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Human embryonic mesenchymal stem cells participate in
differentiation of renal tubular cells in newborn mice
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Abstract. Stem cells are used with increasing success in the
treatment of renal tubular injury. However, whether mesen-
chymal stem cells (MSC) differentiate into renal tubular
epithelial cells remains controversial. The aims of the present
study were to observe the localization of human embryonic
MSCs (hMSCs) in the kidneys of newborn mice, and to inves-
tigate hMSC differentiation into tubular epithelium. Primary
culture hMSCs were derived from 4-7-week-old embryos
and labeled with the cell membrane fluorescent dye PKH-26.
The degree of apoptosis, cell growth, differentiation and
localization of hMSCs with and without this label were then
determined using immunohistochemical methods and flow
cytometry. hMSCs and PKH26-labeled hMSCs were revealed
to differentiate into chondrocytes and adipocytes, and were
demonstrated to have similar proliferative capability. In the two
cell types, the antigens CD34 and CD45, indicative of hemato-
poietic lineages, were not expressed; however, the expression
of the mesenchymal markers CD29 and CD90 in MSCs, was
significantly increased. During a 4-week culture period, laser
confocal microscopy revealed that PKH26-labeled hMSCs in
the kidneys of newborn mice gradually dispersed. Two weeks
after the injection of the PKH26-labeled cells, the percentage
of PKH26-labeled hMSCs localized to the renal tubules was
10+2.1%. In conclusion, PKH26 labeling has no effect on
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hMSC differentiation, proliferation and mesenchymal cell
surface features, and hMSCs injected into the kidneys of
newborn mice may transform to renal tubule epithelium.

Introduction

Mesenchymal stem cell (MSC) research is a key topic in
current stem cell research. Multiple previous studies have
demonstrated that MSCs have therapeutic effects on acute
kidney injury (AKI), immunoglobulin A nephropathy and
other renal diseases (1-3). AKI is recognized as a common
disease which is expensive to manage, prolongs hospitaliza-
tion and is associated with increased mortality. The mortality
rate for AKI has been reported at 24% in hospital patients,
and increases with the severity of AKI (4). Clinically, novel
and more effective strategies for the treatment of AKI are
expected. MSCs have been applied and provided satisfactory
therapeutic effects for AKI in animals and humans (2,3,5);
there are multiple mechanisms involved in the therapeutic
actions of MSC in AKI treatment (1).

The hypothesis that MSCs may transform to renal tubular
epithelial cells remains controversial. The discrepancy
in results is likely to be associated with the types of stem
cell, disease models and labeling and detection methods
used (1,5,6). The first MSCs, and the most widely used, are bone
marrow-derived MSCs (BMSCs) (6). However, other sources
of MSCs have also emerged in clinical and research settings
of renal regenerative therapy and chronic kidney disease,
including adult and fetal tissue and umbilical cord blood (7,8).
However, previous studies on MSCs sourced from human early
embryos are limited. Compared with MSCs derived from adult
tissues, a number of features of embryonic stem cells differ,
including biological activities, such as cytokine expression
and cell adhesion molecules (9,10), differentiation potential,
in vivo migration and proliferation of embryo stem cells are
markedly increased compared with adult stem cells, and the
immunogenicity of embryonic stem cells is reduced (11-15).
Embryo-derived MSCs can be frozen in the laboratory and
amplified immediately to meet the requirement for treatment.
However, alternative sources of embryonic stem cells would be
beneficial for research and therapeutic purposes (16). Previous
studies on MSCs sourced from human early embryos are
limited.
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The current study hypothesized that MSCs derived from
human early embryos have an improved capability to differ-
entiate into tubular cells. The aim of the present study was
therefore to determine whether human embryonic MSCs
(hMSCs) are able to transform into renal tubular cells in the
kidneys of newborn mice.

Materials and methods

Cell culture and labeling with PKH26. hMSCs were obtained
from human embryos aged 4-7 weeks old, provided by Dr
Minjuan Wu (Research Center of Developmental Biology and
Department of Histology and Embryology, Second Military
Medical University, Shanghai, China). The human embryos
were obtained from voluntary terminations of pregnancy with
RU486 anti-progesterone compound (17). The Committee on
Ethics of Biomedicine Research (Second Military Medical
University, Shanghai, China) reviewed and approved all human
research protocols, and all donors provided written informed
consent. The hMSCs were grown as described previously (8)
and stored at the Department of Histology and Embryology
of the Second Military Medical University (Shanghai, China).
The hMSCs were maintained in Dulbecco's minimal essential
medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 10% fetal calf serum
at 37°C in an atmosphere of 5% carbon dioxide.

