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Abstract: The existence of adult renal stem cells has long been suspected because the kidney is capable of
regeneration in response to injury, such as acute tubular necrosis (ATN), but their location, or niche, has not been
fully defined yet. The aim of this study was to identify the niche of adult renal stem cells responsible for the
tubular regeneration. The location of label-retaining cells (LRCs) was studied in adult mouse kidneys after
administration of a pulse of bromodeoxyuridine (BrdU) during embryonic period. To study regional participation in
renal tubular regeneration, the expression of the proliferation marker Ki-67 was examined after induction of
unilateral ATN in mouse kidneys. Regional colony-forming capacity was examined using cultured cells derived from
normal mouse and human kidneys and their multipotency was examined in human kidneys. LRCs in adult mouse
kidneys were mostly tubular epithelial cells and concentrated constantly in the outer stripe of the corticomedullary
junction (CMJ). In the ATN model, Ki-67 positive cells were concentrated in the tubular epithelial cells of the outer
stripe, not only in the ATN kidneys but also in the contralateral non-ATN kidneys. High colony-forming capacity was
noted in the CMJ of mouse and human kidneys. Cultured cells derived from a single human CMJ cell revealed
multipotency, differentiating not only into tubular cells but also into glomerular podocytes. These results
demonstrate that the CMJ of the kidney contains label-retaining, renal-repairing, highly colony-forming multipotent
stem cell-like tubular cells, suggesting the CMJ as the niche of adult renal stem cells.
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Introduction

Adult stem cells, the stem cells residing in
adult tissue, possess prolonged self-renewal
capacity and multipotency, and produce
various specialized mature tissue cell types.
They play a major role in maintaining
homeostasis and repairing damaged adult
tissue. Organ-specific adult stem cells usually
reside in a special location, or niche, which is
characterized by well vascularized stroma and
good physical protection. Adult stem cells in
the niche own high proliferative potential and
proliferate actively in response to regenerative
stimuli although they are slow-cycling under
normal condition [1].

The kidney has long been speculated to have
adult stem cells because it can undergo rapid
cell division in response to regenerative stimuli,
such as acute tubular necrosis (ATN). These

renal-repairing cells are thought to be derived
from extrarenal bone marrow stem cells,
intrarenal  adult stem cells, and/or
dedifferentiated tubular cells. Recent evidence
suggests that bone marrow-derived cells may
not make a significant contribution to the
repair of tubular cells, but rather mainly
constitute  inflammatory cells in the
interstitium [2]. Instead, resident cells in the
kidney may be the major source for renal
regeneration, suggesting the existence of
intrarenal adult stem cells [3-5].

The location of adult renal stem cells, however,
has not been clearly defined yet although the
renal papilla has been proposed [6]. The
corticomedullary junction (CMJ) and cortex
may also contain adult renal stem cells, as
shown by the presence of cells bearing the
stem cell specific transcription factor Oct4 in
the CMJ, cells bearing the stem cell marker
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CD133 in the cortex, and CD24/CD133
coexpressing cells in the glomerular parietal
epithelium of the cortex [7-9].

In an attempt to clarify the niche of adult renal
stem cells, we examined the location of label-
retaining cells (LRCs) in adult mouse kidneys
to study the slow cycling property, the location
of proliferating cells in an ATN model and
regional colony-forming capacity to study the
high proliferative potential, and multilineage
differentiation of cultured renal cells to study
multipotency. Our findings show that stem cell-
like tubular cells reside in the CMJ of the
kidney, suggesting the CMJ as the niche of
adult renal stem cells.

Materials and Methods
Mouse and Human Kidneys

CD1 (ICR) mice were supplied by Orient
(Sungnam, Republic of Korea). The normal
portion of human kidneys was obtained from
surgically removed kidneys of four patients
(aged 32, 41, 53 and 56 years). The animal
study was approved by the Institutional Animal
Care and Use Committee of Asan Institute for
Life Sciences, Asan Medical Center, Seoul,
Republic of Korea, which abides by the

Institute of Laboratory Animal Resources guide.

The human study was approved by Asan
Medical Center Institutional Review Board.

