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The tubules of the kidney display a remarkable capac-
ity for self-renewal on damage. Whether this regener-
ation is mediated by dedifferentiating surviving cells
or, as recently suggested, by stem cells has not been
unequivocally settled. Herein, we demonstrate that
aldehyde dehydrogenase (ALDH) activity may be used
for isolation of cells with progenitor characteristics
from adult human renal cortical tissue. Gene expres-
sion profiling of the isolated ALDH™#" and ALDH'*" cell
fractions followed by immunohistochemical interroga-
tion of renal tissues enabled us to delineate a tentative
progenitor cell population scattered through the prox-
imal tubules (PTs). These cells expressed CD24 and
CD133, previously described markers for renal progen-
itors of Bowman’s capsule. Furthermore, we show that
the PT cells, and the glomerular progenitors, are posi-
tive for KRT7, KRT19, BCL2, and vimentin. In addition,
tubular epithelium regenerating on acute tubular ne-
crosis displayed long stretches of CD133*/VIM™ cells,
further substantiating that these cells may represent a
progenitor cell population. Furthermore, a potential
association of these progenitor cells with papillary
renal cell carcinoma was discovered. Taken together,
our data demonstrate the presence of a previously
unappreciated subset of the PT cells that may be en-
dowed with a more robust phenotype, allowing in-
creased resistance to acute renal injury, enabling
rapid repopulation of the tubules. (4m J Pathol 2011,
178:828-837: DOI: 10.1016/j.ajpath.2010.10.026)
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The nephron of the normal kidney is mitotically quiescent.
However, the renal epithelium has a considerable capac-
ity for tubular regeneration on acute renal injury (ARI). In
contrast to regeneration of glomerular podocytes, which
may emanate from progenitor cells among the parietal
epithelial cells (PECs) of Bowman'’s capsule,'™ the cel-
lular origin of regenerating tubular cells is less clear.
Tubular regeneration may be a stochastic process in
which the least-injured cells dedifferentiate and repopu-
late the denuded basal membranes.*® This view has
been challenged by the concept of renal and/or bone
marrow—derived stem cells participating in the regener-
ative process.® Recent data, however, indicate a minor
role for the latter cell type,”® and the search for the
defining features of adult tubular stem or progenitor cells
has, to date, been inconclusive, with discrepant results
regarding their proper histologic markers and their histo-
logic location. It is, therefore, not surprising that little is
known about potential links between putative kidney stem
cells and the renal cell carcinomas (RCCs), which are ma-
lignancies that arise from the renal tubular epithelium. Renal
cell carcinoma accounts for approximately 3% of adult ma-
lignancies globally, and the incidence is increasing.® The
major RCC types are clear cell, papillary (pRCC), chromo-
phobe, collecting duct, and unclassified, whereas oncocy-
toma and cortical adenoma are examples of benign tumors.

The family of aldehyde dehydrogenases (ALDHSs) is
thought to play a role in stem cell maintenance by con-
verting retinal into retinoic acid.'® Accordingly, fluores-
cence-activated cell sorting (FACS) based on ALDH ac-
tivity has successfully been used mainly for the isolation
of hematopoietic stem cells but also for isolating breast
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cancer stem cells, intestinal mucosal stem cells, and liver
cancer stem cells.™”

In the present study, we isolated cells with elevated
ALDH activity from human kidney cortex by means of
FACS. By gene expression profiling of the isolated ALDH""
and ALDH®" cell fractions and by subsequent immuno-
histochemical (IHC) interrogation of renal cortical tissues,
we could delineate a tentative progenitor cell population
with a scattered distribution in the epithelial layer of the
proximal tubules (PTs). Functional and bioinformatics anal-
yses indicated that these cells are endowed with a robust
phenotype allowing increased resistance to ARI. This, to-
gether with an apparent immunophenotypical resemblance
to stretches of cells seen in regenerating tubules, suggests
that these cells may spearhead the repopulation of renal
tubules after injury. The cells also displayed transcriptional
similarities to those of pRCCs, a notion that was supported
at the protein level using IHC analysis. Taken together, our
data indicate that this previously unappreciated subset of
the PT cells may be implicated in pathologic processes,
including renal neoplasms and tubular regeneration after
renal injury.

Materials and Methods

Procurement of Renal Tissue

Renal tissue samples were obtained from nephrectomies
performed owing to malignancy or from renal biopsies per-
formed using 18-gauge needles. All the specimens were
collected after informed consent was obtained from the
patients. Ethical permission was granted by the ethical
committee at Lund University (LUB80-08 and LU289-07).

