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Bussolati B, Moggio A, Collino F, Aghemo G, D’Armento G,
Grange C, Camussi G. Hypoxia modulates the undifferentiated pheno-
type of human renal inner medullary CD133� progenitors through Oct4/
miR-145 balance. Am J Physiol Renal Physiol 302: F116–F128, 2012. First
published September 7, 2011; doi:10.1152/ajprenal.00184.2011.—Low-ox-
ygen tension is an important component of the stem cell microenvi-
ronment. In rodents, renal resident stem cells have been described in
the papilla, a relatively hypoxic region of the kidney. In the present
study, we found that CD133� cells, previously described as renal
progenitors in the human cortex, were enriched in the renal inner
medulla and localized within the Henle’s loop and thin limb segments.
Once isolated, the CD133� cell population expressed renal embryonic
and stem-related transcription factors and was able to differentiate
into mature renal epithelial cells. When injected subcutaneously in
immunodeficient mice within Matrigel, CD133� cells generated can-
alized structures positive for renal specific markers of different
nephron segments. Oct4A levels and differentiation potential of pap-
illary CD133� cells were higher than those of CD133� cells from
cortical tubuli. Hypoxia was able to promote the undifferentiated
phenotype of CD133� progenitors from papilla. Hypoxia stimulated
clonogenicity, proliferation, vascular endothelial growth factor syn-
thesis, and expression of CD133 that were in turn reduced by epithe-
lial differentiation with parallel HIF-1� downregulation. In addition,
hypoxia downregulated microRNA-145 and promoted the synthesis of
Oct4A. Epithelial differentiation increased microRNA-145 and re-
duced Oct4 level, suggesting a balance between Oct4 and microRNA-
145. MicroRNA-145 overexpression in CD133� cells induced down-
relation of Oct4A at the protein level, inhibited cell proliferation, and
stimulated terminal differentiation. This study underlines the role of
the hypoxic microenvironment in controlling the proliferation and
maintaining a progenitor phenotype and stem/progenitor properties of
CD133� cells of the nephron. This mechanism may be at the basis of
the maintenance of a CD133� population in the papillary region and
may be involved in renal regeneration after injury.
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RESIDENT STEM CELLS are thought to contribute, after birth, to the
growth and homeostasis of different organs and to repair tissue
injury. Several studies address the presence of resident stem
cells/progenitors within the adult kidney (16). In rodents, the
papilla has been suggested to represent the niche for label
retaining stem cells (33). In particular, in the adult mice,
papillary stem cells were shown to reside in the upper papilla,
where they formed “chains” of proliferating cells and to mi-
grate into the cortex thus contributing to the homeostasis of the
kidney as rapidly proliferating cells (34). The presence of stem
cells capable to reenter in mitosis in response to renal injury

has been described also in the renal tubules of adult rats (26,
27). In the human adult, kidney CD133� renal progenitor cells
have been characterized by our group in the renal cortex from
the tubule/interstitium (2). In addition, CD133�/CD24� stem
cells have been isolated from the Bowman’s capsule (39). A
genomic characterization of multipotent CD133�/CD24� renal
progenitor cells from glomeruli and tubules of adult human
kidney revealed no significant differences in the gene expres-
sion patterns, suggesting that tubular and glomerular renal
progenitor cells represent a genetically homogeneous popula-
tion (40). Indeed, the presence of cytokeratin expression by the
CD133�/CD24� cells (39) suggests an epithelial commitment
that characterizes these cells as epithelial progenitors. It is at
present unknown whether in humans renal epithelial progeni-
tors are present also in the medulla and in papilla, as described
in rodents.

Recently, Humphreys et al. (17), using genetic fate mapping
techniques, showed that in mice the majority of the newly
generated tubular epithelial cells derived from surviving dif-
ferentiated epithelial cells after ischemia-reperfusion injury,
implying a role for resident cells in regeneration. It is therefore
possible that regeneration mechanisms may activate prolifera-
tion of an intratubular epithelial progenitor population (12, 23),
including CD133� progenitors. Alternatively, repair may in-
duce dedifferentiation of surviving resident cells that may
acquire progenitor phenotype and contribute to regeneration.
Moreover, during the regeneration of the adult kidney, several
embryonic genes involved in nephrogenesis, such as Six-2 and
Pax-2, are reactivated (37). However, the mechanisms in-
volved are currently unknown. We hypothesised that properties
of CD133� cells present in the nephron, such as proliferation
and differentiation, might be modulated by the microenviron-
ment, and in particular by hypoxia, possibly through transcrip-
tional and epigenetic mechanisms known to regulate the phe-
notype of progenitor cells (44).

We therefore aimed to evaluate the presence of CD133�

cells in different segments of the nephron, and in particular in
the papilla, and their phenotype. As the renal medulla has the
lowest physiologic oxygen tension compared with any other
organ (15), we evaluated whether the hypoxic environment
could influence the properties and phenotype of CD133�

epithelial renal progenitors and the molecular mechanisms
involved.

METHODS

Antibodies. The following monoclonal antibodies (mAb) were
used, all fluorescein isothiocyanate- or phycoerythrin-conjugated anti-
CD133/1 (clone AC133) and anti-CD133/2 (clone 293C3; Miltenyi
Biotech GmbH, Bergisch Gladbach, Germany); anti-CD24, -CD29,

Address for reprint requests and other correspondence: B. Bussolati, Dept.
of Internal Medicine, Center for Molecular Biotechnology, Univ. of Torino,
Cso Dogliotti 14, 10126 Torino, Italy (e-mail: benedetta.bussolati@unito.it).

Am J Physiol Renal Physiol 302: F116–F128, 2012.
First published September 7, 2011; doi:10.1152/ajprenal.00184.2011.

1931-857X/12 Copyright © 2012 the American Physiological Society http://www.ajprenal.orgF116

Downloaded from journals.physiology.org/journal/ajprenal (031.158.255.046) on July 7, 2021.



-CD44, -CD45, -CD73, -CD90, (Becton Dickinson, San Jose, CA),
anti-CD105, anti-fibroblast growth factor receptor (FGFR)4 (BioLegend,
San Diego, CA), anti-met (e-Bioscience, San Diego, CA), anti-FGFR1
(Abcam, Cambridge, UK), and anti-SSEA-4 (R&D Systems, Minne-
apolis, MN). Fluorescein isothiocyanate- or phycoerythrin-conjugated
mouse nonimmune isotypic IgGs (Miltenyi Biotech) were used as
negative controls.