BrdU Labeling of Mice

BrdU (Sigma-Aldrich, St Louis, MO) was diluted
in phosphate-buffered saline (PBS) and
injected subcutaneously at a dose of 50 ug/g
into the posterior neck of pregnant CD1 mice,
twice daily for 3 days, beginning on embryonic
day (E) 11, or E17. The kidneys were harvested
at 2 months and 6 months. At least 3 mice
were used at each time point. PBS-injected
mice were used as negative controls.

Histology and Immunohistochemistry

Kidney specimens were fixed in 10% buffered
formalin, embedded in paraffin, and cut into 4
pm thick sections. Immunohistochemical
staining was performed using anti-BrdU
(Amersham, Piscataway, NJ) and anti-Ki-67
(Neomarkers, Fremont, CA) antibodies with a
universal secondary antibody kit (iView™DAB
detection kit, Ventana Medical Systems, Inc.
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Montmorency, Australia). Diaminobenzidine
was used as a chromogen and the tissues
were counterstained with hematoxylin or
Periodic acid-Schiff (PAS) staining. The
numbers of LRCs in ATN and age-matched
normal kidneys were counted in 8 consecutive
CMJ areas adjacent to arcuate vessels at x
400 magnification. The number of 8 was the
least number of arcuate vessels in the largest
coronal section of the kidneys.

Transient Ischemic Acute Tubular Necrosis

BrdU- or PBS-injected 2-month-old CD1 mice
were anesthetized by intraperitoneal injection
of 80 mg/g ketamine and 16 mg/g xylazine.
The left renal pedicle was clamped for 45
minutes to induce unilateral transient ischemic
ATN and then the mice were returned to the
cages. Two days later, both right and left
kidneys were harvested. The non-clamped
right kidneys were used as controls. The
experiment was repeated two times and at
least 4 mice were used at each experiment.

Cell Culture

The kidneys of four 2-month-old CD1 mice and
adult human were grossly dissected into three
portions (cortex, CMJ including medulla, and
renal papilla) and four portions (cortex, CMJ,
medulla, and renal papilla), respectively. Cells
were cultured using a previously described
procedure with modifications [6]. Briefly, the
dissected tissues were placed in HBSS
containing penicillin/streptomycin on wet ice,
minced, and washed. Each sample was
digested with 2 mg/mL collagenase |
(Worthington Biochemical Corp., Lakewood,
NJ) while being shaken at 175 rpm in a 37°C
shaker for 1 hour. The samples were filtered
through 20uM nylon mesh (Spectrum,
Gardena, CA) to exclude glomeruli and prepare
single dispersed tubular epithelial cells. The
dispersed cells were plated on plastic culture
dishes, containing DMEM/Ham F12 medium,
penicillin/streptomycin, and 10% fetal bovine
serum and maintained at 37°C with 5% COa2.
The dispersed cells were plated on 60 mm
plastic culture dishes at a density of 1 x 10°
cells for the study of colony-forming activity.
For the study of multilineage differentiation,
cells were plated as single cells on 96 well
plates and then cells of one colony were
subcultured.
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Immunocytochemistry

Cells were fixed in methanol for 20 minutes
and treated with 5% skim milk for 1 hour. The
cells were incubated with primary antibodies
overnight at 4°C and then with FITC- or TRITC-

E17,2 mo
BrdU

E17,6 mo
BrdU

Cortex CcMJ

conjugated secondary antibodies for 1 hour at
room temperature. The following primary
antibodies were used: anti-aquaporin-5 (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-
cytokeratin-multi  (Neomarkers), and anti-
podocin (Sigma-Aldrich). After mounting with

Medulla Papilla

Figure 1 Distribution patterns of LRCs in adult mouse kidneys. After injection of BrdU for 3 days beginning on E17,
the location of BrdU-positive LRCs was examined immunohistochemically in 2-month-old (a-h) and 6-month-old (i-
p) mouse kidneys. The second (e-h) and fourth (m-p) rows are counterstained by Periodic acid-Schiff (PAS) staining
and represent high magnifications of the first and third rows, respectively. Original magnifications were x 400 (a-d

and i-l) or x 1000 (the others).
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4’ 6-diamidino-2-phenylindole dihydrochloride
(DAPI)-containing mounting media, fluorescent
signals were detected with a fluorescence
microscope (Olympus, Center Valley, PA).