IHC and Cytochemical Analyses

For IHC analysis, sections of formalin-fixed, paraffin-em-
bedded human renal tissue (4 um thick) were deparaf-
finized using xylene followed by graded ethanols for re-
hydration according to the standard protocol. Boiling in
10 mmol/L citrate buffer at pH 6 was performed as anti-
gen retrieval. Staining was detected using the EnVision
system and DAKO Techmate 500 staining equipment
according to the instructions of the manufacturer (DAKO,
Carpenteria, CA). The chromogens used were diamino-
benzidine (black/brown) and Permanent Red. For nuclear
counterstaining, hematoxylin was used. As negative con-
trol, the primary antibody was omitted. Immunofluores-
cence (IF) was performed on formalin-fixed, paraffin-em-
bedded or fresh frozen material. For formalin-fixed,
paraffin-embedded sections, antigen retrieval was per-
formed using Diva Decloaker solution (Biocare Medical,
Concord, CA). Fresh frozen sections were fixed in cold
acetone for 5 minutes. After blocking with 5% bovine serum
albumin in 10 mmol/L PBS, sections were incubated with
primary antisera overnight at 8°C. After washing, second-
ary antibodies were applied according to the manufac-
turer’s instructions, followed by rinsing and mounting
using DAPI-containing mountant. The sections were sub-
sequently scanned by means of confocal imaging using
the Zeiss LSM 710 system (Carl Zeiss AG, Oberkochen,
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Germany). The details of antibodies and dilutions are
given in Supplemental Table S1 at http.//ajp.amjpathol.
org.

Dissociation of Human Renal Tissue

The cortical tissue farthest from the tumor was selected
and put in ice-cold Dulbecco’s modified Eagle’s medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal
calf serum and 1% penicillin/streptomycin. The tissues
were rinsed, minced, and subjected to overnight colla-
genase treatment at 37°C in a processing medium con-
sisting of Ham’s F-12/Dulbecco’s modified Eagle’s me-
dium [1:1 (v/v); Invitrogen], supplemented with 5% fetal
calf serum, 1% penicillin/streptomycin, collagenase IV at
a final concentration of 300 U/ml (Invitrogen), and deoxy-
ribonuclease | type Il at a final concentration of 200 U/ml
(Sigma-Aldrich, St. Louis, MQO). After trituration by slow
repeated pipetting through a 10-ml pipette, the resulting
tissue suspension was serially passed through tissue
strainers with mesh sizes of 100 and 70 um, respectively,
thereby excluding glomeruli from the preparation. The
suspension was treated with 1X trypsin—-EDTA for 5 min-
utes and then was passed through a 20-um strainer,
which resulted in single cells. Finally, the cells were re-
suspended in ALDEFLUOR assay buffer (STEMCELL
Technologies Inc., Vancouver, BC, Canada) and were
treated according to the ALDEFLUOR protocol described
in the following subsection.

Separation of ALDEFLUOR-Positive Kidney
Cells Using FACS

To isolate kidney cells with high ALDH enzymatic activity,
the ALDEFLUOR kit (STEMCELL Technologies Inc.) was
used. Briefly, cells obtained from freshly dissociated kid-
neys were suspended in ALDEFLUOR assay buffer con-
taining the ALDH substrate BODIPY-aminoacetaldehyde
at a concentration of 1.5 umol/L per 1 X 10° cells, fol-
lowed by incubation for 30 minutes at 37°C. The BODIPY-
aminoacetaldehyde enters the cells via passive diffusion,
and intracellular ALDH converts it into negatively
charged BODIPY-aminoacetate, causing the cell to be-
come fluorescent depending on the amount and activity
of ALDH. As negative control, an aliquot of the cell sus-
pension was allowed to react in the presence of the
specific ALDH inhibitor diethylaminobenzaldehyde at a
concentration of 15 umol/L per 0.5 X 10° cells. To ex-
clude nonviable cells from the FACS step, the cells were
assayed for viability by exposure to 0.25 ug of 7-amino-
actinomycin D (BD Biosciences, Franklin Lakes, NJ) per
1 X 10° cells for 10 minutes before sorting, according to
the protocol of the manufacturer. The cells were then
subjected to FACS analysis using FACSAria | (BD Biosci-
ences). Subsequent analyses were performed using
FACS Diva version 6.1.1 software (BD Biosciences) and
FlowJo v7.5.4 software (Tree Star Inc., Ashland, OR).
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Real-Time Quantitative PCR

