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Stem Cells and Kidney Disease

Keiichi HISHIKAWADV? and Toshiro FUJITAY?

Functional recovery in acute renal failure is well known, and the adult kidney is generally recognized to have
the capacity to regenerate and repair. Several groups have reported the contribution of bone marrow-—
derived cells in this process, and others have confirmed the existence of adult stem cells in the kidney,
including slow-cycling cells, side population cells, CD133+ cells and rKS56 cells. However, recent data dem-
onstrated that in vivo differentiation of bone marrow—derived cells into renal tubular cells may not occur at
all, or is at most a minor component of the repair process. Moreover, it is now generally accepted that stem
cells and multipotent cells contribute to the regenerative process by producing protective and regenerative
factors rather than by directly differentiating to replace damaged cells. Therefore, for clinical regenerative
medicine in kidney disease, the focus of stem cell biology will shift from multiple differentiation of cells or
cell-therapy to multiple functions of the cells, such as the production of bone morphologic protein-7 and
other regenerative factors. (Hypertens Res 2006; 29: 745-749)
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Introduction

Adult stem cells or organ-specific stem cells were initially
recognized in the hematopoietic system, skin, and intestinal
epithelia, where self-renewal is apparent, but the cells are also
present in organs that do not have rapid rates of cell turnover,
such as the nervous system (/). We can find functional recov-
ery in acute renal failure (ARF), and the adult kidney is rec-
ognized to have the capacity to regenerate and repair.
However, it is still unclear whether this process is mediated
by simple cellular proliferation in situ, or by bone marrow—
derived stem cells or adult/organ-specific stem cells. As dis-
tinct from ARF, successful reversal of chronic renal disease is
limited. However, Fioretto et al. reported reversal of diabetic
nephropathy (2) and Zeisberg et al. reported reversal of
chronic renal injury (3). The important problem to be solved
is whether so-called stem cells or stem cell systems are
involved in these regenerative processes. Although the num-
ber of human kidney transplants has increased, the demand
greatly exceeds organ availability (4). If we can control the
function of stem cells in the kidney and reverse chronic renal

failure, we will not need kidney transplants that require
immunosuppressive regimens. Accordingly, this article will
focus on stem cells in the kidney and their role in kidney dis-
ease.

Stem Cells That May Contribute to
Renal Regeneration

Bone Marrow—Derived Cells

Two human studies have suggested that some bone marrow—
derived cells homing to the kidney could incorporate into the
renal tubules. In the tubules of renal biopsy specimens from
eight male patients transplanted with female kidneys, Poul-
som et al. found Y-chromosome—positive tubular cells within
the tubules that co-expressed epithelial markers (5). How-
ever, the proportion of Y-chromosome—positive tubular cells
ranged from 1.8% to 20%. Gupta et al. reported finding Y-
chromosome—positive tubular cells in renal biopsies taken
from two men transplanted with female kidneys, but the pos-
itive cells made up less than 1% of the tubular cells examined
(6). In an animal study, transplantation of purified mesenchy-
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mal stem cells (MSCs) expressing green fluorescent protein
(GFP) into mice “in the absence of injury” resulted in the
appearance of GFP-positive cells in several organs, including
liver, lung, muscle and kidney (7). In the kidney, GFP-posi-
tive cells were sparsely distributed, being present in only 2 of
13 mice examined at a frequency of 5—10 cells per kidney sec-
tion. In transient renal ischemia and reperfusion models, puri-
fied bone marrow cells transgenically expressing [3-
galactosidase were transplanted, and [B-galactosidase—posi-
tive cells were found in tubular cells. The authors concluded
that bone marrow cells had differentiated into, or fused with,
tubular epithelial cells. On the other hand, Szczypka et al.
failed to detect bone marrow—derived tubular cells in the kid-
ney sections of female mice with folic acid—induced tubular
injury that had been transplanted with male bone marrow (§).
Duffield et al. failed to find examples of bone marrow—
derived renal tubular cells in two mouse models of bone mar-
row transplantation: ischemic renal injury of male-to-female
transplant recipients, and GFP-transgenic bone marrow dona-
tion to wild-type recipients (9). As mentioned above, the con-
flicting results reported by different groups have generated
uncertainty as to whether bone marrow cells actually become
tubular cells in vivo. On the basis of most current data, it
seems that even if adult bone marrow—derived cells retain the
capacity to differentiate into, or fuse with, renal tubular cells,
it is an uncommon event and does not have a predominant
role in the tubule regenerative process (/0).

Adult Stem Cells in the Kidney

As distinct from other tissues, such as bone marrow, it has
been difficult to isolate or confirm the existence of stem cells
in the kidney, although several studies have suggested the
existence of stem cells in the adult renal interstitium.