Statistics

Data was reported as mean % standard
deviation of  triplicate determinations.
Statistical comparisons were based on one-
way analysis of variance. A probability value of
less than 0.05 was considered statistically
significant.

Results

The Distribution Patterns of LRCs in Adult
Kidneys

To label the DNA of prospective adult renal
stem cells, we injected a pulse of the
thymidine analogue BrdU into mouse embryos
during metanephric nephrogenesis from E17
to E19. As differentiating cells undergo
multiple cell divisions  during  renal
development and growth, their BrdU is diluted
and undetectable in the adult. In contrast,
since adult stem cells are slow cycling, they
retain BrdU for a long time and present as
LRCs in the adult. After the BrdU
administration during embryonic periods, we
waited up to 6 months and then studied the
location of LRCs in mouse kidneys.

The kidneys of 2-month-old mouse littermates
revealed a concentration of LRCs in the outer
stripe of the CMJ and the renal papilla (Figures
1a, f, d and h). Most of the LRCs in the CMJ
were tubular cells, among which most showed
abundant cytoplasm with prominent PAS-
positive brush borders and the others with
inconspicuous brush borders. In contrast,
most cells in the renal papilla including
epithelial cells, endothelial cells, and
interstitial cells were present as LRCs. LRCs
were also scattered in the interstitium,
glomerular mesangium and visceral and
parietal epithelia of Bowman’s capsule, and
tubules of the cortex and medulla (Figures 1a,
c,eand g).

The kidneys of 6-month-old littermates
revealed a similar distribution pattern of LRCs
but with marked decrease in their number and
intensity, especially in the renal papilla. LRCs
were concentrated in tubules of the outer
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stripe of the CMJ (Figures 1j and n) whereas
only a few LRCs were noted in the renal papilla
(Figures 1l and p). Most tubular cells in the
CMJ had prominent PAS-positive brush borders
and the others with inconspicuous brush
borders (Figure 1n). Only a few LRCs were
scattered in the cortex and medulla (Figures 1i,
k, m, and 0). These results show that LRCs
were concentrated constantly in the CMJ and
most of them were tubular epithelial cells.

Distribution Patterns of Proliferating Cells and
LRCs in ATN- and Non-ATN Kidneys

In ATN-induced kidneys, adult renal stem cells
may actively proliferate to repair the injured
tubules. To study the regional proliferating
activity during renal repair, unilateral transient
ATN was induced by clamping left renal vessels
of four 2-month-old mice. They had been
injected with BrdU at the beginning of
metanephric nephrogenesis (E11~E13) in an
attempt to label adult renal stem cells more
specifically. Bilateral kidneys were harvested 2
days later after the clamping and then the
distribution patterns of Ki-67-positive
proliferating cells and LRCs were studied.

The left ATN kidney was markedly congested
macroscopically compared to the contralateral
right non-ATN kidney (Figure 2a). On
microscopic examination, the renal tubular
cells demonstrated pathologic features of ATN,
including diffuse tubular epithelial
degeneration, necrosis, and detachment from
the underlying basement membrane. These
features were more prominent in the CMJ and
cortex than the medulla and renal papilla
(Figures 2b-f).