Total RNA was extracted using the QlAshredder and
RNeasy mini kits (QIAGEN Inc., Valencia, CA) according
to the manufacturer's recommendations followed by
DNase treatment. The cDNA synthesis was performed by
using random primers and MultiScribe reverse transcrip-
tase enzyme (Applied Biosystems, Foster City, CA). The
amplifications were run using a GeneAmp 7300 se-
quence detector (Applied Biosystems) as previously de-
scribed.’® Real-time detection of the PCR product was
performed using the SYBR Green Master Mix (Applied Bio-
systems), and all the reactions were performed in triplicate.
Three housekeeping genes (UBC, YWHAZ and SDHA) were
used for normalization.”® The following primer sequences
were used: UBC forward: 5'-ATTTGGGTCGCGGTTCTTG-3;
UBC reverse: 5'-TGCCTTGACATTCTCGATGGT-3"; YWHAZ
forward: 5-ACTTTTGGTACATTGTGGCTTCAA-3'; YWHAZ
reverse: 5'-CCGCCAGGAGGACAAACCAGTAT-3'; SDHA
forward: 5'-TGGGAACAAGAGGGCCATCTG-3'; SDHA re-
verse: 5'-CCACCACTGCATCAAATTCATG-3'; CD133 for-
ward: 5'-TGGATGCAGAACTTGACAACG T-3’; and CD133
reverse: 5'-ATACCTGCTACGACAGTCGTGGT-3'".

Attachment Independent Growth of
FACS-Sorted Cells

To assess substrate-independent growth, the cells sorted
based on ALDH activity were plated immediately after
sorting, in triplicate, in ultra-low attachment plates. Sin-
gle-cell suspensions were plated in 24-well ultra-low at-
tachment plates (Corning Inc., Lowell, MA) at a density of
400, 1200, or 3600 cells per well in Dulbecco’s modified
Eagle’s medium/F-12 supplemented with B27, 20 ng/ml
of epidermal growth factor, 40 ng/ml of fibroblast growth
factor, and 100 U/ml of penicillin. The cells were ob-
served for 21 days.

Sphere Culture of FACS-Sorted Cells in Matrigel
Support

Single-cell suspensions were dissolved in 75% BD Matri-
gel Matrix Growth Factor Reduced (BD Biosciences) di-
luted in B27-supplemented Dulbecco’s modified Eagle’s
medium/F-12 and seeded in 24-well Boyden chambers
(Corning Inc) at a density of 1000, 5000, or 10,000 cells
per well. The lower compartment of the chamber was
supplemented with 500 uL of medium, and the Matrigel
cell suspension was overlaid with 200 pL of medium to
avoid dryness. The cells were observed for 21 days, and
the medium was changed every third day.

Gene Expression Profiling

Total RNA from three pairs of ALDHMS" and ALDH'"W
cell fractions was extracted using Trizol reagent (Invit-
rogen), followed by purification using the RNeasy micro
kit (QIAGEN Inc.) and hybridization to HumanHT-12 v3.0
Expression BeadChips (lllumina Inc, San Diego, CA) at
the SCIBLU Genomics Centre at Lund University. Data

management and normalization were performed using
BioArray Software Environment (BASE).™ Raw intensity
values representing mean bead pool intensity values for
each probe were background corrected, negative inten-
sities were capped to zero, followed by the addition of an
intensity constant of 20 to all probe intensities. Data were
normalized using a quantile normalization algorithm as
implemented in BASE and subsequently log2 trans-
formed. Probes were mapped to RefSeq Release 22
(NCBI Build 36.2) and UniGene Build 199. Only probes
with an annotated gene symbol were used in further
analyses. The data discussed in this publication have
been deposited in NCBI's Gene Expression Omnibus
database’ (http.//www.ncbi.nim.nih.gov/geo/) and are
accessible through accession number GSE23911.

