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Plotkin, Matthew D., and Michael S. Goligorsky. Mesenchymal
cells from adult kidney support angiogenesis and differentiate into
multiple interstitial cell types including erythropoietin-producing fi-
broblasts. Am J Physiol Renal Physiol 291: F902-F912, 2006. First
published April 18, 2006; doi:10.1152/ajprenal.00396.2005.—Mesen-
chymal cells have been isolated from embryos and multiple adult
organs where they may differentiate into various connective tissue cell
types and provide paracrine support for surrounding cells. With the
use of a technique for culturing multipotent mesenchymal cells from
adult tissues, a fibroblast-like cell clone (4E) was isolated from adult
mouse kidney. 4E cells were able to differentiate along multiple
mesodermal lineages including cell types located in the renal inter-
stitium such as fibroblasts and pericytes. Coculture of 4E cells with
ureteric bud and epithelial cell lines and analysis of resulting changes
in gene expression revealed that these cells support angiogenesis and
tubulogenesis and expressed genes characteristic of embryonic renal
stromal cells. Following subcapsular injection after unilateral ische-
mia-reperfusion in adult mice, 4E cells migrated to a peritubular
interstitial location and expressed interstitial cell markers, whereas
cells injected in control kidneys remained stationary. Incubation in
hypoxic or anoxic conditions resulted in erythropoietin expression in
a small subset of ecto-5'-nucleotidase-positive cells and resulted in
increased vascular endothelial growth factor expression in the same
cell population. Our findings suggest that the adult kidney may
contain interstitial mesenchymal cell progenitors with embryonic
stromal cell characteristics that are able to provide paracrine support
for surrounding vessels and tubular epithelial cells and differentiate
into erythropoietin producing fibroblasts.

fibroblast

MESENCHYMAL CELLS ARE CHARACTERIZED by their fibroblast-like
morphology, extension of filopodia, and invasive motility (11).
During embryonic development, they are derived from epithe-
lial-to-mesenchymal transformation (EMT) and provide the
fibroblasts, connective tissue, and extracellular matrix that
model the developing tissue. Following migration to target
areas throughout the embryo, these cells differentiate into
numerous cell types including osteoblasts, smooth muscle,
endothelial cells, adipocytes, and chondrocytes and/or induce
differentiation of other cells through production of matrix
proteins and paracellular signaling factors (11). In the adult,
mesenchymal cells are located within the interstitium or stroma
of all organs and retain at least part of their embryonic
plasticity. In these organs, mesenchymal cells may serve as
fibroblast precursors that provide the extracellular matrix and
cytokines necessary for epithelial homeostasis and regenera-

tion and repair following injury (33). Mesenchymal cells can
be easily cultured from adult tissues using various methods that
are based on cell adherence to a solid surface. Numerous in
vitro studies demonstrated their potential to mediate repair of
injured tissue. A trophic or support role for bone marrow
mesenchymal cells infused following kidney injury has also
been shown (38). Whether a population of resident mesenchy-
mal or stromal cells with similar characteristics exists within
the adult kidney interstitium that can support kidney repair
remains unknown.

Despite increasing knowledge about the origin and differen-
tiation of kidney epithelial cells, little is known about the
differentiation of the various renal interstitial cell types. During
embryogenesis, the kidney contains a population of mesenchy-
mal cells that form a stroma surrounding developing tubules
and glomeruli. These stromal cells express a unique set of
transcription factors and secrete growth factors responsible for
nephron induction and differentiation (5). These cells subse-
quently form the interstitium of the adult kidney that includes
various cell types such as cortical and medullary fibroblasts,
endothelium, pericytes, and dendritic cells (2). After kidney in-
jury, interstitial cells provide support for epithelial repair and may
assume an immature phenotype, recapitulating their role during
development (12). Based on studies from other tissues, mesen-
chymal cells isolated from adult kidney may be closely related to
or identical to stromal cells identified during development and
therefore reside within the peritubular interstitial space.

With the use of a method developed for culture of mesen-
chymal cells from skeletal muscle and bone marrow (39), a
fibroblast-like cell line with embryonic kidney stromal charac-
teristics was isolated from adult mouse kidney. The following
results demonstrate that these fibroblast-like cells are able to
support angiogenesis and in vitro tubulogenesis and express
many of the genes important for stromal cell function during
development. In response to hypoxia, these cells increase
production of vascular endothelial growth factor (VEGF) and
express erythropoietin (EPO). Evidence is presented that these
cells may be useful for further studies of renal stromal cell
differentiation, factors affecting renal EPO production and
mesenchymal-epithelial and endothelial interactions that may
be important for normal kidney homeostasis and repair.

METHODS

Isolation and culture of mouse kidney mesenchymal cells. Cells
were isolated from kidneys of 2-mo-old female FVB/NJ mice trans-
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genic for green fluorescent protein (GFP) linked to the Tie-2 promoter
(26) using a protocol developed by Young et al. (21). Mice were
treated according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Kidneys were minced and
digested with collagenase (250 U/ml) and dispase (33.3 U/ml) at 37°C
to a single-cell suspension and plated on 1% gelatin-coated dishes in
EMEM (Invitrogen, Carlsbad, CA) with 10% preselected horse serum
(Gem Biotech, Woodland, CA) plus antibiotics. Nonadherent cells
were removed after 48 h. Following confluence, cells were filtered
through a 20-pwm Nitex filter and slowly frozen to —80°C in 7.5%
DMSO. Cells were thawed and grown to confluence. The freeze-thaw
cycle was repeated to further remove remaining differentiated cell
types as described (39). Individual cell clones were isolated using
cloning cylinders and grown to confluence. Serum-free medium con-
sisted of DMEM/F12 (Invitrogen) with insulin, transferrin and sele-
nium, hydrocortisone (10~ M), thyroxine (10~° M), PGE, (25
ng/ml; Sigma, St. Louis, MO), and TGF-a (5 ng/ml; Peprotech, Rocky
Hill, NJ).

