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Identification and isolation of kidney-derived stem cells from
transgenic rats with diphtheria toxin-induced kidney damage
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Abstract. Adult stem cells have been well characterized
in numerous organs, with the exception of the kidneys.
Therefore, the present study aimed to identify and isolate
kidney-derived stem cells. A total of 12 Fischer 344 trans-
genic rats expressing the human diphtheria toxin receptor in
podocyte cells of the kidney, were used in the present study.
The rats were administered 5-bromo-2'-deoxyuridine (BrdU)
in order to detect cellular proliferation. After 60 days, the rats
were treated with the diphtheria toxin (DT), in order to induce
kidney injury. Immunohistochemical analysis indicated that
the number of BrdU-positive cells were increased following
DT treatment. In addition, the expression of octamer-binding
transcription factor 4 (Oct-4), a stem cell marker, was
detected and suggested that kidney-specific stem cells were
present in the DT-treated tissue samples. Furthermore,
tissue samples exhibited repair of the DT-induced injury.
Further cellular culturing was conducted in order to isolate
the kidney-specific stem cells. After 5 weeks of culture, the
majority of the cells were non-viable, with the exception of
certain specialized, unique cell types, which were mono-
morphic and spindle-shaped in appearance. The unique cells
were isolated and subjected to immunostaining and reverse
transcription-polymerase chain reaction analyses in order to
reconfirm the expression of Oct-4 and to detect the expression
of Paired box 2 (Pax-2), which is necessary for the forma-
tion of kidney structures. The unique cells were positive for
Oct-4 and Pax-2; thus suggesting that the identified cells were
kidney-derived stem cells. The results of the present study
suggested that the unique cell type identified in the kidneys
of the DT-treated rats were kidney-specific stem cells that
may have been involved in the repair of DT-induced tissue

Correspondence to: Dr Guang-Ju Guan, Department of
Nephrology, The Second Hospital of Shandong University,
247 Beiyuan Street, Jinan, Shandong 250033, P.R. China

E-mail: guanguangju457@gmail.com

Key words: 5-bromo-2'-deoxyuridine labeling, octamer-binding
transcription factor 4, paired box 2, kidney-derived stem cells,
transgenic rats

injury. In addition, these cells may provide a useful cell line
for studying the fundamental characteristics of kidney stem
cells, as well as identifying kidney-specific stem cell markers.

Introduction

The identification of tissue-specific stem cells is a key aim of
current research and may potentially lead to the development
of treatments for various diseases, including neurodegen-
erative disorders and cardiac diseases (1,2). In addition, stem
cells may have a vital role in the field of regenerative medi-
cine (3). In a previous study, stem cell progeny were shown
to divide at a rapid rate, whereas the turnover time of stem
cells in the bone marrow and skin was comparably slow (4).
Furthermore, stem cells have been shown to contribute to
wound and organ repair processes following injury (5-7).
Adult stem cells and their niches have been well character-
ized in various organs, including the bone marrow, intestines,
skin, gastrointestinal mucosa, liver, prostate and brain (8-12).
A single neural stem cell has been shown to differentiate into
astrocytes, glia and neurons (11). However, the nature and
function of kidney-specific stem cells remain unclear, with
certain researchers doubting the existence of adult stem cells
in the kidneys (13).

Previous studies reported that stem cells in the adult
kidneys of skate and freshwater teleosts were associated
with the formation of nephrons following a partial nephrec-
tomy (14-16). In addition, bone marrow-derived stem cells were
shown to migrate to the kidneys and specialize into tubular
epithelial cells following acute kidney injury (17-21). During
embryonic development, stem cells are present in the meta-
nephric mesenchyme, which is the site of origin of numerous
structures belonging to the mature kidney, with the exception
of the collecting duct, interstitium and vasculature (22,23).
The present study aimed to identify and isolate kidney-derived
stem cells, and to determine their function in the kidneys.
In addition, the expression of octamer-binding transcription
factor 4 (Oct-4) was detected, since it has previously been
shown to be expressed in various types of stem cells, including
embryonic stem cells, primordial germ cells, adult gonads,
and stem cells isolated from umbilical cord blood, the bone
marrow, hair follicles, muscle, skin, breast tissue, pancreas,
liver, amniotic fluid, endothelial progenitor cells and neural
stem cells (24-41).
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Materials and methods