As atype of lipophilic dye and emission of red fluorescence,
PKH26 can be combined with cell membranes irreversibly
and conduct fluorescence labeling for numerous types of cells.
hMSCs at passage 4 were labeled with the red fluorescent dye
PKH26 (Sigma-Aldrich, St. Louis, MO, USA) according to
the manufacturer's protocol. Briefly, the 80-90% confluence
hMSCs were trypsinized by 0.25% Trypsin solutions (Invit-
rogen; Thermo Fisher Scientific, Inc.), washed using serum-free
DMEM and resuspended in 1 ml of Diluent C from the
PKH26 Red Fluorescent Cell Linker kit (cat. no. PKH26-GL;
Sigma-Aldrich). The cell suspension was mixed with an equal
volume of the labeling solution (containing 4 nM PKH?26; final
concentration, 4 nM PKH26) and incubated at 25°C for 5 min.
The staining reaction was stopped by the addition of 2 ml fetal
bovine serum, cells were washed 3 times with DMEM and
observed using epifluorescence microscopy.

In vitro counting. PKH26-positive hMSCs were observed by
fluorescence microscopy at five different time points following
addition of the PKH-26 label (24 h, 1 week, 2 weeks, 3 weeks
and 4 weeks). A total of 5 fields of view (magnification, x400)
were selected for every time point. Red fluorescent cells were
counted in each field of view, and the labeling rate was calcu-
lated as: The number of PKH26-positive cells/total number of
cells.

Proliferation. Cell growth curves were drawn to compare the
proliferation between hMSCs and PKH26-labeled hMSCs. The
cells were grown on 24-well plates at a density of 100 cells/cm?.
Every 24 h, the cell number in 4 randomly-selected wells was
counted, and mean values were calculated using a hemocy-
tometer counting chamber. Cell growth curves of hMSCs and
PKH26-labeled hMSCs from days 1-7 were then calculated
from these values, as a function of incubation time.
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Fluorescence activated cell sorting (FACS) analysis. Surface
markers of the hMSCs were analyzed by FACS. The following
monoclonal antibodies were used: Fluorescein isothiocyanate
(FITC)-conjugated anti-CD90 (cat. no. 328108), anti-CD34
(cat. no. 343604) and anti-CD45 (cat. no. 368508) and phyco-
erythrin-conjugated anti-CD29 (cat. no. 303004) (Biolegend).
The analysis was performed by a FACSCalibur cytometer (BD
Biosciences, Franklin Lakes, NJ, USA). hMSCs were stained
with antibody (1:100) and incubated at 4°C for 30 min. At least
10 cell samples were acquired for each analysis.

Apoptosis was assessed by FITC-annexin V and prop-
idium iodide staining (Annexin V-FITC Apoptosis Detection
kit, Bipec Biopharma, Cambridge, MA, USA) according to the
manufacturer's instructions. Cells were analyzed by FACS at
594-nm excitation (green fluorescence) for annexin-stained
cells, and excitation (red) for cells stained with propidium
iodide.

Chondrogenic and adipogenic differentiation. The hMSCs
and PKH26-hMSCs were seeded onto 6-well plates, and
differentiation of these cells into chondrocytes and adipocytes
was induced at 40-50% confluence. To induce chondrocyte
differentiation, cells were cultured with chondrogenic differ-
entiation medium comprising 1.5x10* mg/ml ascorbic acid
and 1 ng/ml human recombinant transforming growth factor-f§
(Sigma-Aldrich). Immunohistochemistry was performed
to examine the presence of types II collagen. Cell-seeded
constructs were rinsed with 1X phosphate-buffered saline,
fixed in 4% formalin for 24 h and embedded in paraffin.
Slides were incubated with 10% normal goat serum to block
non-specific sites and mouse monoclonal collagen type II
(1:100; 1 mg/ml; cat. no. ab3092; Abcam, Cambridge, UK)
primary antibodies were applied for 1 hat 22°C. Secondary anti-
body (anti-mouse immunoglobulin G biotin conjugate; 1:200;
2.1 mg/ml; cat. no. B7151; Sigma-Aldrich) was added for 1 h
followed by incubation with ABC reagent (Vectastain PK-400;
Vector Laboratories, Inc., Peterborough, UK) for 45 min. To
induce adipocyte differentiation, cells were cultured with
adipogenic differentiation medium comprising 1x10°® mol/l
dexamethasone and 1x10'® mol/I insulin (Sigma-Aldrich) (8).
Two weeks after differentiation, adipocytes were identified by
the existence of lipid vesicles, using staining with Oil Red O
(Sigma-Aldrich).