Hypoxic cells were cultured in 2% O, with 5% CO, and 93% N,
using a controlled atmosphere chamber and O» analyzer (ProOx 110,
Reming Bioinstruments, Redfield, NY). Anoxic cells were cultured
using BBL GasPak anaerobic pouches (BD, San Diego, CA).

Analysis of surface antigen expression by flow cytometry. Cell
surface antigen expression was analyzed with a FACSCalibur ma-
chine (BD); 1 X 10° cells in PBS with 2% FBS (Invitrogen) and
0.01% NaNs were incubated for 30 min at room temperature with
PE-conjugated antibodies (BD) against Sca-1, CD34, c-Kit, Flk-1, and
CD45. Control cells were labeled with PE-conjugated isotype-specific
antibodies at equal concentration. Data analysis was performed with
Cell Quest software. Each analysis included at least 5,000 events and
was performed on cells from at least three separate preparations.

In vitro differentiation assays and use of recombinant cytokines
and growth factors. Confluent cells were grown in serum-free medium
with addition of the following cytokines and growth factors: recom-
binant murine N-Sonic hedgehog (Shh; R & D Systems, Minneapolis,
MN), recombinant murine FGF-2 (50 ng/ml), and TGF-1 (5 ng/ml;
Peprotech). For coculture with rat ureteric bud (RUB-1) cells (gift of
Dr. A. Perantoni), cultures were grown in serum-free medium as
previously described (26).

Immunofluorescent and immunohistochemical staining. Cells were
fixed with 4% paraformaldehyde or methanol at —20°C for 10 min.
Immunohistochemical staining was performed using a DAB-strepta-
vidin kit (Dako, Carpinteria, CA) according to the manufacturer’s
instructions. Immunofluorescence was performed by blocking cells
with 10% goat serum and 0.1% Tween 20 in PBS followed by
incubation with primary antibodies overnight at 4°C. Following
washes with PBS, cells were incubated with FITC or Texas red-
conjugated goat secondary antibodies (Jackson Immunoresearch,
West Grove, PA). Primary antibodies used were: mouse monoclonal
anti-a smooth muscle actin (1:250; clone 1A4, Dako), goat polyclonal
anti-CD31 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), rat
monoclonal MOMA-2 (1:50; Serotec, Raleigh, NC), mouse monoclo-
nal anti-calponin (1:100; clone hCP, Sigma), monoclonal anti-vimen-
tin (1:100; clone LN-6, Sigma), rabbit polyclonal anti-Flk-1 (1:100;
Santa Cruz Biotechnology), goat polyclonal anti-Flt-1 (1:100; Santa
Cruz Biotechnology), rabbit polyclonal anti-EPO (1:100; Santa Cruz
Biotechnology), rabbit polyclonal anti-ZO1 (1:100; Zymed, Carlsbad,
CA), mouse monoclonal anti-pan cytokeratin clone (1:100; Sigma),
rat monoclonal anti-tenascin (1:100; clone MTN-12, Sigma), rat
monoclonal anti-5'-NT (1:50; BD), and rabbit polyclonal anti-
S100A4 (1:100; Dako). Control sections were labeled without primary
antibody and addition of normal goat or rabbit IgG.

RNA isolation and semiquantitative PCR. Total RNA was isolated
from cells using RNeasy Mini Columns (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. RNA was DNase-1
treated with an on-column system to remove residual genomic DNA.
cDNA was prepared from 2 g of RNA with AMV reverse transcrip-
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tase (Roche, Indianapolis, IN). Semiquantitative PCR was performed
using 18S RNA internal standards (Ambion, Austin, TX) using cycle
numbers previously determined to amplify products within the linear
range. The following PCR primers were used for amplification: VEGF
receptor 2 (Flk-1) forward 5'-AGAACA CCAAAA GAGAGGAACG
and reverse GCACACAGGCAGAAACCAG TAG-3', Pod-1 for-
ward 5'-AGGAGTTTGGAACTTCCAACGAGA-3" and reverse
5'-TCTCGTACTTGTCGTTGGC CAGGA-3', retinoic acid receptor
b2 forward 5'- GATTCTGGGCTGGGAAAAAG-3' and reverse
5'-CGGTGTAGAAATCCA GGATC-3', patched forward 5'-
CTCAGGCAATACGAAGCACA-3’ and reverse 5'-GACAAG-
GAGCCAGAGTCCAG-3', BMP4 forward 5'-TGTGAGGAGTTTC-
CATCACG-3" and reverse 5'-TTATTCTTCTTCCTGGACCG-3',
EPO forward 5'-GAGGCAGAAAATGTCACGATG-3" and reverse
5'-CTTCCACCTCCATTCTTTTCC-3', BF-2 forward 5'-TATGCT-
GCAACCCTGACTTG-3" and reverse 5'-AAACGCTGGACCTGT-
GAATC-3', PDGFBR forward 5'-AGCTACATGGCCCCT-
TATGA-3' and reverse 5'-GGATCCCAAAAGACCAGACA-3'".