Animals and model establishment. The animal use protocol
in the present study was approved by the Animal Care and
Ethical Committee at the Second Hospital of Shandong
University (Jinan, China). A total of 12 Fischer 344 transgenic
(Tg) rats (age, 3 days; weight, 12.5-13.5 kg), of which half
were female, expressing the human diphtheria toxin receptor
(hDTR; RGD_ID1302921) were used in the present study.
The rats were maintained under a 12-h light/dark cycle,
with ad libitum access to food and water. Kidney injury
was stimulated in nine rats using the diphtheria toxin (DT;
Sigma-Aldrich, St. Louis, MO, USA). The remaining three rats
were used as the control. The minimum lethal dose of DT for
humans has been reported to be 100 ng/kg body weight (42,43).
On the basis of a standardization protocol (42,43), 10 ng/kg
DT concentration was considered sufficient to induce kidney
injury in the Tg rats.

5-bromo-2'-deoxyuridine (BrdU) labeling retention assay
and immunohistochemical analysis. For the BrdU labeling
retention assay, the Tg rats were injected subcutaneously with
50 pug/g/d 5-bromo-2'-deoxyuridine (BrdU; Sigma-Aldrich) for
3 days. At60 days post-BrdU administration, the rats were sacri-
ficed by intraperitoneal injection with 60 mg/kg body weight
pentobarbital sodium (Sigma-Aldrich). Immunohistochemical
analyses was performed to confirm that the BrdU was
successfully incorporated into the rat kidney tissues. In
order to visualize BrdU incorporation, kidney tissue sections
(4 um) were deparaffinized with xylene and hydrated, during
which the glass slides were dipped into isopropyl alcohol
and subsequently hydrated with water (all Sigma-Aldrich).
Endogenous peroxidase was inhibited using 10% methanol
in 1X phosphate-buffered saline (PBS; Sigma-Aldrich), and
DNA was denatured by incubating the tissue sections with
2 N HCl at 37°C for 45 min. Nonspecific staining was blocked
with 2% bovine serum albumin (BSA; Sigma-Aldrich) for
1 h at ambient temperature. The sections were then incubated
overnight at 4°C with mouse anti-BrdU monoclonal antibody
(1:40; B8434; Sigma-Aldrich) and goat anti-oct-4 polyclonal
antibody (1:100; SAB2500713; Sigma-Aldrich). Following
incubation with primary antibody, tissue sections were
washed and incubated with secondary antibodies, including
goat anti-mouse fluorescein isothiocyanate-conjugated immu-
noglobulin (Ig) G heavy and light chains (H&L; 1:10,000;
ab6785; Abcam, Cambridge, UK), donkey anti-goat Texas
Red®-conjugated IgG H&L (1:10,000; ab6883; Abcam)
and donkey anti-mouse Texas Red®-conjugated IgG H&L
(1:10,000; ab6818; Abcam), for 1 h at room temperature. The
prepared slides were mounted with DPX (Sigma-Aldrich) and
observed under an Eclipse Ti-S fluorescent microscope (Nikon
Corporation, Tokyo, Japan). Immunohistochemical analyses,
using anti-Oct-4 and anti-BrdU antibodies, were performed as
described in a previous study (44). In the DT-treated rats, the
rats were injected with 10 ng/kg DT 60 days following BrdU
administration. On day 7 post-DT injection, the DT-treated
rats were sacrificed by intraperitoneal injection with 60 mg/kg
body weight pentobarbital sodium and damage to the kidneys
was observed by analysis of the rat urine with the Trypan blue
dye (Sigma-Aldrich).
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Cell culture experiments. Kidney-derived stem cells were
isolated from the Tg rat kidneys using the following culture
protocol. The rats were sacrificed by intraperitoneal injec-
tion with 60 mg/kg body weight pentobarbital sodium,
after which the kidneys were surgically removed, minced
and partially digested using collagenase in the presence of
a trypsin inhibitor (all Sigma-Aldrich). The resulting cell
suspension was washed and plated in a medium composed
of 58% Dulbecco's modified Eagle's medium-low glucose,
42% MCDB-201 medium, 1 insulin-transferrin-selenium,
BSA (1 mg/ml), 0.05 M dexamethasone, 0.1 mM ascorbic
acid 2-phosphate, 100 U penicillin and 1,000 U streptomycin
with 2% fetal calf serum, 10 ng/ml epidermal growth factor,
10 ng/ml platelet-derived growth factor-BB and 10 ng/ml
leukemia inhibitory factor (all Sigma-Aldrich). The medium
composition used for the present experiment is a slightly
modified version of a medium described in a previous
study (45). The cells were seeded on fibronectin-coated
culture flasks (BD Biosciences, San Jose, CA, USA) at a low
density (300 cells/cm?), to avoid cell-cell contact and cultured
at 37°C in the presence of 5% CO,.