In vivo experiments. This study conformed to the Guide
for the Care and Use of Laboratory Animals (18). Pregnant
Kunming mice were purchased from the Shanghai Laboratory
Experimental Animal Center of the Second Military Medical
University (Shanghai, China). Ethical approval was provided
by the Ethics Committee of Biomedicine Research (Second
Military Medical University). All mice were allowed free
access to standard laboratory chow and tap water, housed
in a room with constant temperature (22°C) and a 12/12-h
light/dark cycle.

Kunming mice (n=6; weight, 2.01 + 0.18 g) were narco-
tized by ether for 2 min, 2 days post-birth for 2 min. A
microsyringe was used to slowly inject 20 pl cell suspension in
phosphate-buffered saline containing 4x10° PKH26-hMSCs
into the left kidney at a constant rate. The uninjected right
kidney served as a control.
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Figure 1. hMSC morphology and apoptosis. (A) Cells present with a fibroblast-like morphology. Magnification, x400; (B) fewer than 1% cells are undergoing
apoptosis. hMSCs, human embryonic mesenchymal stem cells.
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Figure 2. Determination of PKH26 labeling of hMSCs. (A) hMSCs labeled with PKH26 were observed by fluorescence microscopy; (B) the labeling rate at
different time points subsequent to PKH26 labeling. hMSCs, human embryonic mesenchymal stem cells.



644

30
~t—  hMSC . :b—//";
25 % PKHZ6-hMSC —

Cells ® 100/cm2

1 2 ki |
Time (days}

)]
[=r]
=1

Figure 3. Characterization of PKH26-labeled hMSCs. PKH26 labeling had
no significant effect on hMSC cell growth compared with unlabeled hMSCs.
hMSCs, human embryonic mesenchymal stem cells.

Renal morphology. Within 4 weeks of PKH26-hMSC trans-
plantation, frozen sections were extracted from kidney tissues
weekly. Successive frozen sections (thickness, 5 ym) were made
following Optimal Cutting Temperature (OCT) compound
embedding. Subsequent to drying for 30 min at room tempera-
ture, the sections were fixed with cold acetone for 10 min. An
Olympus IX70 fluorescence microscope (Olympus Corpora-
tion, Tokyo, Japan) and a laser scanning confocal microscope
(Leica Microsystems, Inc., Buffalo Grove, IL, USA) were used
to observe and analyze the sections.

The localization of PKH26-labeled hMSCs in the kidneys
was observed 2 weeks after the injection of cells. Samples
were frozen immediately in liquid nitrogen, embedded in OCT
compound, sliced to 5 ym sections, fixed in acetone for 10 min,
and incubated for 30 min at 22°C with FITC-labeled wheat
germ agglutinin (WGA; Vector Laboratories, Inc.). Nuclei
were stained with 4,6-diamidino-2-phenylindole dihydrochlo-
ride (Sigma-Aldrich). PKH26-positive cells were counted in
10 frozen renal sections per mouse (n=3 mice). The number of
stem cells in kidney tubules was also counted.

Statistical analysis. Stata version 14.0 (StataCorp LP, College
Station, TX, USA) was used to perform all statistical analyses.
Data are presented as the mean =+ standard error of the mean,
and P<0.05 was considered to represent a statistically signifi-
cant difference. For comparison between unpaired groups,
Student's t-test was employed.

Results

Morphological observation and apoptosis of hMSCs. In
primary culture, cell adherence occurred within 12 h after
plating and culture medium was changed after 24 h. Cellular
morphology was different to the primary culture. All the stem
cells were fibroblast-like at passages 4-5 (Fig. 1A). Fewer than
1% of cells at passage 5 were undergoing apoptosis when
analyzed by flow cytometry (Fig. 1B).