Western blot analysis. Cells were lysed with RIPA buffer (20 mM
Tris, pH 7.8, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
SDS, 1% sodium deoxycholate, 1 mM NaF, and 1 mM orthovanadate)
with Complete Mini protease inhibitors (Roche). Protein concentra-
tion was determined using a Bradford assay (Bio-Rad, Hercules, CA).
Equal amounts of protein were separated in 4—-20% Tris-glycine gels
(Invitrogen) and transferred to Immobilon-P membranes (Millipore,
Bedford, MA). Following blocking with PBS/5% nonfat dry milk,
membranes were incubated with the following primary antibodies:
mouse monoclonal anti-Calponin (1:2,000; Sigma), mouse monoclo-
nal B-tubulin and B-actin (1:3,000; Sigma), goat polyclonal anti-
erythropoietin (1:700; R&D Systems), goat polyclonal anti-CD31
(1:200; Santa Cruz Biotechnology), rat monoclonal MECA-32 (1:300;
Developmental Hybridoma Bank), rat anti-mouse tenascin (1:300;
Sigma), rabbit polyclonal anti-VEGFA (1:250; Santa Cruz Biotech-
nology), and goat polyclonal anti-Pod-1 (1:200; Santa Cruz Biotech-
nology). Following washes with PBS/0.1% Tween 20, membranes
were incubated with horseradish peroxidase-conjugated secondary
antibodies (Amersham, Piscataway, NJ) for 60 min at room temper-
ature. Membranes were washed and protein was detected by Super-
Signal West Pico chemiluminescence (Pierce, Rockford, IL).

Subcutaneous matrigel implant angiogenesis assays. Cells were
labeled with Dil Cell-Tracker (Invitrogen/Molecular Probes) accord-
ing to the manufacturer’s instructions and 5 X 10° cells were sus-
pended in 0.5 ml growth factor reduced Matrigel (BD) with 50 pg/ml
heparin and injected subcutaneously into the abdominal wall of
anesthetized FVB/NJ adult male mice, n = 3, ages 2—4 mo. Control
animals, n = 3, were injected with Matrigel and heparin alone. After
10 days, Matrigel plugs were removed and processed for immunohis-
tochemistry using frozen sections as described above.

Subcapsular cell injection following kidney ischemia-reperfusion.
Male FVB/NJ mice (aged 2—4 mo), n = 6, were anesthetized with
ketamine and xylazine and subjected to 45 min of left unilateral
kidney ischemia using a microvascular clamp; 0.5 X 10° Dil labeled
4E cells suspended in PBS were injected under the capsule of both
ischemic and contralateral control kidneys. Following clamp removal,
reperfusion of the kidneys was visually confirmed. Kidneys were
removed 7 days after surgery following perfusion fixation with 4%
paraformaldehyde via the left ventricle. Cryostat sections were stained
as described above.

Cell proliferation assays. Cells were seeded at equal density in
96-well plates and cultured with BrdU overnight. BrdU incorporation
was measured using an ELISA kit (Roche) according to the manu-
facturer’s instructions. Colorimetric signal (A4so) was measured using
a Bio-Tek EL800 plate reader. Statistical differences between two
groups were determined using Student’s r-test.

VEGF ELISA. Subconfluent cells were grown in control (21% O
and 5% CO.) and hypoxic (2% O-, 5% CO», and 93% N») conditions
for 48 h. Protein extracts were prepared as described above. Equal

AJP-Renal Physiol « VOL 291 « OCTOBER 2006 « Www.ajprenal.org



Fo04

amounts of protein were diluted in buffer (PBS, 0.1% BSA, 0.05%
Tween 20) and VEGF concentration was measured using a mouse
VEGF ELISA kit (Peprotech) that recognizes the 120- and 164-kDa
isoforms of VEGFA. VEGF concentrations were determined using a
standard curve prepared with each experiment. Results represent
pooled data from three independent experiments.

EPO ELISA. EPO protein concentrations in cell lysates and culture
supernatant from control and hypoxia-treated cultures were measured
using a mouse EPO ELISA kit (Quantikine, R&D Systems) according
to the manufacturer’s instructions. The mean minimum detectable
dose of mouse EPO was 18 pg/ml as determined by the manufacturer.
Results represent pooled data from two independent experiments.

RESULTS

Isolation and characterization of renal mesenchymal cells.
Cells were cultured from kidneys of adult Tie2-GFP transgenic
FVB/NJ mice using a technique for isolating multipotent mes-
enchymal cells from muscle and bone marrow (21). The
isolation procedure has been used to culture cells with mesen-
chymal characteristics from both FVB and C57 mouse strains
and typically yields 10-20 colonies from 2-3 X 10° cultured
cells. The phenotype and gene expression profile of these cells
were consistent across different animals with variation noted in
the level of smooth muscle markers. Endothelial cells in these
mice express GFP under control of the angiopoietin receptor
Tie2 promoter, providing a fluorescent marker for the endo-
thelial lineage. Single-cell clones were isolated using cloning
cylinders and expanded. One clone (4E) was selected for
further analysis based on mesenchymal or stromal cell charac-
teristics and was used in all experiments described in this
study. Cytogenetic analysis of 4E cells from passage 21
showed that cultures contained a mixture of cells with a diploid
or tetraploid chromosome number with no detectable chromo-
somal abnormalities by banding. Analysis of telomerase activ-
ity using a telemetric repeat amplification protocol (TRAP)
showed that 4E cells retained enzyme activity at passage 21
(data not shown). Expression of surface antigens, growth factor
receptors, cytoskeletal proteins, and transcription factors was
evaluated by FACS analysis, PCR, Western analysis, and
immunocytochemistry (Table 1) and revealed a pattern char-
acteristic of both mouse mesenchymal stem cells (MSC) and
renal stromal progenitor cells (3, 5, 20, 28) including expres-
sion of Sca-1, CD44, CD34, and transcription factors Pod-1,
BF-2, and receptors for sonic hedgehog, BMP and retinoic
acid, respectively. 4E cells consistently expressed these mark-
ers between passages 10 and 25 with no apparent loss of
expression with increasing passage number.