Immunostaining. Kidney-derived stem cells were fixed with
4% paraformaldehyde, permeabilized with Triton X-100
(Sigma-Aldrich) and blocked with 1% BSA in PBS for 1 h.
The cells were incubated with goat anti-oct-4 polyclonal
antibody (1:100; SAB2500713; Sigma-Aldrich) overnight at
4°C. The plates were washed in 1X PBS and incubated with
polyclonal horseradish peroxidase-conjugated rabbit anti-goat
IgG (1:10,000; ab97023; Abcam) for 1 h in the dark at room
temperature. The antibody complexes were visualized using
the 3,3'-diaminobenzidine (DAB) substrate (Sigma-Aldrich).
The processed plates were observed under the Nikon Ti-S fluo-
rescent microscope. In addition, unstained cells were observed
using a phase contrast microscope (ECLIPSE TS100/100-F;
Nikon Corporation, Tokyo, Japan).

Reverse transcription-polymerase chain reaction (RT-PCR)
analysis. Total RNA was isolated from the kidney-derived
cultured stem cells using an RNeasy Mini Kit (Qiagen,
Hilden, Germany) following the standard manufacturer
protocol, and stored at -70°C. RNA was treated with DNasel
(Invitrogen, Carlsbad, CA, USA), and the quality and quan-
tity of the RNA were validated using the NanoDrop 2000
(Thermo Fisher Scientific, Inc., Wilmington, DE, USA),
according to the manufacturer's protocol. Reverse transcrip-
tion was conducted using 0.5 ug total RNA as a template
and the ThermoScript™ RT-PCR System & Platinum® Tag
DNA Polymerase kit (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), according to the manufacturer's
protocol. PCR was performed on 1 ul cDNA using the
following primers: Oct-4, forward 5'-CTGTAACCGGCG
CCAGAA-3' and reverse 5“"TGCATGGGAGAGCCCAGA-3'
(Sigma-Aldrich); Pax-2, the SABiosciences RT2 PCR primer
set (LOC293992; Qiagen Sciences, LLC); and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), forward 5-TGG
AGAGGCCTGCCAAGTA-3' and reverse 5-AAGAGTGGG
AGTTGCTGTTG-3' (Sigma-Aldrich). PCR cycles were run
under standard conditions in the T100™ Thermal Cycler
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) and were as
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Figure 1. 5-bromo-2'-deoxyuridine (BrdU) labeling retention assay. (A) BrdU-treated control Tg rat kidney tissue section. The BrdU-positive cells (red) are
marked with white arrows. (B) BrdU + diphtheria toxin (DT)-treated Tg rat kidney tissue section. DT-treated cells are marked with yellow arrows (scale bar,

50 yum).