In vitro observation of h(MSCs following labeling with PKH26.
PKH26 was evenly distributed on the hMSC cell membrane
24 h after PKH26 labeling, presenting as red fluorescence
under microscopy (Fig. 2A). The PKH26 labeling rate was
98.6 + 1.83% (Fig. 2B). With increased cell culture time,
fluorescence uniformity on the cell membranes decreased,
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Figure 4. Differentiation of hMSCs and PKH26-labeled hMSCs, determined
by flow cytometric analysis, revealing positive staining for the mesenchymal
markers CD90 and CD29, and negative staining for the hematopoietic lin-
eage markers CD34 and CD45 (n=3 repeats per cell line). h(MSCs, human
embryonic mesenchymal stem cells.

the intensity of labeling progressively weakened, and the
labeling rate continuously declined (Fig. 2). Two weeks after
PKH26 labeling, the red fluorescence was apparent in half of
the hMSCs. Four weeks after labeling, the red fluorescence
remained in ~7% of hMSCs (Fig. 2).

PKH?26 labeling has no effect on hMSC proliferation. No
statistically significant difference was observed between the
growth curves of hMSCs and PKH26-hMSCs (P<0.05), which
indicated that PKH26 label had no marked effect on hMSC
proliferation (Fig. 3).
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Figure 5. Differentiation of hMSCs and PKH26-labeled hMSCs, revealing the multipotency of these cells as differentiation into chondrocytes and adipocytes,
as demonstrated by type II collagen immunostaining and Oil Red O staining, respectively (n=3 repeats per cell line). Magnification, x400.

PKH?26 labeling does not affect the expression of stem cell
markers on hMSCs. Flow cytometric analysis revealed that
hMSCs and PKH26-hMSCs were positive for the mesen-
chymal markers CD29 and CD90, but negative for the markers
of hematopoietic lineages CD34 and CD45 (Fig. 4).

PKH26 labeling does not affect the differentiation of
hMSCs. Following adipocyte induction, the intracellular
lipid droplets continuously enlarged and fused. Subsequent
to chondroblast induction, numerous cells had irregular
and polygonal morphology, the cell volume increased and
contained many particles. The cells contained numerous
type II collagen positive brown particles in the cytoplasm,
identified by immunohistochemical staining. hMSCs and
PKH26-hMSCs were differentially induced into chondro-
cytes and adipocytes, as demonstrated by Oil Red O staining
and type II collagen immunostaining, respectively (n=3;
30 cells per repeat; Fig. 5).

hMSCs may differentiate into renal tubular epithelium. The
PKH26-labeled fluorescent cells were observed to assemble
around the injection site 24 h after the injection. However,
two weeks later, the cells had migrated along the renal
tubule, and the red fluorescent cells were apparent in most
tissue sections. Four weeks following the injection, fluores-
cence remained dispersed throughout the kidneys, although
the intensity of the fluorescence had weakened (Fig. 6A).
FITC-labeled WGA was used to visualize the glycoprotein
and sialic acid of cell membranes, and was used to label the
renal tubules in the present study. Using confocal micros-
copy, co-localization of FITC-WGA and PKH26-hMSCs
were observed, demonstrating these cells in the kidney
tubules. Two weeks after the cell injection, 10+£2.1% of

PKH26-labeled hMSCs were demonstrated to be localized to
the renal tubules, as determined by laser scanning confocal
microscopy (Fig. 6B).