To determine whether 4E cells maintain the multilineage
differentiation potential characteristic of mesenchymal cells,
cells from passages 10-25 were cultured on gelatin-coated
dishes with cytokines known to induce cell differentiation and
labeled with phenotype specific markers (Fig. 1). Undifferen-
tiated cells maintained a dendritic cell-like morphology with
extension of numerous filopodia (Fig. 14), ranged in size from
~10 to 20 wm and expressed the mesenchymal cell marker
vimentin. Adipocytes were induced in cultures grown at low
density in serum-free medium with 10~° M hydrocortisone for
2 wk (Fig. 1B). Following treatment with TGF-3; for 3 days,
all cells expressed a-smooth muscle actin consistent with
smooth muscle or myofibroblast differentiation (Fig. 1C). Os-
teoblasts were identified by Von Kossa’s stain for calcified
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Table 1. 4E cell expression profile of 1MSC and
*stromal markers

Phenotype Marker Expression (% Cells) Method(s) Used to Identify

Surface antigen

Sca-11 + (100) FACS, W

CD34+ + (100) FACS

CD44+% + (100) IC

CD73 (5'-NT) + (<10) IC

CD45 - FACS

c-Kit - FACS
Receptor (ligand)

Flk-1 (VEGF) + (<10) FACS, IC, PCR

Patched (Sonic hedgehog)* + PCR

Retinoic acid o* + PCR

PDGFR* + W, IC, PCR

BMP4* + PCR

CXCR4 (SDF-1)* + PCR
Cytoskeleton protein

Vimentin* + (100) 1C

Cytokeratin = IC

Nestin + W, IC
Transcription factor

Pod-1* + PCR, W

BF-2* + PCR

WT-1 - PCR

W, Western blot; IC, immunocytochemistry.

matrix (Fig. 1D) and antibody to bone sialoproteins I and II
(Fig. 1E, arrow and F) following growth in medium with
ascorbic acid-2-phosphate and B-glycerolphosphate for 2
wk. Endothelial cells were induced by growth on type IV
collagen in serum-free medium for 1 wk and identified by
expression of VEGF receptor 2 (Flk-1; Fig. 1G) and coex-
pression of GFP from the Tie2 promoter (Fig. 1H) and
expression of VEGF receptor 1 (Flt-1, arrows; Fig. 11).
Following culture at low density in 10% FBS for 1 wk, a small
number of macrophages identified by MOMA-2 staining, a
marker for an intracellular mouse macrophage, and monocyte
antigen (19) were also detected (Fig. 1J). The differentiation
potential of 4E cells remained the same across passages 10-24.
In all studies, undifferentiated cells were completely negative
for the differentiation markers described, with the exception of
a subset of cells that expressed a-smooth muscle actin. The
TGF-B induction of smooth muscle-specific gene expression
was confirmed by Western analysis of the contractile proteins
sm22a and calponin (Fig. 2A) and induction of the endothelial
marker Flk-1 was confirmed by RT-PCR in control and treated
cells (Fig. 2B). 4E cells did not express the epithelial protein
cytokeratin by immunocytochemistry or Western analysis and
no evidence for differentiation into cells of endodermal or
ectodermal germ cell lineages was observed using hepatocyte
and glial markers, respectively (not shown).

Matrigel angiogenesis assay using renal mesenchymal cells.
Because 4E cells expressed endothelial markers in vitro, an in
vivo subcutaneous Matrigel implant assay (27) was used to
determine whether 4E cells can participate in angiogenesis. 4E
cells were labeled with the fluorescent dye Dil and suspended
in growth factor reduced Matrigel. Matrigel was injected sub-
cutaneously into wild-type FVB/NJ mice and removed after 10
days for histological examination. Matrigel plugs containing
4E cells demonstrated a dense growth of capillary vessels
stained with anti-CD31 antibody, an endothelial cell marker
(Fig. 3A, low-power, and 3C, high-power magnification). In
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Fig. 1. In vitro differentiation of 4E cells into multiple phenotypes. A: Texas red-phalloidin staining of undifferentiated cells. B: adipocytes stained with oil red
O. C: a-smooth muscle actin expression following TGF-B (5 ng/ml) in serum-free medium for 3 days. D: osteoblasts identified by Von Kossa’s stain for calcified
matrix and antibody to bone sialoproteins I and II [E, phase image (arrow), F, immunofluorescence]. Endothelial cells identified by expression of VEGFR2/FIk-1
(G) and coexpression of Tie2-GFP (H) and expression of VEGFR1/Flt-1 in clusters (arrows, /). J: macrophage differentiation detected by MOMA-2 staining.

Original magnification X100.

contrast, plugs without 4E cells demonstrated a nearly 10-fold
reduction in capillary growth (Fig. 3D) with only a small
number of peripheral capillary sprouts detected (Fig. 3B).
Double fluorescence images of Dil-labeled 4E cells (Fig. 3E,
red) showed that many cells were also Tie2-GFP positive (Fig.
3F, green), consistent with endothelial differentiation. Immu-
nolabeling for CD31 to detect recipient endothelial cells re-
vealed that capillary structures were formed by a mixture of
cells including Dil, GFP/CD31-negative 4E cells (Fig. 3G,
red), Dil negative, CD31-positive recipient endothelial cells
(green), and double positive 4E cells expressing endothelial
markers (yellow). Additional evidence for 4E pericyte differ-
entiation was obtained by coculture of Dil-labeled 4E cells
with HUVEC cells; 24-h cocultures on Matrigel demonstrated
4E cell apposition along HUVEC capillary networks labeled
with UEA-I lectin (Fig. 3H). Coculture induced expression of
the PDGF receptor (Fig. 3/) in 4E cells, characteristic of
pericytes, an effect also seen by Western blot analysis (Fig. 3J)

showing a fivefold increase in protein level. Together, these
results demonstrate that 4E cells are capable of producing
capillary structures by differentiation into endothelial cells and
pericytes.