Figure 2. Immunohistochemical analysis was performed using anti-5-bromo-2'-deoxyuridine (BrdU) and anti-octamer-binding transcription factor 4 (Oct-4)
antibodies. (A) BrdU-positive cells (white arrows) in the diphtheria toxin (DT)-treated Tg rat kidney section. (B) Oct-4-positive cells (yellow arrows) in the
DT-treated Tg rat kidney sections. (C) Merged image of (A) and (B), showing BrdU- and Oct-4-positive cells (scale bar, 100 ym).

follows: Initial denaturation at 95°C for 10 min, followed by
40 cycles of 95°C for 15 sec and 60°C for 1 min. PCR prod-
ucts were resolved in 2% agarose gel containing ethidium
bromide (both Sigma-Aldrich), and were then observed and
documented using a gel documentation unit (Gel Doc™ EZ
System; Bio-Rad Laboratories, Inc.).

Results

BrdU labeling of Tg rats. The Tg rats were injected subcutane-
ously with 50 pg/g BrdU in order to detect cellular proliferation.
Immunohistochemical analysis at day 60 following BrdU label-
ling suggested that BrdU was successfully incorporated into the
Tg rat kidney tissues, as demonstrated by the co-localization of
anti-BrdU and anti-oct-4 antibodies (data not shown).

Injection of DT toxin. The hDTR was specifically expressed
in the podocytes of the Tg rats. After 60 days, the Tg rats were
injected with 10 ng/kg DT and the presence of dead cells in
the urine was detected on day 7 following DT injection (data
not shown) by staining the urine with the Trypan blue dye.
The numbers of podocytes in the kidney were markedly
depleted following treatment with DT. Kidney tissue samples
were collected at day 10 following DT injection. Day 10 was
selected as the appropriate time to collect the kidney samples
based on the preliminary standardization protocol.

Identification of BrdU and Oct-4 positive cells. Kidney samples
were collected from the Tg rats (including the control rats) and
immunohistochemical analyses were conducted using anti-BrdU
and anti-Oct-4 antibodies. BrdU-positive cells were detected
in the control and DT-treated kidney tissue sections; however,
the number of BrdU-positive cells in the control sections was
markedly decreased, as compared with the DT-treated kidney
sections (Fig. 1A and B). In addition, the DT-treated cells
appeared to be renewed by the BrdU-positive cells (Fig. 1B),
and these results were confirmed by immunohistochemical
detection of Oct-4 and BrdU co-expression. Therefore, these
results suggested that the majority of the BrdU-positive cells
were kidney-derived stem cells, since they also expressed Oct-4
(Fig. 2). These kidney-derived stem cells may be involved in the
restoration or renewal of the injured or depleted cells.

Isolation and culture of kidney-derived stem cells. In order to
isolate the kidney-derived stem cells, kidney samples from the
Tg rat kidneys underwent cell culturing. Following 5 weeks
of culturing, the majority of the cell types were non-viable.
In addition, the cultured cells appeared monomorphic and
spindle-shaped when observed under a phase contrast micro-
scope (Fig. 3A).

Immunostaining and RT-PCR analysis. In order to confirm
that the isolated cells were kidney-derived stem cells,



1654

LIU et al: IDENTIFICATION OF KIDNEY-DERIVED STEM CELLS

Figure 3. Isolation and characterization of kidney-derived stem cells. (A) Isolated and cultured kidney-derived stem cells (yellow arrows) imaged using a phase
contrast microscope. (B) Kidney-derived stem cells subjected to immunostaining with anti-octamer-binding transcription factor 4 antibody exhibiting brown

color signal with 3,3'-diaminobenzidine substrate (scale bar, 10 ym).

Figure 4. Reverse transcription-polymerase chain reaction analysis.
Expression profile of (A) Pax-2, (B) Oct-4 and (C) GAPDH in the isolated
kidney-derived stem cells. The reactions were run in triplicate. PAX-2, paired
box 2; Oct-4, octamer-binding transcription factor 4; GAPDH, glyceralde-
hyde 3-phosphate dehydrogenase.

immunostaining was conducted using the anti-Oct-4 antibody.
The Oct-4 positive cells exhibited a dark brown coloration
following staining with the DAB substrate (Fig. 3B); thus
suggesting that the isolated cells were kidney-derived stem
cells. Furthermore, RT-PCR was performed in order to
confirm whether the Oct-4 positive cells had originated from
the kidneys. Oct-4, Pax-2 and GAPDH mRNA expression was
detected in the cultured cells (Fig. 4). These results suggested
that the cultured unique cells were kidney-derived stem cells.