For gene set enrichment analysis (GSEA),'® probes
were ranked according to the mean of the relative ex-
pression differences between each ALDHM¢" and
ALDH'"Y replicate pair. The preranked gene list tool in
GSEA was applied using the c2 curated gene sets, the c3
transcription factor targets, and the c5 Gene Ontology
(GO) gene set collections as supplied by the Molecular
Signatures Database (http.//www.broad.mit.edu/gsea/
msigdb). Significance thresholds were calculated by
1000 permutations, and false discovery rate (FDR) g-val-
ues <0.05 were considered significant. Furthermore, a
gene set specific for normal kidney cortex was applied in
GSEA. This signature included the 100 most significant
kidney cortex—specific reporters (FDR < 0.001, § >
11.45) as determined by means of significance analysis
of microarrays' between 4 kidney cortex samples and
345 samples obtained from 64 other tissue sites in the
Gene Expression Omnibus data set with accession num-
ber GSE3526."® For the analyses of possible associa-
tions between ALDEFLUOR-sorted cells and pRCC, two
additional gene sets were applied in GSEA. The first of
these pRCC-specific signatures comprised the 100 most
discriminatory reporters (FDR < 0.001, § > 5.6) from a
significance analysis of microarrays between 11 pRCCs
and a series of 21 normal cortex, 32 clear cell, 12 onco-
cytoma, and 6 chromophobe tumor samples from a data
set by Jones et al with Gene Expression Omnibus acces-
sion number GSE15641."° The second gene set included
genes with high relative expression in class 1 compared
with class 2 pRCCs. Here, the 100 most discriminatory
reporters (FDR < 0.001, 8 > 5.77) were selected from a
significance analysis of microarrays comparing 22 class
1 with 12 class 2 pRCCs in a gene expression data set
published by Yang et al with Gene Expression Omnibus
accession number GSE2748.%°

Results

ALDH Activity—Based Isolation of Renal Cells
with Stem Cell Characteristics

Single-cell suspensions of normal renal cortical tissue
deprived of glomeruli were obtained by means of me-
chanical and enzymatic dissociation followed by sieving.
We used the FACS-based ALDEFLUOR assay to assess
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Figure 1. Isolation of primary renal cortex cells based on ALDH activity.
A: Representative FACS analysis of a single-cell suspension of normal
renal cortical tissue incubated with fluorescent ALDH substrate. The left
panel shows the cellular fluorescence in the presence of the ALDH
inhibitor diethylaminobenzaldehyde (DEAB), and the right panel shows
the uninhibited reaction with the gate defining the ALDH"#" cells. The
FACS gatings used are marked by boxes. In all the experiments, cells were
first viability sorted by incubation in 7-amino-actinomycin D. B: The
ALDH"M#" population was enriched for cells with colony-forming capacity
as assessed by plating in Matrigel culture (top row; scale bar = 1000 um).
Inset: A cellular sphere formed in the ALDHM#" culture at higher mag-
nification (X40). The ALDH"#" population was also enriched for cells
with the capacity to grow under ultra-low attachment conditions (bottom
row; scale bar = 200 um). The ALDH'Y cells displayed none of these
capacities.

and isolate cell populations with respect to cellular ALDH
activity, enabling the definition of ALDH™" and ALDH'*"
cell populations (Figure 1A). Cell suspensions from nine
patients were analyzed, and the fraction of ALDHM9" cells
constituted approximately 7% of the total number of via-
ble cells. Consistent with the hypothesis that ALDH ac-
tivity is associated with cells displaying progenitor cell
characteristics, we observed a drastically increased col-
ony-forming capacity in Matrigel of ALDH™9" cells com-
pared with ALDH'*" cells (Figure 1B). At a plating density
of 5000 cells per well, the ALDH™" cells resulted in a
mean = SD of 26 * 6 hollow epithelial spheres per well,
measuring a mean = SD of 1.7 = 0.4 mm, whereas the
ALDH'Y population possessed no sphere-forming ca-
pacity. The sorted cell fractions were also seeded in
ultra-low attachment plates to assess the ability for an-
chorage-independent growth during nonadhesive condi-
tions. The ALDH"9" cells survived and multiplied during
the study, whereas the ALDH'" cells had no such ca-
pacity, indicating that these cells display low survival and
growth capabilities after tissue dissociation (Figure 1B).