Coculture with rat ureteric bud cell. Reciprocal interactions
between the ureteric bud and surrounding mesenchyme result
in differentiation and morphogenesis of the developing kidney.
To determine whether 4E cells differentiate in response to
inductive signals that may regulate stromal cell differentiation
during development, cells were cocultured with RUB1 cells, a
ureteric bud cell line that has been shown to secrete factors that
induce differentiation and morphogenesis of metanephric mes-
enchyme (16). Results from experiments using cocultures of
equal numbers of Dil-labeled 4E and RUBI1 cells grown in
direct contact in serum-free medium for 1 wk are shown in Fig.
4. Aggregates of 4E cells formed after 1 wk of coculture (Fig.
4A, arrows). Cell aggregates demonstrated faint GFP signal
indicating no significant Tie2 expression. Immunostaining of
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flk-1
18S

Fig. 2. Induction of smooth muscle and endothelial-specific gene expression in
4E cells. Cell were grown in control and inducing conditions as previously
described. A: Western analysis of sm22a and calponin expression with 3-actin
loading control (B) RT-PCR with 18S internal control. Lane I: undifferentiated
cells. Lane 2: 1-wk growth in serum-free medium on type IV collagen. Lane
3: whole mouse embryo-positive control. Lane 4: no RT.

Dil-labeled 4E cell aggregates for the endothelial marker Flk-1
demonstrated expression in cocultured cells (Fig. 4D) com-
pared with no expression in 4E cells cultured in serum-free
medium alone (Fig. 4C). Western blot analysis for endothelial
markers CD31 and MECA-32 demonstrated induction in 4E
cells by RUBI coculture compared with control serum-free
cultures where no expression was detected (Fig. 4G). Induction
of calponin expression, a smooth muscle cell-specific cytoskel-
etal binding protein, was also seen along the periphery of 4E
aggregates (Fig. 4F) with no expression in 4E cells cultured in
serum-free medium alone (Fig. 4E). These markers colocalized
with Dil-labeled 4E aggregates only and were not expressed in
surrounding RUB1 cells. 4E aggregates expressed the matrix
protein tenascin-C, a substratum for angiogenesis and mesen-
chymal cell differentiation (15) (Fig. 4H). No tenascin expres-
sion was seen in 4E cells cultured in serum-free medium alone
(Fig. 4G). These results were confirmed by Western blot
analysis (Fig. 4J). Coculture with RUB1 cells induced detect-
able levels of tenascin protein while addition of TGF-$,, an
inducer of mesenchymal cell tenascin expression (9), had an
effect equal to growth in serum but less than coculture with
RUBI cells while no expression was detected in cells grown in
serum-free medium.

Coculture with Madin-Darby canine kidney cells. During
embryonic nephrogenesis, stromal cells within the metanephric
mesenchyme induce tubule elongation and differentiation
through paracrine mechanisms. To examine potential paracrine
effects of 4E cells on tubule formation, cells were cocultured
with Madin-Darby canine kidney (MDCK) cells, a canine
distal tubule cell line, using three-dimensional (3-D) type 1
collagen gels, a standard assay for in vitro tubulogenesis (25).
Figure 5 demonstrates that when 4E cells were mixed with
MDCK cells in a 1:2 ratio in 3-D gels, elongated PAS-positive
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(Fig. 5A, inset arrowhead) tubular structures that expressed the
tight junction protein ZO-1 (Fig. 5C, arrows and inset, arrows)
were detected. In the absence of 4E cells, MDCK cells formed
numerous cysts (Fig. 5B) that expressed ZO-1 on their inner
surface (Fig. 5D). Coculture of Dil-labeled 4E cells with
MDCK cells demonstrated that all tubular cells were Dil
negative and therefore composed only of MDCK cells (data not
shown).

Subcapsular injection of mesenchymal cells following renal
ischemia-reperfusion. Recent studies demonstrated that bone
marrow-derived mesenchymal stem cells migrate to the inter-
stitium of injured kidneys where they may support repair and
regeneration of injured tubules through paracrine effects and
replace endothelial cells of injured vessels (6, 38). To test the
ability of 4E cells to respond to and participate in renal repair
in vivo by migration and incorporation into surrounding tissue,
Dil-labeled cells were injected into the subcapsular area of
kidneys injured with ischemia-reperfusion. The contralateral
nonischemic kidney was also injected to serve as a control.
Seven days after injury, kidneys were removed and analyzed
for the location and phenotype of labeled cells. Representative
images of kidneys from six mice are shown in Fig. 6. In control
kidneys, labeled 4E cells were seen only in a subcapsular
location without detectable migration (Fig. 6, A and B). In
contrast, cells injected in ischemic kidneys appeared to migrate
throughout the cortex and medulla, reaching as far as the
papillary epithelium (Fig. 6, C-F). While the majority of
injected cells remained close to the injection site in the outer
cortex, ~10% of cells per section were located in the inner
cortex or outer medulla. Cells were present in a peritubular
interstitial location without evidence of incorporation into
tubules or glomeruli. Most cells were located alongside peri-
tubular capillaries identified with the endothelial marker CD31
(Fig. 6C). A small number of peritubular cells were a-smooth
muscle actin positive (Fig. 6D). Cells that migrated to the
papillary epithelium expressed type IV collagen (Fig. 6E), a
major component of kidney epithelial basement membranes
secreted by peritubular interstitial cells.