In addition, the following unconjugated Abs were used: anti-Pax-2 Ab
(Covance, Princeton, NJ), anti-pan-cytokeratin mAb (CK, Immunologi-
cal Sciences, Rome, Italy), anti-NaCl cotransporter, anti-aminopeptidase
A, anti-alkaline phosphatase, anti-chloride channel CLCK-1 goat Abs (all
from Santa Cruz Biotechnology, Santa Cruz, CA), and anti-Tamm-
Horsfall protein (THP), anti-human HLA-I, anti-nestin, anti-megalin,
anti-aquaporin (AQ)1, anti-AQ2, and anti-AQ3 rabbit Abs (all from
Santa Cruz Biotechnology) and anti-vimentin mAb (Sigma). Recognition
of primary antibodies was done using Alexa Fluor 488- or Texas
Red-conjugated anti-rabbit, anti-mouse, or anti-goat antibodies (Molec-
ular Probes, Leiden, Netherlands).

For Western blot analysis, the following antibodies were used:
anti-Oct4 rabbit Ab (used to detect both Oct4A and Oct4B iso-
forms), anti-Oct4A mAb (sc-5279, recognizing the aa 1–134 of the
Oct4A), anti-actin Ab (all from Santa Cruz Biotechnology), and
anti-HIF-1� and anti-HIF-2� (Novus Biologicals, Littleton, CO).
In experiments aimed to detect both Oct4 isoforms, Oct4A band
detected with the anti-Oct4 rabbit Ab was confirmed using the
anti-Oct4A mAb.

Isolation and culture conditions. Renal progenitor cells were ob-
tained from the normal portion of the papillary region of the inner
medulla obtained from surgically removed kidneys, after approval of
the ethical committee for the use of human tissue of the university.
Briefly, tissue samples of �3–5 mm3 were obtained at the papillary
region of a renal pyramid. Tissue was rinsed with Hank’s balanced
salt solution (Sigma, St. Louis, MO) and, after being cut, digested in
0.1% collagenase type I (Sigma) for 45 min at 37°C. Tissue was
subsequently forced through a graded series of meshes to separate the
cell components from stroma and aggregates. The filtrate was pelleted
by centrifugation. CD133� cells were isolated by magnetic cell
sorting, using the MACS system (Miltenyi Biotec, Auburn, CA), as
described (2), and cells were resuspended in expansion medium
(EBM: medium plus supplement kit; Cambrex BioScience) without
serum addition at a density of 1.0 � 104 viable cells/cm2. Colonies
were observed after 2–3 days and confluence was achieved 7 days
after plating. Aliquots of the cell suspension were subjected to FACS
analysis for quantification of CD133� cells. In selected experiments,
CD133� cells or the unsorted cell population were plated in the same
conditions. CD133� cells from tubuli were isolated from the cortex of
the same kidney, depleted of glomeruli, as previously described (2).

To assess their capacity to generate colonies, cells were seeded
using a limiting dilution technique in 96-well plates. After 12 h, wells
not containing single cells were discarded by microscopical visual-
ization and clones derived from a single cell were expanded in
expansion medium. When cultured in hypoxic conditions, cells were
placed in hypoxic chambers with 1% O2. To evaluate the effect of
hypoxia, we seeded and cultured cells in hypoxia until the clones were
passaged from a 96- to a 24-well plate.

In vitro differentiation. Epithelial differentiation was done by
culturing cells for 10 days in expansion medium with 10 ng/ml human
hepatocyte growth factor (HGF; Sigma) and 20 ng/ml human FGF-4
(Sigma) (2).

Immunofluorescence and immunohistochemistry. For flow cytom-
etry, cultured cells were detached with a nonenzymatic cell dissoci-
ation solution (Sigma) and blocked with RPMI containing 10% of
heat-inactivated FCS. Cells were then incubated in PBS containing
0.1% BSA (Sigma) for 30 min with fluorescein isothiocyanate- or
phycoerythrin-conjugated Abs. In each experimental point, 10,000
cells were analyzed on a FACScan (Becton Dickinson, Franklin
Lakes, NJ).

Indirect immunofluorescence was performed on cells cultured on
chamber slides. Cells, cultured until confluence on chamberslides
coated with fibronectin (Sigma), were fixed in 4% paraformaldehyde
containing 2% sucrose for 15 min at 4°C and, when needed, perme-
abilized with 0.1% Triton X-100 (Sigma) for 8 min at 4°C and then
incubated overnight at 4°C with the appropriate antibodies. Indirect
immunofluorescence on 10-�m cryostatic sections of human kidney
was performed following the protocol described by Jászai et al. (18).
Briefly, sections were incubated with 0.005% SDS in 0.2% gelatin-
PBS for 30 min. The samples were then rinsed with 0.15% saponin/
0.2% gelatin in PBS (S/G solution) for 30 min each and labeled
overnight at 4°C with the selected antibodies. Primary antibodies were
detected using appropriate secondary antibodies. Hoescht 33258 dye
(Sigma) was added for nuclear staining and imaging was performed
using a Zeiss SM 5 Pascal model Confocal Microscope (Carl Zeiss
International). Cell expression of renal markers was analyzed semi-
quantitatively by measuring fluorescence intensity by digital image
analysis after subtraction of the background fluorescence of tissue,
using the LSM image analysis program (Carl Zeiss International) as
previously described (3). Sections from paraffin-embedded blocks of
human CD133� cells placed in Matrigel in severe combined immu-
nodeficiency (SCID) mice were collected onto poly-L-lysine-coated
slides. Endogenous peroxidase activity was blocked with 6% H2O2 for
8 min at room temperature. Primary antibodies were applied to slides
overnight or for 1 h at 4°C. Horseradish peroxidase-labeled anti-rabbit
or anti-mouse Envision polymers (Dako) were incubated for 1 h. The
reaction product was developed using 3,3-diaminobenzidine. Omis-

Fig. 1. Localization of CD133� cells in different regions of the normal human
kidney. Representative confocal immunofluorescence micrographs showing
staining of different regions of the normal human kidney with CD133 (clone
AC133–1; red) and laminin (green). Cortical tissue: positive staining in the
glomerular Bowman’s capsule (A) and in some tubular cells (A and B). Outer
medulla: staining of some small tubules (C); inset: costaining of CD133 (red)
and CD24 (green). Inner medulla: positive staining for CD133 in some tubules
(D) and Henle’s loop (Hl; E) but not in the Bellini ducts (Bd; F). Nuclear
staining was performed with Hoechst dye 33342. Original magnification
�400.
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sion of the primary antibody or substitution with an unrelated rabbit
serum or mouse IgG served as negative control.