Discussion

Kidney injury and diseases are current a major health
concern. Regenerative medicine is the key to successful
treatment of those diseases. Basic scientific knowledge of
tissue specific stem cells is essential for the development of
the field of regenerative medicine (19). Adult stem cells and
their niches have been well characterized in numerous organs,
including bone marrow, the intestines, skin, gastrointestinal
mucosa, liver, prostate and brain (8-12). However, the function
of adult stem cells specific to the kidneys remains unclear. In
the present study, kidney-specific stem cells were isolated and
characterized using the stem cell markers Oct-4 and Pax-2.

In order to confirm the presence of kidney-specific stem
cells, the DT toxin was employed in the present experiments.
It is universally known that stem cells are involved in cellular
renewal and compensation when a specific tissue is under
injury or affected by diseases (3). In order to establish a model
of kidney injury, 10 ng/kg DT was administered to the Tg rats.
By contrast, a DT concentration of >50 pg/kg is toxic and
has been shown to result in rat mortality within 10 days (43).
Therefore, it was crucial to standardize the lower minimum
concentration of DT. Furthermore, it has been reported that
a DT concentration of 25 ng/kg resulted in animal survival
durations of up to 28 days (43). Hence, the DT concentration
selected for the present experiment was 10 ng/kg, based upon
careful standardization (43).

A BrdU labeling retention assay was conducted in order
to confirm the presence of kidney-derived stem cells, and the
results clearly indicated that the kidney samples contained
tissue-specific stem cells. However, the signals obtained
by the BrdU labeling retention assay suggested that not
all of the BrdU-positive cells were stem cells. Therefore, to
confirm the results of the preliminary BrdU labeling retention
assay, immunohistochemical analyses were conducted using
anti-Oct-4 and anti-BrdU antibodies. The results of the immu-
nohistochemical analyses indicated that the majority of the
BrdU-positive cells were also Oct-4 positive; thus confirming
that the BrdU-positive cells were stem cells. Therefore, on the
basis of the preliminary data and subsequent immunohisto-
chemistry results, it was concluded that the kidney tissues
contained organ-specific stem cells. Notably, the kidney tissue
depletion caused by 10 ng/kg DT was restored by the prolifera-
tion of the kidney-derived stem cells. This recovery may be
due to the low concentration of DT injected into the Tg rats.

In order to isolate the kidney stem cells, in vitro cell
culturing was performed. Certain cells behaved like stem cells
following a prolonged interval. After 5 weeks of cell culture, the
majority of the cells were non-viable. However, certain unique
cell types were observed in the culture medium that appeared
monomorphic and spindle-like in shape when observed under
the phase contrast microscope. In order to confirm that these
cells were stem cells, immunostaining was conducted using an
anti-Oct-4 antibody. The results of the immunostaining assay
clearly indicated that the unique cell types were stem cells. In
order to validate this, and to confirm that the unique cell types
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were kidney-derived stem cells, RT-PCR was performed. The
mRNA expression profile of Oct-4 and Pax-2 in the unique
cell types were evaluated. Pax-2 is a transcription factor that is
important for kidney development. Both Oct-4 and Pax-2 were
expresssed in the unique cell types; thus suggesting that they
were kidney-specific stem cells. On the basis of these results, it
was confirmed that the unique cell types were kidney-derived
stem cells.

A previous study reported the lack of a definitive marker
for kidney stem cells (13). The identification of kidney-specific
markers is therefore required, which is crucial for the isola-
tion of adult kidney stem cells and the elucidation of their role
within the organ. The unique cells isolated in the present study
may be used to identify accurate kidney-specific stem cell
markers in future studies.

In conclusion, the results of the present study demon-
strated that kidney stem cells may be involved in the
restoration of cells injured by DT. In addition, the unique cell
type was isolated and behaved in a manner resembling that of
kidney-derived stem cells. The characteristic and identity of
the unique cells was identified, and these cells may provide a
useful cell line for studying the fundamental characteristics
of kidney stem cells, as well as identifying kidney-specific
stem cell markers.
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