EPO and VEGF expression in response to hypoxia. Because
4E cells were capable of fibroblast differentiation and peritu-
bular fibroblasts are the renal EPO producing cell (23), expres-
sion of EPO was examined in both control conditions and in
response to anoxia and hypoxia. Using RT-PCR with cDNA
prepared from subconfluent control cells and cells grown in
anoxic (<1% 0O;) and hypoxic (2% O,) environments, EPO
gene expression was not detectable under normoxic conditions
but was clearly detectable after 24-h exposure to anoxia and at
a lower level after 48 h of hypoxia (Fig. 7A). Cell lysates were
prepared for EPO protein detection using both Western anal-
ysis and ELISA. Western blot analysis (Fig. 7B) revealed
protein bands at 30 and 36 kDa in anoxic cells, corresponding
to the nonglycosylated and glycosylated forms of mouse EPO,
respectively. These bands were not detected in control nor-
moxic cells. An additional band at 34 kDa was detected in both
conditions and may be nonspecific. By ELISA, EPO protein
was detectable in cell lysates of anoxic cells while no protein
was detectable in control cells (Table 2). No EPO protein was
detectable in nonconcentrated cell culture supernatants from
both culture conditions.

To identify additional characteristics of the EPO-expressing
4E cells, cells grown in anoxic conditions for 24 h were
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Control

control  coculture
PDGFBR —
- a

Fig. 3. Subcutaneous Matrigel (MG) angiogenesis assay and 4E cell pericyte differentiation in HUVEC cocultures. A: CD31 labeled MG plug with 4E cells
demonstrating dense capillary formation. B: plugs without 4E cells contained few capillary sprouts at the gel periphery. C: high-power magnification of CD31
labeled capillaries in MG plug containing 4E cells. D: MG plugs with 4E cells contained a nearly 10-fold increase in capillary density. E: Dil (red)-labeled 4E
cells co-expressing Tie2-GFP (F), consistent with endothelial differentiation. G: double fluorescence image of Dil-labeled 4E cells (red) and CD31 (green). 4E
cells expressing CD31 are yellow and recipient endothelial cells are green. H: coculture of Dil-labeled 4E cells with HUVEC cells (UEA-1 lectin labeled, green)
on MG for 24 h demonstrating 4E (red) apposition to endothelium. Expression of PDGF( receptor (/, green, yellow) by 4E cell adherent to unlabeled HUVEC
cell characteristic of pericyte phenotype. J: Western blot analysis with B-actin loading control demonstrating a 5-fold increase in PDGFBR protein level in
expression in cocultured 4E cells. Original magnification X40 (A, B) and X400 (C, E-I).

immunolabeled for EPO and mesenchymal cell markers. EPO
labeling was detected in cytoplasmic granules at low levels in
~50% of nonconfluent cells and was detected at substantially
higher levels in less than 1% of cells (Fig. 7C). EPO expressing
cells were a-SMA negative (Fig. 7D) and vimentin positive
(Fig. 7H) while EPO-negative cells were both a-SMA and
vimentin positive, characteristic of myofibroblasts. Anoxic
conditions resulted in marked reduction in a-SMA expression
compared with control conditions (Fig. 7E). Double labeling
with anti-ecto-5'-nucleotidase (5'-NT) antibody, a renal corti-
cal fibroblast marker expressed in EPO producing cells in vivo,
revealed that most cells with increased EPO signal also ex-
pressed membrane 5'-NT (Fig. 7, F and G). Labeling with
anti-FSP-1/S100A4 (Fig. 7H), a widely used marker for tissue
fibroblasts and cells derived from EMT in the kidney following

injury (14), resulted in few positive cells (<1%). Despite
increased growth factor production, 4E cells had decreased cell
proliferation in response to hypoxia as determined by BrdU
ELISA, a response previously reported in normal fibroblasts (7).

In addition to increased EPO expression in response to
anoxia and hypoxia, 4E cells also increased expression of
VEGF, another hypoxia-inducible growth factor. Evaluation of
cell lysates by Western analysis (Fig. 84) demonstrated a two-
to threefold increase in the cell-associated 43-kDa isoform of
VEGF 189 and its 23-kDa cleaved NH,-terminal fragment
(VEGF 121) (13). By ELISA (Table 2), cell-associated VEGF
concentrations were over 300-fold higher than EPO and were
increased 2-fold by hypoxia. Secreted VEGF was also detect-
able in cell culture supernatants (data not shown). Western
analysis of cell lysates showed that VEGF protein expression
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Fig. 4. Coculture with RUB1 ureteric bud cells induced 4E expression of tenascin and an endothelial phenotype. 4E cells were labeled with Dil (red) before
coculture. 4E control cells were grown in serum-free medium alone. A: phase-contrast image of 4E cell aggregates (arrows) after 1 wk of coculture with RUB1
cells in serum-free medium. 4E aggregates (red) showed no Tie2-GFP signal (B). 4E aggregates expressed Flk-1 (D) with no expression detected in control cells
(C). 4E aggregates expressed calponin along their periphery (F) with no expression in control cells (E). H: tenascin expression in 4E aggregates with no tenascin
expression in control cells (G). Western blot analysis for endothelial markers CD31 and MECA-32 (H) demonstrated induction in 4E cells by RUB1 coculture
compared with control serum-free cultures. /: tenascin expression by Western blot analysis. Coculture with RUBI cells in serum-free medium induced detectable
levels of tenascin while no expression was detected in cells grown in serum-free medium. Addition of TGF-f; had an effect equal to growth in serum but less

than coculture with RUBI cells. Original magnification X 100.
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Fig. 5. Coculture of 4E cells with the Madin-Darby canine kidney (MDCK)
epithelial cell line. In 3-D typel collagen gels, tubular structures (A, hematox-
ylin stain, inset PAS stain, arrowhead) that expressed the tight junction protein
ZO-1 in an apical-lateral location (C, arrows and inset, arrows) were formed.
MDCK cells cultured alone formed cysts (B, hematoxylin, inset PAS) with
nonpolarized ZO-1 expression (D). Images are representative of results from 3
separate coculture experiments. Original magnification X400.