Cell proliferation assays. CD133� cells were seeded at 2,500
cells/well into 96-well plates in expansion medium, left to adhere
overnight and starved for 12 h in RPMI (Sigma) with 2% FCS. Then,
DNA synthesis was detected as incorporation of 5-bromo-2-deoxyu-
ridine (BrdU) into the cellular DNA after 48 h of culture in expansion
medium. Cells were fixed with 0.5 M ethanol/HCl and incubated with
nuclease to digest the DNA. BrdU incorporated into the DNA was
detected using an anti-BrdU peroxidase-conjugated antibody and
visualized with a soluble chromogenic substrate, according to the
manufacturer’s instructions (Roche Applied Science, Mannheim, Ger-
many). Optical density was measured with an ELISA reader (BioRad,
Hercules, CA) at 415 nm (reference 495 nm). Results are the mean of
five independent experiments, made in quadruplicate.

RNA and protein analysis. Total RNA was isolated from different
cell preparations using the mirVana RNA isolation kit (Ambion)
according to the manufacturer’s protocol. RNA was then quantified
spectrophotometrically (Nanodrop ND-1000, Wilmington, DE). For
gene expression analysis, quantitative real-time PCR (qRT-PCR) was
performed as previously described (7). Briefly, first-strand cDNA was
produced from 200 ng of total RNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA).
Real-time PCR experiments were performed in 20-�l reaction mixture
containing 5 ng of cDNA template, the sequence-specific oligonucle-
otide primers (purchased from MWG-Biotech AG, Ebersberg, Ger-
many, www.mwg-biotech.com) and the Power SYBR Green PCR
Master Mix (Applied Biosystems). �-Actin or TATA-binding protein
(TBP) mRNA were used to normalize RNA inputs. Fold change
expression with respect to control was calculated for all samples.

For microRNA detection, 200 ng of input RNA from all samples
were reverse transcribed with the miScript Reverse Transcription Kit.
cDNA was then used to detect and quantify miR145 level by qRT-
PCR using the miScript SYBR Green PCR Kit (all from Qiagen,
Valencia, CA) (7). All samples were run in triplicate using 3 ng of
cDNA for each reaction as described by the manufacturer’s protocol

(Qiagen). The snoRNA, RNU48 was used as normalizer. Negative
controls using 10 �l of water in place of the RNA were performed
alongside each reaction. Relative quantification of the products was
performed using a 48-well StepOne Real-Time System (Applied
Biosystems). Sequence-specific oligonucleotide primers are reported
below. For protein analysis, cells were lysed at 4°C for 30 min in
RIPA buffer (20 nM Tris·HCl, 150 nM NaCl, 1% deoxycholate, 0.1%
SDS, 1% Triton X-100, pH 7.8) supplemented with protease and
phosphatase inhibitors cocktail and PMSF (Sigma). Aliquots of the
cell lysates containing 40 �g protein, as determined by the Bradford
method, were run on 8% SDS-PAGE under reducing conditions and
electroblotted onto PVDF membrane filters.

Sequence-specific oligonucleotide primers. Human Oct4A: for-
ward, 5=-AGC AGG AGT CGG GGT GG-3= (nt 348–364) and
reverse, 5=-CTG GGA CTC CTC CGG GTT-3= (nt 465–448); human
Oct4B: forward, 5=-GC ACT TCT ACA GAC TAT TCC TTG G-3=

(nt 673–697) and reverse, 5=-AGA GCT TTG ATG TCC TGG GAC
T-3= (nt 811–790); human Oct4B1 (GenBank no. EU518650): for-
ward, 5=-GC ACT TCT ACA GAC TAT TCC TTG G-3= (nt 3–26)
and reverse, 5=-CTT AGA GGG GAG ATG CGG TCA-3= (nt 284–
264); human Nanog: forward, 5=-ACA ACT GGC CGA AGA ATA
GCA-3= (nt 683–703) and reverse, 5=-GGT TCC CAG TCG GGT
TCA C-3= (nt 793–775); human Six1: forward, 5=-AGG CCA AGG
AAA GGG AGA AC-3= (nt 796–815) and reverse, 5=-GCT GGA
CAT GAG CGG CTT-3= (nt 893–876); human Six2 forward, 5=-CAC
AGG TCA GCA ACT GGT TCA-3= (nt 790–810) and reverse,
5=-GAG CTG CCT AAC ACC GAC TTG-3= (nt 928–908); human
Sox2 forward, 5=-TGC GAG CGC TGC ACA T-3= (nt 727–742) and
reverse, 5=-GCA GCG TGT ACT TAT CCT TCT TCA-3= (nt 819–
796); human KLF4 forward, 5=-CCA TTA CCA AGA GCT CAT
GCC-3= (nt 1683–1703) and reverse, 5=-GGG CCA CGA TCG TCT
TCC-3= (nt 1761–1744); human c-Myc forward, 5=-CAG CGA CTC
TGA GGA GGA ACA-3= (nt 1316–1336) and reverse, 5=-TGA GGA
GGT TTG CTG TGG C-3= (nt 1444–1426); human PAX-2: forward,
5=-CCC AGC GTC TCT TCC ATC A-3= (nt 938–956) and reverse,
5=-GGC GTT GGG TGG AAA GG-3= (nt 1002–986); human ANG-

Fig. 2. Costaining of CD133� cells and nephron markers. Representative confocal immunofluorescence micrographs showing staining of human renal tissue with
CD133 (clone AC133–1; red) and specific nephron segment markers (green). Costaining was observed only for megalin in the cortical tubuli (arrows). CD133�

cells did not coexpress markers of distal tubuli (Na/Cl cotrasporter), of thin descending and thin ascending segments [aquaporin-1 (AQ1) and CLCK-1,
respectively], of thick ascending segment (THP), and of collecting ducts (AQ2 and AQ3). Nuclear staining was performed with Hoechst dye 33342. Original
magnification �400. G, glomerulus.
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PTL4; forward, 5=-GGC CTC TCC GTA CCC TTC TC-3= (nt
1042–1061) and reverse, 5=-GGC CGT TGA GGT TGG AAT G-3=

(nt 1165–1147); human VEGF-A forward, 5=-TCA TCA CGA AGT
GGT GAA GTT CA-3= (nt 1146–1168) and reverse, 5=-TCA GGG
TAC TCC TGG AAG ATG TC-3= (nt 1238–1216); human TBP:
forward, 5=-TGT GCA CAG GAG CCA AGA GT-3= (nt 938–957
iso1) and reverse, 5=-ATT TTC TTG CTG CCA GTC TGG-3= (nt
988–968 iso1) and human �-actin: forward, 5=-TGA AGA TCA AGA
TCA TTG CTC CTC-3= (nt 1058–1081) and reverse, 5=-CAC ATC
TGC TGG AAG GTG GAC-3= (nt 1151–1131).