Two of the four left ATN kidneys showed a
concentration of Ki-67-positive tubular cells as
a broad band in the outer stripe of the CMJ
(Figures 2h and i), with occasional Ki-67-
positive cells in the cortex (Figure 2g). The
other two left ATN kidneys showed high Ki-67
expression both in the CMJ and cortex (data
not shown). Only a few Ki-67-positive cells
were present in the medulla and none in the
renal papilla of all four ATN kidneys (Figures 2j
and K). Interestingly, the right non-ATN kidneys
also demonstrated a Ki-67 expression pattern
similar to those of the left ATN kidneys, i.e., a
concentration of proliferating cells as a broad
band in the outer stripe of the CMJ (Figures
2m and n). The mean number of Ki-67-positive
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Figure 2 Regional proliferating activity and LRCs in ATN and non-ATN kidneys. After induction of unilateral
transient ATN by clamping the left renal vessels of 2-month-old mice which were injected with BrdU for 3 days
started on E11, the macroscopic findings (a), histologic features (PAS staining, b-f), and the distribution patterns
of Ki-67 positive cells (g-p) and BrdU-positive LRCs (g-z) were studied in ATN (a-k and v-z) and non-ATN (a, I-p)
kidneys and age-matched normal kidney (g-u). The left ATN kidney (a) and LRCs (s and x) are indicated by arrows.
Original magnifications were x 1000 (d, i, n, s, and x) or x 400 (the others).
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Figure 3 Regional colony-forming capacity of mouse (a-c) and human (d-f) kidneys. After macroscopic dissection of
adult mouse (a-c) and human (d-f) kidneys into 3 portions (cortex, CMJ and medulla, and renal papilla) and 4
portions (cortex, CMJ, medulla, and renal papilla), respectively, regional tubular cells were plated at the same cell
density, and then the morphology (b, €) and colony numbers (¢, f) were studied. Results shown are representative
of mouse experiments performed in triplicate and human experiments performed in quadruplicate. Original

maghnifications were x 40 (b and e).

cells in the right non-ATN kidneys was 48% of
those in contralateral left ATN kidneys. These
results demonstrate that tubular cells of the
outer stripe of the CMJ participate in the renal
repair through active cell proliferation.

A few LRCs were present in the tubules of CMJ
adjacent to the arcuate vessels and many in
the renal papilla in 2-month-old normal mouse
littermates on which vascular clamping
procedure was not performed (Figures 2qg-u).
Both left ATN and right non-ATN kidneys of age-
matched mice also showed residual LRCs in
the tubules of CMJ (Figures 2w and x). The
numbers of LRCs in the CMJ tended to be
decreased in the ATN kidneys compared to
those of age-matched normal kidneys (80.7+
28.9 versus 102.3 + 50.0), but this difference
was not statistically significant. In contrast,
LRCs in the renal papilla of the ATN kidneys
were similar or increased (Figures 2u and z).

We performed double immunostaining of Ki-67
and BrdU on the ATN kidneys to investigate a
co-localization of proliferating cells and LRCs.
Except for a few cells, most Ki-67-positive cells
did not co-localize to the LRCs (data not
shown).
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Regional Colony-forming Capacity of the
Kidneys

Adult stem cells, including epidermal stem
cells of the skin, possess high colony-forming
capacity in cell culture [10].

To determine regional colony-forming capacity,
mouse kidneys were dissected macro-
scopically into 3 portions: cortex, CMJ and
medulla, and renal papilla (Figure 3a). On
histologic examination, the CMJ and medullar
portion included the juxtamedullary cortex, the
outer and inner stripes of the outer medulla,
and the inner medulla (data not shown).
Tubular epithelial cells were isolated from each
portion and plated at the same cell density.
Most of these cells were polygonal in shape
and grew into well-formed colonies (Figure 3b).
The CMJ and medullar portion formed higher
numbers of colonies than the other portions
(Figure 3c, p = 0.03). Moreover, the CMJ and
medullar portion retained well-formed colonies
as late as 3 months after the plating, whereas
those derived from the other portions vanished
due to senescence (data not shown).

To extend these findings into the human, we

Int J Clin Exp Pathol (2008) 1, 232-241
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Figure 4 Multipotency of tubular epithelial cells of the CMJ. Cells derived from a single human CMJ cells were
double immunostained with cytokeratin (CK) and aquaporin 5 (AQP-5) (a-¢), cytokeratin and podocin (d-f), and
podocin and aquaporin 5 (g-i). Nuclei were stained with DAPI (blue). The images of the third column are merged
images of the first and second columns. Arrows indicate granular membranous staining of podocin (e, f, g, i).

Original magnifications were x 400 (a-i).

dissected normal adult human Kkidneys into
four portions: the cortex, CMJ, medulla, and
renal papilla (Figure 3d). Tubular epithelial
cells were isolated from each portion and
cultured at the same cell density. The CMJ
included the juxtamedullary cortex and the
outer and inner stripes of the outer medulla on
microscopic examination (data not shown).
Similar to the mouse kidneys, the CMJ portion
of human kidneys, on average, formed higher
numbers of colonies than the other portions
(Figure 3f, p = 1.5 x 108). These findings
indicate that the CMJ of adult mouse and
human kidneys possesses high colony-forming
cells.