was increased sevenfold by addition of FGF-2 (Fig. 84), an
effect previously reported in stromal cells (4). This was three-
fold greater than the response to Shh, an angiogenic morpho-
gen active during embryonic development (30). Double immu-
nostaining for VEGF and EPO demonstrated that VEGF was
expressed in the same small (<1%) subset of cells as EPO
(Fig. 8B). In contrast, VEGF labeling appeared to be localized
to the Golgi network of normoxic cells as previously reported
(13) without coexpression of EPO (Fig. 8C).

DISCUSSION

This study demonstrates that multipotent mesenchymal cells
with embryonic renal stromal cell characteristics can be
cultured from adult kidney. An individual clone (4E) can
differentiate into multiple renal interstitial cell types includ-
ing EPO-producing fibroblasts, pericytes, and endothelial
cells and provide paracrine support for both angiogenesis
and tubulogenesis. Cells express surface markers found in
FVB/NJ mouse bone marrow stromal or mesenchymal stem
cells including CD34, Sca-1, and CD44 (28) and genes
found specifically in kidney stromal cells during embryonic
development including growth factor and cytokine receptors
and transcription factors (20). Despite being derived from a
single-cell clone, 4E cultures are clearly heterogeneous and
likely composed of a mixture of cells including progenitor
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cells and daughter cells at various stages of differentiation
along predominately fibroblast or smooth muscle cells lin-
eages. None of the markers studied are individually useful
for identifying these cells in vivo in the adult kidney as
many differentiated cell types express them. It is therefore
not possible to prospectively identify these cells within the
adult kidney.

The origin of 4E cells remains uncertain. In addition to being
derived from resident renal mesenchymal progenitor cells,
other possible sources include dedifferentiated fibroblasts or
pericytes, circulating MSC sequestered in the kidney either
during or after embryonic development, or cells derived from
epithelial to mesenchymal trans-differentiation that may occur
as a result of culture conditions. In a recent study using mice
chimeric for labeled bone marrow MSC by bone marrow
transplantation and careful detection methods, no evidence that
marrow derived stem cells can differentiate into epithelium and
contribute to tubular repair following ischemic injury was
found. Rare labeled cells however were detected within peri-
tubular capillary endothelium and the interstitium of both
control and ischemic kidneys, demonstrating that MSC can
migrate and incorporate within the interstitium of the adult
kidney (6). Additional evidence for the contribution of bone
marrow derived MSC to the interstitial fibroblast population is
provided by another study using unilateral ureteral obstruction
to cause kidney fibrosis in chimeric mice (14). Following
injury, up to 15% of resident fibroblasts in fibrotic tissue were
FSP™ donor fibroblasts compared with 12% in normal kidneys.
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Fig. 6. Dil-labeled 4E cells (red) were injected under the
capsule of control (A, B) and ischemic (C-E) kidneys.
Tissue was examined after 1 wk of reperfusion. Cells
remained in a subcapsular location (arrow) in control
kidneys. Following ischemia-reperfusion, cells migrated
to peritubular capillaries (C, green: CD31, red: 4E cells,
arrows and D, green/yellow: smooth muscle actin), and
the periphery of the papilla (E, yellow: type IV collagen
signal in 4E cells). Original magnification X100 (A, B)
and X400 (C-E).

Additional studies of MSC isolated from kidneys of mice with
genetically labeled bone marrow MSC, renal epithelial cells, or
fibroblasts will be necessary to explore these possibilities.

During kidney development, cells expressing the bHLH
transcription factors Pod-1 and BF-2 and the extracellular
matrix protein tenascin are located at the cortical medullary
junction and later in medullary interstitial cells (5). Stromal
progenitor cells expressing these transcription factors differen-
tiate into peritubular interstitial cells of the cortex and medulla
and pericytes, supporting the existence of a common progen-
itor for all stromal cells within the metanephric mesenchyme.
Knockout of Pod-1 (31) and BF-2 (10) result in decreased
numbers of nephrons and reduced branch elongation of the
ureteric bud. The stromal cell factors affecting tubule elonga-
tion are unknown but potential mediators include BMP-4 (24)
which is expressed by 4E cells. The ability of 4E cells to
self-renew and differentiate into multiple interstitial cell types
including pericytes, endothelial cells, and 5'-NT-positive,
EPO-producing fibroblasts suggests that these cells may func-
tion as a multipotent stromal cell progenitor within the adult
kidney with similar characteristics as embryonic renal stromal
cells.