Transcriptional Characterization of
ALDEFLUOR-Sorted Cell Populations

Both ALDH"9" and ALDH'*" cell fractions were subjected
to whole genome expression profiling. In total, 1445
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probes showed a more than twofold difference between
the ALDH™9" and its corresponding ALDH'"" population
in all three replicate pairs (Figure 2A and see Supple-
mental Table S2 at http.//ajp.amjpathol.org). Of these,
1078 probes had high relative expression in the ALDH™S"
population, and the remaining 367 probes showed high
relative expression in ALDH®Y cells. As expected, the ex-
pression levels of several ALDH genes were elevated in
ALDH"" cells, eg, ALDH1A3, ALDH1A2, and ALDH1B1.
We next applied GSEA to obtain a functional de-
scription of the transcriptional differences between the
ALDHMS" and ALDH'"" populations. The GO terms sig-
nificantly associated with the ALDH'®" fraction were re-
lated to transmembrane transport, solute carrier func-
tions, lysosomal activity, and hydrolytic and metabolic
processes, features well in line with the primary function
of renal tubular epithelium (see Supplemental Table S3A
at http://ajp.amjpathol.org). The connection between the
ALDH'Y population and renal tubular cells was further
substantiated in a GSEA using a gene signature specific
for normal human kidney cortex (Figure 2B). For the
ALDH"S" population, GO terms such as actin binding,
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Figure 2. Gene expression profiling of three pairs of ALDHM®" and ALDH'™ cell
fractions. A: Gene expression heatmap illustrating the 1445 probes that showed
a more than twofold difference between the ALDH"#" and its corresponding
ALDH!®™ populations in all three replicate pairs. B-E: A GSEA of a gene list in
which genes were ranked according to their relative expression difference in
ALDH"#" compared with ALDH'Y cells. Graphs display enrichment score (y
axis) versus gene rank (x axis); genes with high relative expression in the
ALDH"#" population are given a low rank order value (leftmost tail), and
genes with high relative expression in ALDH'Y cells are given a high rank
order value (rightmost tail) of the gene rank representation. The rank of each
gene in the respective gene set is indicated as a horizontal line below the
enrichment plot. Normalized enrichment scores (NESs) and FDR q-values for
each analysis are shown.
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intermediate filament cytoskeleton, focal adhesion, lead-
ing edge, and adherence junction were significantly en-
riched, indicating differences in cellular structure, adhe-
sive potential, and migratory capacity between the two
different cell populations. Furthermore, several ontology
terms related to transcriptional activity were enriched.
The GO term negative regulation of apoptosis (eg,
BCL2L1, BCL2L2, and BAG3) was also significant, sug-
gesting that the ALDH"S" population may be more resis-
tant to apoptotic cues. From a GSEA using Molecular
Signatures Database-curated gene sets, again, many
gene sets were found to be significantly associated with
the ALDH"9" signature, eg, a metasignature for stem
cells, hypoxic response signatures, and several signa-
tures associated with cellular stress, such as nuclear
factor kB and interleukin-6 response gene signatures
(Figure 2, C-E, and see Supplemental Table S3B at http.//
ajp.amjpathol.org). In addition, profiles associated with
proliferative responses of RAS and MYC were significant.
We next extended the GSEA to investigate whether bind-
ing sites for specific transcription factors were enriched
in genes associated with the two separate ALDH frac-
tions (see Supplemental Table S3C at http.//ajp.amjpathol.
org). Recognition sequences for HNF1 were the only
gene sets significant for the ALDH'®" population. HNF1A
(TCF1) and HNF1B (TCF2) are transcription factors with
key roles in differentiated renal tubule epithelia,?' =2 thus
further substantiating the tubular origin of the ALDH'"
cell population and the validity of using this cell fraction
as a reference for comparisons with the ALDH™9" frac-
tion. For ALDH"9"-specific genes, significant enrichment
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of many more gene sets was observed. For example,
binding sites for transcription factors such as AP1,
FOXD3, ATF1-3, NFE2L2, YY1, and BACH1 were all sig-
nificantly enriched.

Thus, based on the bioinformatics analyses, we con-
clude that ALDH-based sorting separates two cell pop-
ulations from the renal cortex with divergent transcrip-
tional profiles. Whereas the ALDH'" fraction displayed
expression profiles associated with functions important
for normal renal tubule epithelia, the ALDH"" coun-
terpart showed a much more complex transcriptional
program, indicating a stem cell phenotype and resis-
tance to apoptotic stimuli, possibly reflecting the
higher plasticity and sturdiness of these potential pro-
genitor cells.