Cell infection and transfection. For monitoring the transcriptional
activity of Oct4, CD133� progenitors were infected with lentiviral
particles expressing the green fluorescent protein (GFP) gene under
the control of the Oct4 transcriptional response element (Cignal-Lenti
Oct4-reporter kit, SABiosciences, Frederick, MD), following the
manufacturer’s instructions. Transfection of CD133� progenitors was
performed using the HiPerFect Transfection kit (Qiagen) according to
the manufacturer’s protocol. For papillary CD133� cell transfection,
50 nM miScript miRNA Mimic along with 6 �l HiPerFect Transfec-
tion Reagent (for a 24-well plate; all from Qiagen) were mixed into

Fig. 3. Characterization of CD133� cells. A: representative FACS analyses of papillary disaggregated renal tissue and of cell isolates at early culture passages.
Bottom histograms: gray line shows binding of the specific antibody and the filled area the isotypic control. All 33 lines and 12 clones, originated from 4 different
cell lines, showed similar marker expression. B: number of colonies originated from CD133�, CD133�, or unsorted cells. Data are means � SD of 5 different
experiments. C: representative micrographs of immunofluorescence staining. Nuclei were stained with Hoechst dye 33342. Original magnification �630. All 33
lines and 12 clones, originated from 4 different cell lines, showed similar results. D: quantitative RT-PCR analysis of freshly isolated CD133� cells from papillary
tissue (Pap-CD133�) or cortical tubuli (Tub-CD133�) showing the expression of mRNAs encoding for the renal embryonic and stem-related factors and for
the Oct4 isoforms. Mesenchymal stem cells (MSC) were used as control. All data were normalized to �-actin mRNA. The mean of 6 different cell lines was
normalized to 1 for Pap-CD133. Student’s t-test was performed. *P 	 0.05.
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500 �l of EBM without supplement kit and added to the plate. For
CD133� progenitors from cortical tubuli, 10 nM Mimic or 75 nM
miScript miRNA inhibitor along with 3 �l HiPerFect Transfection
Reagent were used. The day after transfection, cells were washed and
cultured in their expansion or differentiation media. AllStars Negative
Control siRNA or miScript miRNA inhibitor (Qiagen) were used as
negative control for each transfection. In all experiments, transfection
was confirmed by evaluation of miR-145 levels using qRT-PCR.

Xenograft in SCID mice. CD133� cells, CD133� transfected cells,
or clones were implanted subcutaneously into SCID mice (Charles
River, Jackson Laboratories, Bar Harbor, ME) within Matrigel (Bec-
ton Dickinson), as described (2), in adherence to the Italian recom-
mendations for the care of laboratory animals. Cells were harvested
using trypsin-ethylenediaminetetraacetic acid, washed with phos-
phate-buffered saline, counted in a microcytometer chamber, and
resuspended in DMEM (1 � 106 in 250 �l of DMEM). Cells were
chilled on ice, added to 250 �l of Matrigel at 4°C, and injected
subcutaneously into the left back of SCID mice via a 26-gauge needle
using a 1-ml syringe. At day 15, mice were killed and Matrigel plugs
were recovered and analyzed.

Statistical analysis. Statistical analysis was performed by using the
Student’s t-test, or ANOVA with Dunnet’s multicomparison tests, as
appropriate. A P value of 	0.05 was considered significant.

RESULTS

Identification of CD133� cells in the Henle’s loop and thin
segments of the renal medulla. Previous studies showed the
presence of CD133� cells in the cortical region (2, 39, 40). We
now systematically investigated by immunofluorescence on
frozen tissue, the presence of CD133� cells within the different
regions of the renal tissue (Fig. 1). As reported, in the cortex
CD133� cells were detectable within the Bowman’s capsule
and in proximal convolutes tubules (Fig. 1, A and B). Tubular

structures positive for CD133 were also present in the medulla,
mainly in the human papillary region of the inner medulla,
which contains thin segments of the Henle’s loop and large
collecting ducts (25). The CD133� structures morphologically
corresponded to the Henle’s loop and its thin segments (Fig. 1,
D and E), whereas the ducts of Bellini in the area cribrosa were
negative (Fig. 1F). A lower number of CD133� structures,
possibly belonging to short loop nephrons, was also detectable
in the outer medulla (Fig. 1C). Costaining with nephron seg-
ment markers showed that CD133� structures in the cortex
were positive for the proximal marker megalin (10) and not for
the distal marker Na/Cl cotransporter (1) (Fig. 2). Within the
loop of Henle, the CD133 structures were negative both for the
thin descending and for the thin ascending segment markers
AQ1 (32) and CLCK-1 (43), respectively (Fig. 2). Costaining
of CD133 was absent also for the thick ascending segment
marker THP (38). In addition, the collecting ducts identified by
staining for AQ2 and AQ3 markers (32) did not express CD133
(Fig. 2). CD133� cells detected in different regions coex-
pressed CD24 (Fig. 1, inset).

Comparison of CD133� cells from medulla and cortex. By
cytofluorimetric analysis, the percentage of CD133� tubular
cells in the papillary region of medulla ranged between 4.3 and
8.2% CD133� cells (Fig. 3A) and was significantly higher than
that in the cortex of the same tissue specimen (means � SE:
6.3 � 1.6 papilla; 1.2 � 0.4 cortex; n 
 6, P 	 0.05). We
isolated the CD133� cells from human renal inner medulla by
immunomagnetic sorting. Lines were obtained by culturing
CD133� cells in complete EBM without serum at a density of
1.0 � 104 viable cells/cm2. A highly enriched population
containing �90% CD133� cells was obtained (Fig. 3A). The

Fig. 4. Epithelial differentiation of CD133� cells from the papillary region of medulla. CD133� cells were incubated for 7 or 14 days (D7 or D14) in the presence
of a differentiating epithelial medium. A: FACS analysis showing the loss of CD133 by differentiated cells (green line) with respect to cells cultured in the basal
medium (filled area). B: Western blot analysis of Oct4A expression 7 or 14 days after culture in differentiation medium (DIFF) or in basal culture medium (CTR).
Four different experiments were performed with similar results. C: quantitative RT-PCR analysis showing reduction in mRNAs encoding for the Oct4 isoforms
after 7 or 14 days of differentiation. Data were normalized to TBP mRNA and to 1 for time 0 and are means � SD of 3 different experiments. ANOVA with
Dunnett’s comparison test was performed. *P 	 0.05 vs. time 0. D: Western blot analysis showing increase of nephron markers 7 and 14 days after differentiation.
Three different experiments were obtained with similar results. E and F: semiquantitative analysis of the expression of nephron markers as detected by IF staining
on 3 different clones after 14 days of differentiation (E) and representative micrographs of the immunofluorescence staining on CD133� cells (F). Nuclei are
stained in blue with Hoechst dye 33342. Original magnification �630. THP, Tamm-Horsfall protein; Na/K cot, Na/K cotransporter; APep, aminopeptidase A;
AQP, aquaporin.