The functions of the interstitium in the adult kidney remain
relatively unknown, in part, due to the assumption that their
primary role is production of extracellular matrix. Following
injury, conversion of interstitial cells to an embryonic pheno-
type may support repair of damaged tubules (12). For example,
myofibroblasts have been shown to be involved in cellular
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Fig. 7. Expression of EPO in 4E cells grown in normoxic (NOX) hypoxic (HOX, 2% O.) and anoxic (ANOX, <1% O) conditions for 24—48 h. Results presented
are representative of at least 3 experiments. A: RT-PCR with 18S internal standards: Emb = cDNA from whole E14 mouse embryo, no RT = no added reverse
transcriptase. B: Western blot analysis of lysates from control NOX cells (lane 1), ANOX cells from 2 separate cultures (lanes 2 and 3) demonstrating expression of
30- and 36-kDa proteins. 3T3 fibroblast lysates used as negative control (lane 5) and recombinant mouse EPO (30 pg) as positive control (lane 6) for 36-kDa EPO protein.
B-Actin was used as loading control. Immunocytochemistry using 4E cells cultured in anoxic conditions for 24 h. C: EPO labeling of cytoplasmic granules. D: EPO
positive (red, arrowhead), a-smooth muscle actin negative cell shown next to a-smooth muscle actin positive, EPO negative cells (green). a-smooth muscle actin
expression was markedly reduced in anoxic cells (E, bottom) compared with controls (E, fop). Double labeling of ecto-5'-nucleotidase expression (F) in EPO-positive
cell (G). All cells including EPO-positive fibroblasts (arrow) were vimentin positive (H). S100A4-positive cells (/) were EPO negative and represented <<1% of total
cell population. Original magnification X400 (D-I) and X600 (C). BrdU ELISA (J) demonstrating decreased cell proliferation in response to hypoxia (*P = 0.0001).

recovery after uranyl acetate-induced acute renal failure (37). A
The migration and incorporation of 4E cells into the cortical
peritubular interstitium following subcapsular injection after
ischemic injury suggest that this cell type participates in renal
repair. Loss of the trophic effect of interstitial mesenchymal
cells by interstitial fibrosis may account for subsequent loss of -
the epithelial and endothelial cells that they support and result- 23 *m
ing chronic renal failure. )
Murine bone marrow stromal cells produce a large number B-actm”

of angiogenic cytokines that may promote arteriogenesis

through paracrine mechanisms instead of actual incorporation

into the vessel wall (17, 18). Bone marrow MSC have also

been reported to differentiate into endothelial cells and con- /

NOX  HYPOX CON Shh FGF2

Table 2. VEGF and EPO concentrations determined

by ELISA
K ) Fig. 8. Double immunolabeling for VEGF (red) and EPO (green) demonstrated
Normoxia Anoxia dual expression (yellow) in hypoxic cells (B) while control cells (C, arrow)
VEGF, ng[inl~'[ug total protein~! 27+ .4 5.8+0.35 expreS§ed only VEGF. Western zmalysis (A) for VEGF %n normoxic (NOX) and
Erythropoietin, pgfinl~'[jLg total protein™ 0 17.0+14 hypoxic (HYPOX) cells demonstrating 3-fold increase in VEGF expression. A
7-fold increased occurred following addition of FGF-2 compared with a 3-fold
Values represent mean concentrations from 3 experiments = SD. increase with sonic hedgehog (Shh). B-Actin used as loading control.
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tribute to angiogenesis in tumor and ischemic injury models
(35). During embryonic development, intrarenal angioblasts
are likely to be the precursors for glomerular and peritubular
vasculogenesis (1). Peritubular capillary precursors may also
exist in adult kidney since capillary proliferation and remod-
eling occurs following surgical nephron reduction and other
renal injury models (29, 32). While previous studies suggested
that circulating endothelial cells of bone marrow origin may
participate in capillary repair and proliferation, resident pro-
genitors similar to 4E cells may also be involved in angiogen-
esis in response to renal injury. In response to FGF-2, an
angiogenic cytokine, 4E cells increase expression of EPO and
VEGF, both well-known angiogenic growth factors. In the
hypoxic environment of the Matrigel assay, 4E cells underwent
endothelial differentiation and supported capillary formation
by forming pericytes. These results suggest that as demon-
strated with bone marrow stromal cells, 4E cells may promote
angiogenesis by both direct endothelial differentiation and
paracrine mechanisms.

4E cells were shown to produce increased amounts of the
hypoxia-inducible growth factors VEGF and EPO. VEGF
levels were over 300-fold greater than EPO levels, a difference
that may be explained by the relatively short half-life and
degradation of secreted VEGF. The demonstration of EPO
expression establishes 4E cells as the first reported renal
fibroblast cell line to produce this hormone. Previous in vitro
studies of the regulation of EPO expression have relied on
tumor cells from the kidney (34) and other organs including
liver (8) and brain (36). Similar to EPO-producing cells in
vivo, this subset of 4E cells also express 5'-NT and are a-SMA
negative. With the use of current culture conditions, however,
the population of EPO-producing cells is very small and most
cells appear to follow alternate pathways such as myofibroblast
or smooth muscle differentiation. The relatively low number of
EPO-producing cells likely accounts for our inability to detect
secreted EPO in culture supernatants. Decreased EPO produc-
tion following kidney injury may be due to phenotypic con-
version of less differentiated fibroblast-like cells to myofibro-
blasts (22). Given the phenotypic “plasticity” of fibroblasts or
their precursors as demonstrated in this study, it is apparent
how changes in the peritubular microenvironment following
injury may affect EPO production. Future studies using 4E
cells may provide additional knowledge about regulation of
EPO production in both normal and diseased kidneys. These
cells may also be useful for studying the differentiation of
EPO-producing fibroblasts from intrarenal precursors, an area
of kidney development that has thus far been difficult to
investigate. In addition, these cells may also be useful for
studying the trophic or support role of the interstitial compart-
ment in both normal kidney homeostasis and following injury.
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