Slow-Cycling Cells in the Papilla

Adult stem cells are considered to have a slow cycling time
(11-13), and thus Oliver et al. tried to distinguish the cells in
the kidney by measuring the retention of the nucleotide label
bromodeoxyuridine (BrdU), which is incorporated into the
DNA of cells during DNA synthesis (/4). BrdU was adminis-
tered to 3-day-old rat and mice pups. At this age, because
nephrogenesis in rodents continues after birth, many cells in
the kidney were probably dividing and thus could incorporate
BrdU. After a chase period of at least 2 months, during which
the multiple cell divisions required for kidney growth would
have diluted the BrdU content of most cells, incorporation of
BrdU was analyzed in the kidney tissue. Oliver et al. (14)
found that only the interstitium of the renal papilla contained
an abundant population of cells that retained a strong BrdU
signal. They also found that the cells entered the cell cycle
and the BrdU signal quickly disappeared from the papilla in
transient real ischemia models. Moreover, the isolated renal
papilla cells were multi-potent and displayed other character-
istics of adult stem cells, and when they were injected directly

into the renal cortex, the cells incorporated into the kidney
parenchyma.

Side Population Cells

In 1996, Goodell et al. reported a new method of obtaining an
enriched population of hematopoietic stem cells from adult
bone marrow in a single step by Hoechst 33342 staining and
FACS sorting (15). The isolated cells were called side popu-
lation (SP) cells, and the SP phenotype can be used to purify
a stem cell-rich fraction. The SP phenotype is determined by
the BCRP1/ABCG2 gene, and enforced expression of
BCRP1/ABCG?2 prevents hematopoietic differentiation (76).
To determine core genes comprising a stem cell genetic pro-
gram, several comprehensive microarray studies have been
performed (7, 18). However, the number of overlapping
genes among the reports was limited, and BCRP1/ABCG2
was the only gene that was expressed in ES cells, hematopoi-
etic stem cells and neurosphere cells (79). These results sug-
gest that SP cells may play a role as adult stem cells. In fact,
skeletal muscle SP cells (20) may differentiate into endothe-
lial cells (27) and bone marrow—derived SP cells into cardi-
omyocytes, endothelial cells (22) and osteoblast precursors
(23). Recently, Hishikawa et al. found that kidney SP cells
differentiated into multiple lineages in the presence of leuke-
mia inhibitory factor via kidney-specific cadherin 16 (24).
Moreover, the function of kidney SP cells was found to be
regulated by basic helix—loop-helix transcription factor
MyoR, and the cells resided in the interstitial spaces of the
kidney (25).

CD133+ Cells in the Interstitium

CDI133 is a surface marker of endothelial progenitor cells,
hematopoietic progenitor cells and neural stem cells. Busso-
lati et al. reported that CD133-positive cells in the interstitium
of the adult human kidney have characteristics of stem cells
(26). The cells expressed the early nephron developmental
marker Pax2, as well as several markers typical of bone mar-
row stromal cells, but were negative for hematopoietic cell
markers such as CD34 or CD45. By using different culture
conditions, the authors indicated that CD133+ renal cells
might be pluri-potent, having the capacity to differentiate into
either type of tubular cells with the appropriate cues.

rKS56 Cells

In the developing kidney, there are two major distinct areas of
cell proliferation, the nephrogenic zone in the outer cortex
below the renal capsule and the area in the corticomedullary
junction corresponding to the primitive S3 segment of the
proximal tubule (27). Kitamura et al. dissected individual
nephrons from adult rat kidneys, then separated them into
segments and cultured them (28). Outgrowing cells were re-
plated after limiting dilution so that each well contained a sin-
gle cell. In this way, they were able to isolate the cell line
showing the most potent growth, which they designated
rKS56. rKS56 cells expressed immature cell makers relating



to kidney development and mature tubular markers. The loca-
tion of TKS56 cells in kidney tissue is unclear, but rKS56 cells
possessed self-renewal and multi-plasticity, and differenti-
ated into mature tubular cells defined by aquaporinl,2 expres-
sion under different culture conditions.

With the exception of rKS56 cells, all of the above types of
cells were found in the interstitium but it is still unclear
whether these cells are completely different types of cells or
merely the same cells isolated by different methods. More-
over, the multipotency of these cells was evaluated under dif-
ferent conditions, and thus further studies will be required to
conclusively determine the most potent cells that contribute to
kidney regeneration or cell therapy.