F120 HYPOXIA MODULATES CD133� RENAL PROGENITORS

AJP-Renal Physiol • doi:10.1152/ajprenal.00184.2011 • www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal (031.158.255.046) on July 7, 2021.



CD133-negative fraction, confirmed by cytofluorimetric anal-
ysis to lack CD133 (not shown), did not originate colonies in
the same culture conditions (Fig. 3B). To confirm the selection
of these cells by culture conditions, culture of unsorted cells
generated �90% CD133� cells (Fig. 3A). Cells were main-
tained in expansion medium without losing CD133 expression
for 7 to 15 passages. Thirty-three different lines were ob-
tained and characterized. Characterization of the initial cell
isolates by fluorescence-activated cell sorting analysis
showed that CD133� expressed the mesenchymal stem cell
markers CD73, CD29, CD44, CD146, and the stem cell
marker SSEA-4 (4). No expression of CD34, CD117, and
CD45 was detected in all isolates. In addition, alpha6
integrin and CD56, a putative marker of renal progenitors
expressed in the embryonic kidney (30), were positive
although not in the totality of the cells (Fig. 3A). By
immunofluorescence, CD133� cells were positive for cyto-
keratin, vimentin, nestin, and PAX2 (Fig. 3C). The pattern
of markers expressed by CD133� cells derived from the
papillary region of medulla was super imposable to that
described for CD133� cells from the renal cortex (2).

By quantitative RT-PCR, we comparatively evaluated in
CD133� progenitor cells isolated from cortex or papilla the
expression of renal embryonic markers (11) and of transcrip-

tion factors associated with multipotency (4) (Fig. 3D). All
CD133� populations expressed Six1, Six2, and Pax2. Mesen-
chymal stem cells known to express mesenchymal transcrip-
tion factors (11) but not the renal marker Pax2 (2) were used as
control. In addition, both cortical and papillary CD133� cells
expressed Oct4, c-Myc, and Klf4. Indeed, the levels of these
transcription factors were higher in CD133� cells from papilla.
The expression of Sox2 was inconsistent among the different
cell lines, being completely absent in 37% of the tested lines
(n 
 8) and highly variable in the others. We further investi-
gated, using specific primers, the expression of the three
isoforms of Oct4, that could be generated by alternative splic-
ing, since several reports questioned the expression of the
Oct4A isoform in adult stem cells (22, 45) (Fig. 3D). Oct4A,
which is considered to associate with stemness (45), was
significantly higher in CD133� derived from the papillary
region of medulla in respect to those obtained from the cortical
tubules. No significant differences were observed for the
Oct4B isoform, associated with stress response (45), and for
Oct4B1, whose role is currently unknown (Fig. 3D).

In vitro differentiation. To obtain epithelial differentiation,
CD133� cells obtained from the papillary region of medulla
and deriving clones were grown in the presence of growth
factors known to be involved in epithelial differentiation (2).

Fig. 5. In vivo differentiation of papillary CD133�

cells. Undifferentiated CD133� cells (1 � 106) were
injected subcutaneously with Matrigel in SCID mice
and plugs were recovered after 14 days. A–C: rep-
resentative hematoxylin and eosin (HE) staining
micrograph of tubular-like structures originated
from CD133� cells. Tubular structures were cov-
ered both by cuboidal and by flat cells generated by
CD133� cells from the papillary region of medulla
(B). In contrast, CD133� from the cortex only gen-
erated cuboidal cells resembling proximal tubuli
(C). D–G: immunohistochemical staining of human
HLA class I (D), cytokeratin (D, inset), and of the
different nephron segment markers aminopeptidase
A (E), THP (F), and AQ1 (G). Magnification A,
D: �250; B, C, E–G, and D, inset: �400. Five
different cell lines and 3 clones were analyzed with
similar results.
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As CD133� cells expressed the HGF receptor c-met and the
FGF-4 receptor FGFR1, but they did not express FGFR4,
receptor for other FGF isoforms, we cultured them for 14 days
in medium containing HGF and FGF4 (Fig. 3A). After culture
in differentiating conditions, cells lost CD133� expression and
downregulated Oct4A expression (Fig. 4, A and B). The down-
regulation of the mRNA level of the three Oct4 isoforms was
confirmed by quantitative RT-PCR (Fig. 4C). In parallel, after
culture in epithelial differentiating condition, CD133� cells
and clones acquired markers characteristic of fully differenti-
ated renal epithelia, such as megalin and amino peptidase A,
mainly expressed by proximal tubular epithelial cells (10, 29),
THP, expressed by the thick limb of the Henle’s loop (38), the
thiazide-sensitive NaCl cotransporter, mainly expressed by
distal tubular epithelial cells (1), AQ1, expressed by distal
tubules and thin descending limbs and AQ2 and AQ3 ex-
pressed by collecting ducts (32) (Fig. 4, D–F). This differen-

tiation ability was similar to that reported in vitro for CD133�

cells from cortical tubules (2).
In vivo differentiation. CD133� cells were subcutaneously

injected into Matrigel in SCID mice to assess their differenti-
ation in vivo. After 10–15 days, plugs were recovered and
processed for histological and immunohistochemical analysis.
Undifferentiated cells injected into mice showed a spontaneous
differentiation into epithelial tubular structure with aspects of
cuboidal or flat epithelium (Fig. 5, A and B). Immunohisto-
chemical evaluation indicated that these structures were human, as
they expressed HLA class I antigen, and were positive for the
epithelial marker cytokeratin as well as for markers of the differ-
ent nephron segments: proximal tubular marker amino peptidase
A, Henle’s loop markers THP and AQ1, selective for the thick and
for the thin descending segments, respectively (Fig. 5, D–G). At
variance, renal cortex CD133� cells only differentiated into
cuboidal structures resembling proximal tubuli (Fig. 5C). Injec-