Discussion

MSCs are currently used to research organ development and
disease treatment, and these are predominantly derived from
adult bone marrow. It has previously been suggested that MSCs
have multiple roles, which have been investigated in the treatment
of numerous diseases (19); however, the key limitation of using
MSCs in such treatments is the low cell quantity available (20).
The number of MSCs in adult bone marrow is extremely low,
ranging between 0.01 and 0.00001% of human bone marrow
mononuclear cells, according to different donors (21,22).
Furthermore, the quantity and differentiation of MSCs in bone
marrow reduce with increasing age (23). Compared with adult
MSCs, fetal MSC have a high proliferative capability: In iden-
tical in vitro culture conditions, the population doubling time is
32.3+2.5 h in fetal MSCs and 116.6+22 .4 h in adult MSCs (24).
In culture, the number of fetal MSCs can be increased several
million fold without the loss of phenotype such as CDI19,
CD44, Cd166, Cd103, SH3 and SH4 (11). Adult MSCs express
a moderate amount of human leukocyte antigen (HLA)I and
HLAII, while fetal MSCs express extremely low or no HLAI
and do not express HLAII, meaning that the immunogenicity
of fetal MSCs is much weaker (14). Adult stem cell treatment
may cause hyperplasia of the lymphatic system, which is not
induced by fetal MSCs. Fetal MSCs and BMSCs can inhibit
adult peripheral blood lymphocyte (PBL) proliferation induced
by numerous mitogensm such as concanavalin A (ConA), phyto-
haemagglutinin (PHA), Staphylococcus aureus (SpA) and poke
weed mitogen (PWM) (11,15). Therefore, fetal MSC treatment
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Figure 6. PKH26-labeled hMSC dispersal in mouse kidneys. (A) PKH26-labeled hMSC distribution in the kidney, as observed under confocal microscopy,
2 and 4 weeks after hMSC injection. Magnification, x10. Scale bar=300 pm; (B) representative micrographs of kidney tissue after 2 weeks from newborn mice
injected with PKH-26-1abeled hMSCs. White arrows/red fluorescence indicate hMSCs, localized to renal tubules. hMSCs, human embryonic mesenchymal

stem cells. Scale bar, 20 ym.

has some unique advantages, such as an improved proliferative
capacity, phenotype stability and low immunogenicity.
PKH26, a lipophilic emitter of red fluorescence, may be
irreversibly bound to the cell membrane to enable fluorescent
labeling of multiple cell types (25). Importantly,under appropriate
labeling conditions, cell activity is not affected: PKH26 labeling
does not affect cell proliferation and the expression of adhesion
molecules (26,27). PKH26 is therefore an ideal tool to study cell
migration and interactions in vivo and in vitro that is frequently
used in cellular tracking studies (25). Shao-Fang et al (28)
studied the phenotype, differentiation, proliferation, cell cycle
and apoptosis of human umbilical mesenchymal stromal cells
following PKH26 labeling, reporting that no effect on the
above indexes was observed. In the present study, it was also
demonstrated that PKH26 had no significant effect on cell
morphology and proliferation. FACS results demonstrated that
neither hMSCs nor PKH26-labeled hMSCs expressed hema-
topoietic lineage markers but did express mesenchymal cell
markers. hMSCs and PKH26-labeled hMSCs were also able to

differentiate into chondrocytes and adipocytes upon induction.
Together, these analyses suggested that PKH26 labeling did not
alter the MSC characteristics in hMSCs, indicating that PKH26
labeling is an effective way to label live hMSCs.

The limitation of PKH26 labeling is the gradual attenuation
of fluorescence, occurring due to absence of sufficient fluo-
rescent molecules as the cells divide (25,27,29). Ude et al (27)
used PKH26 to label MSCs and adipose-derived stem cells,
revealing that the red fluorescence remained when the cells
were subcultured in vitro to passage 6 at the 49th day, but that
the fluorescence intensity markedly weakened. In the present
study, fluorescence intensity and the number of PKH26-labeled
hMSCs were reduced with time; four weeks after labeling, only
7% of labeled cells were observed. Based on the present results,
the renal localization of PKH26-hMSC was also observed at
2 weeks after the injection.