Multipotency of CMJ Cells

One of the important characteristics of adult
stem cells is multipotency. We therefore
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studied the expression of various
differentiation markers, an epithelial marker
cytokeratin, a distal tubule marker aquaporin-5,
and a glomerular podocyte marker podocin, on
cultured cells derived from a single human
CMJ cells. As expected the cells expressed
cytokeratin  strongly and  co-expressed
aquaporin-5 (Figures 4 a-c). The cytokeratin
positive cells also co-expressed podocin.
Similar to the normal kidney, in which it is
expressed in the slit diaphragm of the
podocyte cell membrane, the podocin was
expressed not only in the cytoplasm but also in
the cell membrane as a dot-like pattern
(Figures 4d-f and g-i). Cells also co-expressed
podocin and aquaporin-5 (Figures 4g-i). They
did not express smooth muscle actin, a marker
of smooth muscle cells and fibroblasts and
NeuN, a neuronal marker (data not shown).
Cultured human renal papilla cells also
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expressed cytokeratin, aquaporin 5, and
podocin (data not shown). These results
demonstrate that tubular epithelial cells of the

CMJ are capable of multilineage differentiation.

Discussion

Here we demonstrate that the CMJ of the
kidney contains label-retaining, renal-repairing,
highly colony-forming, multipotent stem cell-
like tubular cells. Our results suggest that the
CMJ might be the niche of adult renal tubular
stem cells in mouse and human.

The renal papilla has been suggested as a
niche of adult renal stem cells based on the
identification of LRCs in the renal papilla of
adult mice and rats after injection of BrdU into
3-day-old mouse and rat pups [6]. The
previous study showed that LRCs were mostly
interstitial cells of renal papilla and observed
as late as six months. We also noted abundant
LRCs in the renal papilla of 2-month-old mouse
littermates, some of which were interstitial
cells. However, LRCs in the renal papilla were
markedly decreased in the 6-month-old mouse
littermates whereas many LRCs were
remained in the tubules of the CMJ in our
study. The discrepancy might be attributed to
the BrdU injection time: late metanephric
nephrogenesis in the previous study but early
in our study. The metanephros, the anlage of
adult mammalian kidney, originates during the
5th week of human gestation and during E11
in mouse development. Metanephric renal
development accompanies morphological and
functional maturation, forming urine as early
as the 5th week of human gestation. The renal
papilla is shown to be well formed early in
embryonic kidneys and similar to the state of
differentiation of mature kidneys by 13th to
14th weeks of human gestation [11, 12].
Because differentiated renal tubular epithelial
cells do not actively proliferate under normal
conditions, we assumed that tubular LRCs in
adult kidneys may represent stem cells or
differentiated cells derived from long-lived
committed progenitors present at the time of
the BrdU injection. We therefore injected a
pulse of BrdU at the beginning of (E11 - E13)
and during early metanephric nephrogenesis
(E17 - E19). Our study showed that tubular
LRCs resided in the CMJ constantly as late as
6 months whereas those of renal papilla were
abundant in 2-month-old mouse kidneys but
markedly decreased in 6-month-old mouse
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kidneys. The findings suggest that the CMJ is
the niche of adult renal tubular stem cells,
which is also supported by the concentration
of proliferating tubular cells in the CMJ of ATN
kidneys and its high colony-forming capacity.

It has been well known that active proliferation
occurs in the outer stripe of the CMJ in ATN
kidneys. Since the proliferating cell nuclear
antigen (PCNA), a G1-S transition marker, is
detected primarily in the S3 proximal tubules
in this area, it has been speculated that
surviving cells of the outer medulla after an
ischemic injury undergo active cell division and
suggested that the S3 epithelial cells are the
progenitor cells [13, 14]. In addition, c-Fos, an
immediate-early response gene protein, and
p21, a cyclin kinase inhibitor maximally
expressed in G1 phase, are expressed in the
outer stripe of the outer medulla [13, 15]. In
agreement with these reports, we found that
Ki-67 expression, indicative of proliferating
activity, was most prominent in the outer stripe
of the CMJ.