ALDH-Based Cell Sorting Identifies a Scattered
Cell Population Within the PTs

Based on the gene expression profiling analyses, we
performed an IHC interrogation to histologically map the
isolated ALDH"9" and ALDH'®Y cells in renal tissue. One
of the most up-regulated genes in the ALDH"S" popula-
tion was CD7133 (PROMT1; see Supplemental Table S2 at
http://ajp.amjpathol.org). The plasma membrane protein
CD133 is a marker for renal progenitor cells of the parietal
epithelial layer of Bowman's capsule.?® The elevated
CD133 expression was confirmed by means of real-time
quantitative PCR in an independent series of three
ALDEFLUOR-sorted replicate pairs (Figure 3A). Impor-
tantly, IHC analysis not only detected CD133 positivity in

Figure 3. CD133 and CD24 expression in renal tissue. A: Quantitative PCR measuring mean relative expression of CD133 mRNA in three paired ALDH"#" and
ALDH'"Y cell fractions. Error bars represent SD. # = 3. B-D: The IHC analyses of CD133 protein expression in renal tissue revealed apical CD133 staining (black)
in occasional PT cells (arrows) and in cells of the parietal layer of Bowman’s capsule (arrowhead in B). Diffuse basolateral positivity was noted in all the tubular
cells. The cells were often found in tubular curvatures (C) and sometimes in doublets (D). E and F: Staining with IF demonstrating co-expression of CD133 (red)
and CD24 (green). Separate images of the respective fluorochrome channels are shown to the right of the merged images. E: Co-expression of CD24 and CD133
was seen in the parietal cells of Bowman’s capsule (arrowhead), which extended down to the urinary pole (star), and in scattered cells of the PTs (arrow).
F: A characteristic cell doublet positive for CD24 and CD133 (arrow). G, glomerulus. Scale bars = 200 wm (B and E); 50 um (C, D, and F).
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Bowman'’s capsule but also identified scattered cells lo-
calized to the PTs that carried apical CD133 expression
(Figure 3, B-D). The cells were often localized to the
apices of creases formed by the convolution of the PTs
(Figure 3C) and were frequently found in doublets (Figure
3D). Another gene highly expressed in the ALDH"" cells
was CD24. This gene has also been ascribed to the
parietal progenitor cells of Bowman’s capsule.?® Using
IF, we established that CD24 expression co-localized to
the CD133-expressing cells of the PTs and Bowman'’s
capsule (Figure 3, E and F).

The gene expression profiling analysis further sug-
gested that the ALDH™S" population also could be de-
fined by the expression of a variety of intermediate fila-
ments, such as vimentin (VIM) and cytokeratins 7 and 19
(KRT7 and KRT19), none of which are recognized to be
expressed by the bulk of epithelial cells in the PTs. The
IHC analysis of vimentin revealed basal positivity in scat-
tered cells of the PTs, frequently seen in doublets and
often at the apices of tubular creases and in the parietal
layer of Bowman'’s capsule, ie, analogous to the staining
patterns of CD133 and CD24 (Figure 4A). Co-localization
staining validated that the vimentin-positive cells also
expressed CD133 (Figure 4B). Using this costaining ap-
proach, we also demonstrated that the vimentin-positive
cells express KRT7 (Figure 4C) and KRT19 (see Supple-
mental Figure S1A at http.//ajp.amjpathol.org). One of the
most differentially expressed genes in the ALDHM9" frac-
tion was MYOF (FER7L3), coding for a transmembrane
protein believed to be involved in membrane regenera-
tion and repair.?* In line with the findings previously
herein, MYOF specifically costained the scattered vimen-
tin-positive cells (Figure 4D). KRT7, KRT19, and MYOF
expression was also seen in the PECs of Bowman’s cap-
sule (see Supplemental Figure S1, B-D, at http://ajp.
amjpathol.org), further highlighting the similarity between
the PEC progenitor cell population and the scattered PT
cells observed in the present study.

The bioinformatics analyses further indicated that the
ALDH"S" cells are characterized by a more robust phe-
notype with increased protection from apoptosis. The
IHC analysis of BCL2, a key suppressor of apoptosis,
detected cytoplasmic expression in scattered cells of the
PTs and in the PECs of Bowman’s capsule (Figure 4E).
The BCL2 positivity also proved to co-localize with vimen-
tin positivity (Figure 4F).