However, recent studies have demonstrated that BMSCs
from mice and humans may cross lineage boundaries and
form functional components of other tissues, expressing
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tissue-specific proteins in organs such as the heart, liver, brain,
skeletal muscle and vascular endothelium (30-32). Numerous
experiments have also reported that stem cells have a therapeutic
effect when treating glomerular and tubular diseases (1,6). In
previous studies aiming to treat tubular damage with stem cells,
AKTI has been the most widely used disease model; however,
the exact therapeutic mechanism of stem cells in AKI remains
under intensive investigation. For instance, a previous study
demonstrated that stem cells exert their therapeutic effects in
AKI through a paracrine/endocrine mechanism, and that MSCs
produce a variety of cytokines and growth factors (33,34). Other
studies revealed that microvesicles derived from human MSCs
may protect the kidneys from toxic injury through horizontal
transfer of mRNA, RNA-dependent apoptosis resistance and
in vitro proliferation (35,36). Controversy remains, however,
regarding whether MSCs protect the kidney by transforming to
renal tubular epithelium (1,5,6). Several previous studies have
also demonstrated the presence of Y chromosome staining of
tubular epithelial cells in injured kidney transplants from female
donors into male recipients, suggesting that stem cells (SCs)
derived from the male bone marrow migrate and differentiate
into the epithelial cells (37,38). Morigi et al (5) also demon-
strated that the renoprotective effects of BM-derived SC in acute
renal failure are not caused by the hematopoietic stem cells but
the MSCs. Broekema et al (39) demonstrated that the tubular
engraftment of BM-derived cells only occurs dependent on the
severity of renal damage following ischemia-reperfusion injury
and that, when transplanted, these cells acquire an epithelial
phenotype. However, additional previous studies revealed that
there was very little or no tubular incorporation, despite exog-
enous MSCs having a protective effect on kidney injury (40-42).
The reason for such discrepancies between these studies is
unclear, but may be associated with the degree of severity of the
model and the protocols used, the types of stem cells and the
labeling methods.

Morigi et al (43) used human cord blood MSC in a mouse
model of acute renal failure, revealing that the quantity of stem
cells reaching the kidney was very low, and the number of stem
cells located in kidney tubules was lower still; most stem cells
were located in the renal interstitium. In this previous study, there
were 2+0.4x10° stem cells located in the kidney, 5+5% of which
were located in tubules. A previous study from our group (3)
was also in concordance with this result: When VEGF-labeled
hMSCs and hMSCs were used to treat AKI, their localizations
in the kidney were 1.63+0.68 and 1.58+0.77 hMSCs/section,
respectively. In this previous study, most stem cells were located
in the renal interstitium, and only a small quantity of stem cells
was located in the renal tubules. In the present study, hMSCs
were injected into the kidneys of newborn mice, revealing that
10+2.1% of labeled stem cells were localized to tubules, and
that the proportion of MSCs within the renal tubular epithelium
was higher than that in previous studies (3,43). The causes for
the discrepancy between this and previous studies may include
the following: Firstly, nephron development was not completed
within 2 weeks of the birth of mice; secondly, immunogenicity
of stem cells from embryo was reduced such that the trans-
planted stem cells were able to participate in the development of
the renal tubule during this period (44,45). In our previous study,
it was demonstrated that the number of stem cells recruited in
the kidney through intravenous injection was very limited (3). A
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large number of MSCs were observed in other organs besides
the kidney, such as in the liver, lungs and spleen, between 2 h
and 4 days of hMSC infusion. In the current study, numerous
competent cells were implanted through a renal local injection
approach.

Yokoo et al (46) reported that MSC cells differentiate into
kidney structures subsequent to their injection into the rat
intermediate mesoderm at the nephrogenic site of the embryo.
However, after 6 days of injection of MSC in the developing
metanephros, it was revealed that MSC were not implanting into
the renal tubules. The authors therefore concluded that MSCs
required nephrogenic signals to participate in metanephros
development. In the present study, however, MSCs were
revealed to be implanted in tubules 2 weeks after the injection,
which indicated MSC may differentiate into tubular epithelium
during kidney development. The difference in present and
previous outcomes may be attributed to different observation
times following the injection, different animal models and types
of stem cell.

A previous study by Herzog et al (47) reports cell fusion
as a mechanism of BM-derived cell epithelial differentiation,
and Fang et al (48) demonstrated that among BM-derived
cells integrated into the renal epithelium (~10% of the cells), a
number revealed signs of fusion to the renal tubular epithelium.
The present study did not exclude the fusion of hMSCs and
renal tubular epithelium of mice as a potential mechanism, but
multiple previous in vitro and in vivo studies suggest that MSCs
may express specific molecules and aquaporins of tubular
epithelium (48,49).

In conclusion, it was demonstrated that: i) PKH-26 label had
no effect on stem cell proliferation and differentiation ability;
i) hMSCs may participate in kidney development through
differentiation into renal tubular epithelium when the approach
of renal local injection into the kidney of newborn mice was
adopted. In the present study, it was therefore concluded that
hMSCs may be differentiated into renal tubule epithelium
during kidney development.
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