Stem/Progenitor Cell Therapy

Therapeutic Potential of Bone Marrow—Derived
Cells

As mentioned above, there are conflicting results as to
whether bone marrow—derived cells play a predominant role
in the tubule regenerative process. However, several studies
have suggested the therapeutic potential of these cells in treat-
ing renal failure. Infusion of 5 x 10° lineage-negative cells at
the time of ischemia-reperfusion resulted in partial improve-
ment (29), but significant protection has been demonstrated
when between 2 x 10° and 5 x 103 purified MSCs were
infused (9, 30). On the other hand, several groups have shown
that the mobilization of endogenous bone marrow—derived
cells is a therapeutic option for ARF. Togel et al. found that
G-CSF with cyclophosphamide that was used to mobilize
hematopoietic stem cells (HSCs) worsened the progression of
renal failure (37), but two groups have found that HSC mobi-
lization with either stem cell factor (SCF) plus G-CSF pro-
tects mice from ARF (32, 33). Iwasaki et al. reported that G-
CSF plus M-CSF accelerated the drop in blood urea nitrogen
(BUN) and creatinine 4 days after cisplatin injection (33). G-
CSF may directly affect cell types other than bone marrow—
derived cells, and it is not clear whether these regimens mobi-
lize bone marrow—derived cells in addition to HSCs, or
whether MSCs are physiologically mobilized to exit the bone
marrow in significant numbers under any conditions. At
present, it seems that the bone marrow probably harbors a
population of poorly understood cells such as endothelial pro-
genitor cells (34) that has a protective effect in animal models
of ARF when infused in large numbers.

Therapeutic Potential of Adult Stem Cells in the
Kidney

Infusion/transplantation of adult stem cells into the kidney,
such as slow-cycling cells, kidney SP cells, and rKS56 cells,
has been shown to augment the recovery from ARF. And
while this suggests that adult stem cells could be used for the
treatment of ARF, it would probably be difficult to reverse
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chronic renal failure (CRF) by infusion/transplantation of
these cells. Because these cells differentiate into multiple lin-
eages, it may be theoretically possible to induce these cells to
kidney precursors in vitro. Rogers et al. (35, 36) and Rogers
and Hammerman (37, 38). reported that transplants of murine
precursors to the adult kidney could be a potential source for
regenerating kidney cells, and a promising solution for the
current shortage of organs for kidney transplantation. More-
over, Dekel et al. demonstrated that human kidney precursors
transplanted into mice differentiate into functional nephrons
and not into other, non-renal cell types (4). The existence of
slow-cycling cells and rKS56 cell has not been confirmed in
humans, but CD133-positive cells and SP cells (Imai et al.,
under submission) exist in human kidney tissue. Taken
together, these results suggest that making kidney precursors
from adult stem cells in the kidney obtained from patients
with CRF is worth trying, and transplantation of such precur-
sors would be an ideal transplantation therapy without rejec-
tion.

Activation of Adult Stem Cells
in the Kidney

The efficacy of cell therapy using bone marrow—derived cells
or adult stem cells has been confirmed in cases of ARF, but
not in cases of chronic renal failure. However, activation of
adult stem cells in situ may reverse chronic renal failure. It is
generally accepted that repair of the tubules after injury is
mediated by the surviving tubular cells. After the injury, these
cells lose their brush borders and dedifferentiate into a more
mesenchymal type. These cells proliferate and eventually re-
differentiate into an epithelial phenotype, completing the
repair process. In this process, it is thought that the local
release of growth factors such as hepatocyte growth factor
(HGF) (39), epidermal growth factor, and insulin-like growth
factor-1 coordinate this process of differentiation, migration,
proliferation, and eventually re-differentiation (40). Zeisberg
et al. showed that, unlike the above factors, bone morphologic
protein (BMP)-7 reverses the transforming growth factor
(TGF)-B1-induced epithelial to mesenchymal transition by
induction of E-cadherin (3). Moreover, they demonstrated
that recombinant human BMP-7 leads to repair of severely
damaged tubular epithelial cells, in association with reversal
of chronic renal injury. These results strongly suggest that
BMP-7 could be a potential therapeutic agent for chronic
renal disease, but its gene expression is retained in only a few
types of adult tissue, most prominently in the kidney, and its
physiologic functions and regulation in the adult kidney are
unknown at present. Recently we showed that retinoic acid
down-regulated MyoR, a basic helix—loop-helix protein, and
augmented the expression of BMP-7 in kidney SP cells (25).
We also found that trichostatin A (TSA) downregulated
MyoR, and augmented expression of BMP-7 in kidney SP
cells and reversed chronic renal dysfunction (47; Imai et al.,
under submission). These results indicate that SP cells play an
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important role in the kidney as generator cells of BMP-7, and
TSA as a stimulator of the cells, in situ, in reversing chronic
renal disease.

Conclusion

Recent studies have demonstrated that stem cells and multi-
potent cells contribute to the regenerative process by produc-
ing protective and regenerative factors rather than directly by
differentiating to replace damaged cells (4/—44). For clinical
regenerative medicine in kidney disease, we believe the focus
of stem cell biology may shift from multiple differentiation of
cells or cell therapy to multiple functions of cells, such as the
production of BMP-7, HGF and other regenerative factors.
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