Fig. 6. Effect of hypoxia on CD133� cells from the papillary region of medulla. A: representative cytofluorimetric analysis of CD133� expression in normoxia
(filled area) or after 24-h hypoxia (dark line). The gray line shows the isotypic control. B: quantification of the percentage of CD133� cells in 6 different
preparations evaluated by cytofluorimetric analysis in normoxia or after 72-h hypoxia (1% O2). C: evaluation of the generation of single-cell derived colonies,
as described in METHODS, by CD133� cells in normoxia or hypoxia. D: evaluation of cell proliferation by BrdU incorporation in hypoxia (‘) in respect to
normoxia (�). B–D: values are means � SD of 6 different experiments performed in triplicate. Student’s t-test was performed. *P 	 0.05 normoxia vs. hypoxia.
E, F: Western blot micrograph and densitometric analysis of HIF-1� and HIF-2� (E) and of Oct4A (F) expression in cells at time 0 or after 3- and 24-h hypoxia.
Data, shown as arbitrary units, are representative of 6 different experiments and were normalized to actin expression. G: quantitative RT-PCR analysis showing
the variation of Oct4 isoforms induced by hypoxia. Data were normalized to TBP mRNA and to 1 for time 0. Data are means � SD of 3 different experiments.
E–G: ANOVA with Dunnett’s comparison test was performed. *P 	 0.05 vs. time 0. H: increase in Oct4 promoter activity after 48-h hypoxia in CD133� cells
infected with a GFP-Oct4 promoter vector. Increase in GFP expression was showed by cytofluorimetric analysis in cells under hypoxia (filled line) with respect
to cells in normoxia (gray line) and by immunofluorescence analysis by representative micrographs in cells 48 h after hypoxia with respect to normoxia. Original
magnification �400.

F122 HYPOXIA MODULATES CD133� RENAL PROGENITORS

AJP-Renal Physiol • doi:10.1152/ajprenal.00184.2011 • www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal (031.158.255.046) on July 7, 2021.



tion of CD133� papillary progenitors from single clones (n 
 3)
generated similar tubular structures (not shown).

Hypoxia modulates stem cell properties of CD133� cells
derived from the papillary region of medulla. The papillary
region of the medulla has a very low-oxygen tension, ranging
�10 mmHg, whereas the cortex benefits from an oxygen
tension between 30 and 50 mmHg (15). We therefore evaluated
whether hypoxia may modulate the undifferentiated phenotype
of CD133� progenitors. When CD133� cells were cultured
under hypoxia in 1% oxygen, corresponding to an oxygen tension
of 10 mmHg (8), the expression of CD133 was upregulated as
soon as after 24 h and maintained up to 72 h (Fig. 6, A and B). In
parallel, culture in hypoxic condition significantly promoted
CD133� cell proliferation and the ability to form colonies from
a single cell, that showed a twofold increase (Fig. 3, C and D),
suggesting that hypoxia may modulate the progenitor/stem
phenotype. We also evaluated the activation of the hypoxia-
inducible factors HIF1� and HIF2�, master regulators of the
transcription effect of hypoxia (16). Hypoxia promoted a rapid
upregulation of HIF1�, whereas HIF2�, which was constitu-
tively expressed in CD133� cells, did not increase after hy-
poxic exposure (Fig. 6E). Moreover, hypoxia enhanced the
expression of Oct4 protein (Fig. 6F). However, levels ex-
pressed by CD133� cells derived from the papillary region of
medulla were significantly lower than those in murine embry-
onic stem cells used as control (not shown). In addition, we
found that the mRNA levels of the three Oct4 isoforms were
upregulated by hypoxia as soon as 3 h (Fig. 6G). The effect
was maintained up to 24 h (Fig. 6G) and 48 h (not shown).
Increase in angiopoietin-like4, a potent angiogenic factor
known to be regulated by hypoxia (20), was used as control of
cell activation by hypoxia (positive response ¡ 2-fold increase
in angiopoietin-like4 mRNA normalized to TBP mRNA). To
validate the effect of hypoxia on Oct4 synthesis, we infected
CD133� cells with an Oct4-responsive GFP vector. After 48-h
hypoxia, infected cells expressed GFP, evaluated by cytofluo-

rimetric analysis and immunofluorescence, indicating the acti-
vation of the Oct4 transcription (Fig. 6H). No effect of hypoxia
was observed on Nanog, c-Myc, or Klf4 by quantitative RT-
PCR (not shown). Hypoxia (24–72 h) did not modulate the
transcription factors Snail, Slug, and Twist (not shown), in-
volved in the epithelial-mesenchymal transition (31). In addi-
tion, hypoxia promoted the synthesis of VEGF, known to be a
target of the transcriptional activity of HIF-1 (Fig. 7A). VEGF
was in turn reduced during differentiation of CD133� cells
from papilla, in concomitance with a reduction of HIF-1 alpha
levels (Fig. 7, B–D).

MiR-145 modulates CD133� cell properties. To investigate
the possible mechanism of Oct4 regulation in CD133� cells,
we evaluated the involvement of miR-145, known to repress
Oct4 synthesis in human embryonic stem cells (6, 47). We
found that CD133� cells from papilla constitutively expressed
miR-145, which was downregulated during hypoxia (Fig. 8A).
Conversely, miR-145 levels increased during cell differentia-
tion, concomitantly with the downregulation of Oct4. In par-
ticular, miR-145 levels showed a peak at day 7 after differen-
tiation. After 14 days of differentiation, miR-145 levels were
significantly higher than at time 0 (Fig. 8B), although they
decreased in respect to day 7 possibly due to inhibitory mech-
anisms activated once cells reached a complete differentiation.
Indeed, MiR-145 levels were higher in mature CD133� cells
obtained from fresh tissue than in CD133� cells (Fig. 8B). To
investigate the causative effect of miR-145 on Oct4 downregu-
lation, we generated CD133� cells expressing high levels of
miR-145 by transfection with a miR-145 mimic (Mimic145)
(Fig. 8C). As control, cells were transfected with Allstar
negative control (CTR-A). The levels Oct4A protein were
significantly reduced in Mimic 145 cells in respect to CTR-A
cells (Fig. 8D), but not its mRNA (not shown), suggesting an
effect of miR-145 at the translation level. No difference in the
expression of the Oct4B isoform was observed in Mimic 145
cells (not shown). In parallel, overexpression of miR-145

Fig. 7. Vascular endothelial growth factor
(VEGF) synthesis by undifferentiated and
differentiated cells. A: quantitative RT-PCR
analysis showing the increase in VEGF and
ANGPL4 induced by 48-h hypoxia in papil-
lary CD133� cells. Data were normalized to
TBP mRNA and to 1 for normoxia. Data are
means � SD of 3 different experiments. Stu-
dent’s t-test was performed. *P 	 0.001 nor-
moxia vs. hypoxia. B: quantitative RT-PCR
analysis showing the variation of VEGF in
CD133� cells after 7 or 14 days of epithelial
differentiation. Data were normalized to TBP
mRNA and to 1 for normoxia. Data are
means � SD of 3 different experiments. Stu-
dent’s t-test was performed. *P 	 0.001 day

0 vs. day 7 or day 14. C–D: Western blot
micrograph and densitometric analysis of
HIF-1� expression in cells after culture for 7
or 14 days in differentiation medium (DIFF)
or in basal culture medium (CTR). Data,
shown as arbitrary units, are mean of 3 dif-
ferent experiments and were normalized to
actin expression. Student’s t-test was per-
formed. *P 	 0.05 DIFF vs. CTR.
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induced a reduction in cell proliferation rate (Fig. 8E). More-
over, Mimic145 cells, cultured in the presence of epithelial
differentiating medium, showed an increase in differentiation
ability as soon as day 3, evaluated as acquisition of specific
tubular markers by immunofluorescence staining in respect to
CTR-A or nontransfected cells (Fig. 8F). In vivo, Mimic145

cells lost the ability to form tubular structures when injected
into Matrigel in SCID mice (Fig. 8G), as isolated mature
CD133� cells.