The CMJ of contralateral non-ATN kidneys also
showed high proliferating activity in ATN-
induced mice. This finding strongly suggests
that adult renal stem cells reside in the CMJ.
This also indicates that cells of the CMJ can
respond to endocrine-induced regenerative
stimuli even without direct injury. Growth
factors, such as epidermal growth factor (EGF),
insulin-like growth factor (IGF), and hepatocyte
growth factor (HGF), are shown to enhance
renal tubular regeneration and accelerate
recovery of ATN kidneys [16-18]. HGF levels
are also known to be increased in uninjured
tissues like liver, lung, spleen and contralateral
kidney and in plasma as well [19]. These
growth factors may act as the endocrine
mediators. Interestingly, the mean number of
proliferating cells in non-ATN kidneys was
about half that of ATN kidneys, suggesting that
the proliferating capacity of the CMJ is
augmented by direct stimuli like ATN.

Because adult stem cells may actively
proliferate to repair injured tissue, we expected
a decrease of LRCs in the CMJ of ATN kidneys
due to dilution of BrdU and a co-localization of
Ki-67 positive cells to LRCs. The LRCs tended
to be decreased in the CMJ of ATN kidneys
compared to those of age-matched normal
kidneys; however, the decrease was not
statistically significant. Most of the Ki-67
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positive cells did not co-localize to the LRCs.
The LRCs were present in the outer stripe of
the CMJ especially adjacent to arcuate vessels
whereas the Ki-67 positive cells were present
as a broad band in the outer stripe of the CMJ.
The lack of co-localization may represent
dilution of BrdU due to antecedent cell
divisions because the kidneys were harvested
2 days after the ATN induction. It may also be
explained by the migratory property of stem
cells. For example, corneal stem cells in the
limbus undergo centripetal migration to the
center of the cornea [20]. Epidermal stem cells
in the hair bulge also migrate upward to
replenish the epidermis and sebaceous glands
and downward to generate hair [10]. The
migration of tubular epithelial cells has been
reported when tubular necrosis was induced
[21]. Therefore, further studies using a more
number of mice and examination of kidneys at
multiple time points after ATN induction might
explain the discrepancies.

The locations of adult stem cells are generally
characterized by good physical protection from
external injury and the presence of well
vascularized stroma like the hair bulge and
corneal limbus of skin and cornea stem cells,
respectively [1]. The CMJ, which is located in
the mid portion of the kidney, may be
physically well protected from external injury
such as vesicoureteral reflux. It has been
reported that the outer medulla of the CMJ is a
major target of hypoxic injury due to regional
hypoxia and the presence of tubules
vulnerable to hypoxia, including the S3
proximal tubules and the thick ascending limb.
Protection from hypoxic injury, however, has
been reported in tubules surrounding the
arcuate and interlobular arteries in the outer
medulla of the CMJ [22]. We found that LRCs
were concentrated in the outer stripe of the
outer medulla of the CMJ, especially in the
area surrounding the arcuate vessels, where
both good physical protection and vascular
supply might be provided.

The co-expressions of cytokeratin, aquaporin 5,
and podocin but the absence of expression of
smooth muscle actin and NeuN in the CMJ-
derived cells suggest that their differentiation
potential is restricted to nephron components
in the conventional culture condition. The
colonies derived from a single CMJ cells were
morphologically polygonal and immuno-
cytochemically strongly positive for cytokeratin
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but negative for smooth muscle actin. This
finding supports the idea that the colonies
were derived from tubular epithelial cells and
exclude participation of glomerular and
stromal cells in the colony formation.

In summary, our results suggest that adult
renal stem cell-like tubular cells reside in the
CMJ, especially in the outer stripe. However,
further studies are required for their
confirmation as stem cells: isolation of viable
LRCs from the CMJ and demonstration of their
self-renewal capacity, asymmetric replication,
and multipotency. We hope additional studies
may lead to the identification of specific
surface marker(s) and eventually their clinical
applications.
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