for the treatment of chronic liver diseases.
Upon CCl, administration, the liver tissue exhib-
ited obvious degeneration of hepatocytes and
fibrosis, disordered liver tissue structure, and
false lobules. After stopping CCl, treatment, the
pathological damage in liver tissue persisted
for the following 2 weeks, suggesting that the
model was stable and can be used to evaluate
the effect of USC transplantation. In the CCl,-
induced chronic liver fibrosis model, the levels
of serum ALT and AST in the model group were
higher than in the normal group, but the abso-
lute value was much lower than that in the
acute liver injury model. In this study, we simu-
lated peripheral vein transplantation in the
clinic by transplanting USCs into the tail (cau-
dal) vein four times within 2 weeks. The liver
index in the transplantation group was signifi-
cantly reduced, while histology showed resolu-
tion of liver fibrosis and decreased hepatocyte
necrosis, indicating that USC transplantation
could partially repair the pathological changes
associated with chronic liver injury. Further-
more, hypoxia pretreatment could improve the
recovery of injured liver tissue elicited by USCs.
We used Hoechst-labeled USCs for in vivo trac-
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Figure 8. 3-Methyladenine (3-MA) and Bafilomycin (Baf) had no significant effect on apoptosis, cell cycle, and differentiation potential of USCs. A. Apoptosis and cell
cycle phase were measured by flow cytometry. B. The differentiation potential of USCs was determined by alkaline phosphatase (ALP) staining, alizarin red staining
and oil red O staining. Scale bar =100 pym.
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ing and found that only a few implanted cells
persisted in the injured liver tissue of the USC-
transplanted group, whereas more labeled
cells were found in the hypoxia-pretreated
group. These results indicate that hypoxia pre-
treatment promotes homing, migration, and
cell viability of USCs in vivo. Whether exogenous
cells differentiate into functional hepatocytes
or improve liver function by secreting nutrient
factors remains to be further investigated.

Autophagy is a beneficial metabolic pathway,
which maintains the stability of the internal
cellular environment by digesting damaged,
degenerated and aging proteins and organ-
elles, recycling their components, and main-
taining cell viability [36-40]. Autophagy has
been implicated in the maintenance and pro-
liferation of adult hematopoietic stem cells,
BMSCs, and glioblastoma stem cells. Defero-
xamine can upregulate reactive oxygen species
(ROS)-induced autophagy and promote the
migration of dental pulp cells [41]. Autophagy
often occurs in cells in response to stress,
nutritional deficiency, or hypoxia. Hypoxia trig-
gers autophagy in BMSCs and stimulates the
migration of umbilical vein endothelial cells
via paracrine effects [42]. In this study, autoph-
agy in USCs was stimulated by hypoxic pre-
treatment. Inhibition of autophagy by 3-MA
and Bafilomycin could reverse hypoxia-induced
cell proliferation, migration, and colony forma-
tion. Therefore, autophagy may be an impor-
tant regulatory mechanism that is activated
in response to hypoxia, which promotes the
migration and homing of USCs in vivo. These
data lay a critical theoretical foundation for the
application of hypoxic preconditioning of USCs
prior to HCT.

This study has confirmed that USCs have a sim-
ilar cell phenotype to mesenchymal stem cells
along with the potential for self-renewal and
multi-lineage differentiation. USC transplanta-
tion into acute or chronic liver-injury mouse
models can effectively improve liver function
and recover liver tissue damage. Hypoxia pre-
treatment might promote cell proliferation,
migration, and colony formation by inducing
autophagy, which can promote USC-elicited
liver tissue recovery following injury in vivo.
Autologous USCs thus obtained by a non-inva-
sive method are an ideal cell source for HCT
and have a promising potential as treatment for
chronic liver diseases in the clinic.
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