Effect of hypoxia on tubular CD133� cells. We also evalu-
ated whether the effect of hypoxia on maintenance of progen-
itor properties was unique to papillary CD133� by studying
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cortical tubular CD133� cells. We found that hypoxia in-
creased CD133 expression in tubular CD133� cells (Fig. 9A).
In addition, hypoxia promoted VEGF and ANGPLF4 expres-
sion, showing similar functional effects to papillary CD133�

(Fig. 9B). We therefore investigated the effect of hypoxia on
Oct4 expression. Tubular CD133� cells showed in basal cul-
ture condition low Oct4A levels in respect to papillary
CD133� cells both at RNA (Fig. 3D) and at protein level (Fig.
9C). Conversely, the Oct4B isoform, known to be associated
with the stress response, was increased at protein level in
tubular CD133� cells (Fig. 9C). After 24 h hypoxia, Oct4
mRNA expression was increased in all the three isoforms (Fig.
9D). However, possibly due to the low levels, Oct4A protein
remained undetectable even after hypoxia, whereas the Oct4B
isoform was increased (Fig. 9, E and F). At variance, papillary
CD133� showed a prevalent increase in Oct4A isoform,
whereas the Oct4B isoform was almost undetectable (Fig. 9E).
We also investigated the possible role of miR-145 in the
regulation of Oct4 in cortical tubular CD133� cells. Tubular
CD133� cells showed basal miR-145 levels similar to those
observed in papillary CD133� cells (not shown). We therefore
modulated miR-145 levels by generating CD133� cells ex-
pressing high levels of miR-145 (Mimic145) or we inhibited
miR-145 using a miRNA inhibitor (anti-MiR145). As shown in
Fig. 9, G and H, miR-145 regulated Oct4B but not Oct4A
isoform. Increase in miR-145 levels in Mimic-145 cells de-
creased Oct4B (Fig. 9, G and H). Conversely, inhibition of
miR-145 activity in anti-MiR145 cells increased Oct4B levels
(Fig. 9, G and H). No effect was observed on Oct4A isoform.
Altogether, these data suggest a major role for activation of the
stress response in tubular CD133� cells by hypoxia.

DISCUSSION

In the present study, we found that CD133� progenitor cells
are present in different segments of the nephron. In particular,
they were enriched in the Henle’s loop and thin segments in the
papillary region of medulla. Once isolated, the CD133� cells
derived from the papillary region of medulla expressed tran-
scription factors associated with stemness and the ability to
generate in vivo canalized structures positive for renal specific
markers. These cells showed Oct4 levels and differentiation
potential higher than those obtained from cortical tubuli. In
addition, we found that hypoxia was able to modulate the
phenotype of CD133� progenitors, enhancing the ability to
form colonies, stimulating the expression of CD133 and the
synthesis of the Oct4. Moreover, we provided evidence that

miR-145 may induce Oct4 regulation during hypoxia and

differentiation.

This finding in the human kidney is consistent with the

previous observation by Oliver et al. (33, 34) that the papilla

may represent a preferential site of localization of stem/pro-

genitor cells. CD133� cells were present in the Henle’s loop

and its thin limb segments, and they did not coexpress nephron

markers. At variance, the papillary stem cells in rodents were

located in collecting duct cells or interstitial cells, and not in

the Henle’s loop. This could be due to an anatomical difference

of human kidney that presents multiple papillas and a less

defined papillary region than that of mice that is unipapillate

(25). The localization of CD133� cells within the different

segments of the nephron in humans may suggest that this

population is not confined in a specific niche and that it may

modulate its phenotype in response to the microenvironmental

factors. However, CD133� cells in the papillary region were

more abundant than in the cortex and they were negative for

segment-specific nephron markers at variance of the tubular

CD133� cells in the cortex. Moreover, they expressed embry-

onic transcription factors and they were enriched in Oct4A in

respect to tubular CD133� cells, which expressed preferen-

tially the Oct4B isoform involved in the stress response. These

results may suggest that the papilla and in particular the

Henle’s loop may represent an environment that favors the

maintenance of undifferentiated phenotype of epithelial pre-

cursors. This is consistent with the report that Oct4-positive

cells reside in the papilla in rodents (21). The relatively high

number of the cells as well as their constitutive expression of

the epithelial marker cytokeratin define this population as

epithelial progenitors. Indeed, in the human fetal kidney,

CD133�/CD24� cells represent �50% of the population and

express epithelial surface markers (39). The nature of CD133�

cells as epithelial progenitors is also confirmed by our in vivo

experiments where the undifferentiated CD133� cells sponta-

neously generated epithelial tubular-like structures. Of interest,

CD133� from the papillary region of medulla, at variance of

those obtained by the tubular cortex, showed the ability to

generate tubular-like structures with variable morphology and

with the expression of markers of different nephron segments.

Altogether, these data may indicate the presence of populations

of cells with a different degree of differentiative commitment

within the nephron and suggest a role for the hypoxia microen-

vironment of the papilla in the progenitor properties of

CD133� cells.

Fig. 8. Role of miR-145 in the differentiation of CD133� cells from the papillary region of medulla. A: evaluation of miR-145 levels by quantitative RT-PCR
in CD133� cells after 24-h hypoxia. RNA imputs were normalized to RNU48 and to 1 for normoxia. Data are means � SD of 3 different experiments. Student’s
t-test was performed. *P 	 0.05 vs. normoxia. B: evaluation of miR-145 levels by quantitative RT-PCR in CD133� cells, after culture for 0, 7, or 14 days in
epithelial differentiating medium, or in CD133� cells. RNA imputs were normalized to RNU48 and to 1 for time 0. Data are means � SD of 6 different
experiments. Student’s t-test was performed. *P 	 0.001, §P 	 0.05 vs. d0. C: MiR-145 levels in CD133� cells (CTR), in cells transfected with Allstar negative
control (CTR-A) or with a miR-145 mimic (Mimic 145). RNA imputs were normalized to RNU48. D: Western blot micrograph and densitometric analysis of
Oct4A expression in CTR or CTR-A or Mimic145 cells. Data were normalized to actin expression and are shown as arbitrary units. ANOVA with Dunnett’s
comparison test was performed. *P 	 0.05 Mimic145 vs. CTR or CTR-A. E: cell proliferation by BrdU incorporation. Values are means � SD of 4 different
experiments performed in triplicate. ANOVA with Dunnett’s comparison test was performed. *P 	 0.05 Mimic145 vs. CTR or CTR-A. F: representative
micrographs showing the immunofluorescence staining for nephron markers by Mimic 145 cells with respect to CTR-A cells after 3 days of culture in epithelial
differentiating medium. Nuclei were stained with Hoechst dye 33342. Original magnification �630. G: representative HE staining micrograph of tubular-like
structures formed in vivo by Mimic145, CTR-A cells, and CD133� cells in Matrigel when injected in SCID mice. Original magnification �250. Eight different
experiments were performed with similar results.
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O2 has been shown to regulate death and differentiation of
embryonic stem cells and adult progenitors (35, 41). Low-
oxygen tension is an important component of the stem cell
microenvironment and niche and provides signals conducive to
the maintenance of definitive stem cell properties (41). Previ-
ous studies showed that hypoxia increased CD133 through
HIF-1� in neural progenitors and glioma stem cells (36, 42).
We found that hypoxia enhanced the number of CD133� cells
and promoted their proliferation and ability to generate colo-
nies, indicating a role in their stem-related phenotype. Another
property of hypoxia is the activation of specific pathways and
transcription factors that control stem cells, such as Oct4.
HIF-2� was reported to bind to the Oct-4 promoter and to
induce Oct-4 expression in embryonic stem cells (9). An
increase in Oct4 mRNA after hypoxia exposure was also

observed in mesenchymal stem cells (14). In the present study,
we showed that hypoxia promoted the synthesis of the Oct4
isoforms, possibly via HIF-1� activation whose levels in-
creased after hypoxia. Interestingly, HIF-1� decreased after
differentiation, suggesting a possible hypoxia-independent
modulation of HIF-1� in the maintenance of stemness, as
recently shown in cancer stem cells (46).

An additional mechanism involved in stemness during hyp-
oxia was the downregulation of miR-145. In turn, miR-145 was
found to inhibit Oct4A protein synthesis, but not Oct4 mRNA
levels, indicating a posttranslational mechanism involved in
the phenotype of CD133� cells. Moreover, miR-145 overex-
pression inhibited proliferation and organization in vivo into
tubular structures and stimulated downregulation of stem cell
markers and differentiation. Indeed, miRNA-145 has been

B

Fig. 9. Effect of hypoxia on tubular CD133� cells from the renal cortex. A: effect of 24-h hypoxia (1% O2) on the percentage of CD133� cells evaluated by
cytofluorimetric analysis. Values are means � SD of 3 different experiments performed in different cell preparations. B: quantitative RT-PCR analysis showing
the increase in VEGF and ANGPL4 induced by hypoxia in tubular CD133� cells. Data were normalized to TBP mRNA and to 1 for normoxia. Data are mean
of 3 different experiments. C: Western blot analysis of Oct4 expression in CD133� cells from cortex or papilla showing the expression of Oct4B in tubular
cortical CD133� cells (TUB-CD133�) and of Oct4A in papillary CD133� cells (PAP-CD133�). D: quantitative RT-PCR analysis showing the variation of Oct4
isoforms induced by hypoxia in tubular CD133� cells. Data were normalized to TBP mRNA and to 1 for normoxia. Data are means � SD of 3 different
experiments. B–D: Student’s t-test was performed. *P 	 0.05 normoxia vs. hypoxia. E–F: Western blot micrograph and densitometric analysis of Oct4A and
Oct4B expression in tubular CD133� cells at time 0 or after 3- or 24-h hypoxia. Data, shown as arbitrary units, are representative of 3 different experiments and
were normalized to actin expression. Oct4 isoforms in lysates of papillary CD133� cells at 0 and 24 h of hypoxia, analyzed in the same blot of tubular CD133�

cells, were used as control (E). G–H: Western blot micrograph and densitometric analysis of Oct4A and Oct4B expression in tubular in CD133� cells (CTR),
in cells transfected with Allstar negative control (CTR-A), or with a miR-145 mimic (Mimic145) or with an anti-miR145 antisence (Anti-miR145). Data, shown
as arbitrary units, are representative of 3 different experiments and were normalized to actin expression. F and H: ANOVA with Dunnett’s comparison test was
performed. *P 	 0.05 vs. time 0 or CTR.
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proposed as a mechanism of epigenic modulation of prolifer-
ative and differentiative properties (28, 47). A miR-145 reduc-
tion was shown in undifferentiated renal tumors in respect to
normal renal tissue (13). In embryonic stem cells, miR-145
inhibited Oct4 protein expression. In turn, Oct4 repressed
miR-145 transcription implying a reciprocal regulation in stem
cell pluripotency (6, 47). In adult cells, the possible role of Oct4
expression is still uncertain and it might be related to self renewal
(19). We here found that CD133� progenitors express low-Oct4
levels and not other pluripotency genes such as Sox-2. In this
context, miR-145 reduction in CD133� cells during hypoxia,
possibly through activation of Oct4, may allow cell proliferation
and maintenance of a progenitor phenotype. At variance, miRNA-
145 upregulation and Oct4 reduction during differentiation may
allow cell maturation and stop proliferation. As the effect of
miR-145 was shown only on Oct4 protein synthesis and not on
mRNA expression, it may be suggested that mechanisms other
than miR145 may regulate Oct4 at mRNA level and contribute to
maintain low Oct4 in differentiated cells.

The role of Oct4/miR145 balance in response to hypoxia
was also investigated in cortical tubular CD133� cells. The
results showed that hypoxia increased CD133 expression and
release of proangiogenic factors. However, the response of
tubular CD133� cells was related to Oct4B and not to Oct4A
isoform activation, indicating a major role for the activation of
the stress response in tubular CD133� cells by hypoxia. There-
fore, in renal injury, hypoxia may play a role in modulating
resident progenitor cells in tubuli by activating a stress re-
sponse. Indeed, it has been shown that the ischemic injury may
enhance the number of CD133� cells within the kidney (24).

In conclusion, we found that progenitor cells located within the
nephron can be modulated by hypoxia toward an immature
phenotype through a balance between Oct4 expression and miR-
145 downregulation. This mechanism may be at the basis of the
maintenance of a CD133� population in the papillary region of
the human inner medulla. Fine-tuning of the Oct4/miR-145 bal-
ance may regulate proliferation and differentiation after injury.
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