We next investigated protein expression of transcripts
specific for the ALDH'®" fraction. Two of the most dis-
criminatory genes for this fraction, XPNPEP2 and SUSD2,
stained exclusively the PT cells of the nephron. The scat-
tered vimentin-positive cells were negative for these
markers, thus adding support to the suggested cellular
heterogeneity in the epithelial layer of the PTs (Figure 4, G
and H). Furthermore, HNF1, which was implicated as a
central transcription factor for ALDH'"%-specific genes in
the GSEA, showed a similar staining pattern, ie, positive
staining for bulk cells in the PTs and absence of staining
in the vimentin-expressing cells (see Supplemental Fig-
ure S1E at http://ajp.amjpathol.org).
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Distribution of VIM*/CD133™ Cells During
Tubular Regeneration

To evaluate the status of the potential renal progenitor
cell during tubular regeneration, renal biopsy cases dem-
onstrating signs of acute tubular necrosis in restitution
were identified by a renal pathologist (M.E.J.). Light mi-
croscopic signs of tubular regeneration were focally
present, such as nuclear prominence, flattening of tubu-
lar cells, and scattered mitoses. Concomitant signs of
recent acute tubular necrosis were also seen, such as
luminal sloughing of tubular epithelial cells and apical
plasma membranes alongside with nonisometric vacuol-
ization of the cytoplasm (Figure 5A). We performed IF for
CD133 and vimentin in tissue sections from these cases

CD133/VIM
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ENVee 48T
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o ey
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Figure 4. The IHC interrogation of genes characteristic of ALDH"#" and
ALDH'Y cells in renal tissue. A=F: Protein expression of genes specific for
ALDH"#" cells was found in scattered cells of the PTs (arrows) and in the
PECs of Bowman’s capsule (arrowheads in A and E). A: Positive staining of
vimentin (VIM) was seen in interstitial cells and podocytes as expected but
also in rare PT cells. B-D: Vimentin co-localization with CD133 (B), KRT7
(C), and MYOF (D). KRT7 positivity was also seen in the principal cells of
cortical collecting ducts and to a lesser degree in distal tubules; however,
these cells were negative for vimentin (C). BCL2 expression (E) was also
found to co-localize with vimentin (F). Expression of the ALDH'-specific
genes XPNPEP2 (G) and SUSD2 (H) exclusively stained bulk epithelial cells
of the PTs but not the vimentin-positive cells (arrows). The colors of the
respective chromogens are given above the images. Scale bars = 200 wm (A);
50 wm (B-H).
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Figure 5. CD133 and vimentin expression during tubular regeneration. A: H&E slide demonstrating a representative tubular region bearing the cardinal signs of
tubular regeneration (nuclear enlargement, flattening of epithelial cells, and reduction of epithelial height). B-D: Staining with IF of CD133 and vimentin.
Co-expression of CD133 and vimentin was detected in long stretches of epithelial cells, sometimes even spanning the whole tubular circumference. Separate
images of the respective fluorochrome channels are shown to the right of the merged images. G, glomerulus. Scale bars = 200 um (A); 50 wm (B-D).

(Figure 5, B-D). In regions of tubular regeneration,
stretches of cells bearing apical CD133 positivity and
basal vimentin staining were seen, occasionally spanning
the whole circumference of the tubule except for necrotic
cells (Figure 5B), an observation indicating that the rare
PT cells may be activated during tubular regeneration.

Association between ALDH"" Cells and Renal
Malignancies

One unique characteristic of the ALDH™" population
was the concomitant expression of VIM, KRT7, and
KRT19. In a pattern distinct from all other RCC subtypes,
the combined expression of these three markers is char-
acteristic of pRCC.?>?% We, therefore, explored the pos-
sibility that pRCC may arise through malignant conver-
sion of the ALDH"9" cells. As a first step, pRCC-derived
gene signatures from two public data sets were applied
in a GSEA. A substantial overlap was noted between the
expression profile of ALDHMS" cells and pRCCs, and in
particular type 1 pRCC (see Supplemental Figure S2, A
and B, at http://ajp.amjpathol.org). To further substantiate
this connection, we performed IHC analyses of 10 cases
of pRCC (six type 1 and four type 2) and 4 cases of
cortical adenomata because these benign renal neo-
plasms are suggested to be precursor lesions of
PRCC.?” Positive staining for KRT7, KRT19, and CD133
was observed in all cases of cortical adenomata, a pat-
tern that was mirrored throughout nearly all of the ana-
lyzed cases of pRCC (Figure 6 and Table 1, and see

Supplemental Figure S3 at http://ajp.amjpathol.org). Con-
versely, SUSD2, which was specifically expressed in bulk
epithelial cells of the PTs (Figure 4H), stained negatively
in all these neoplastic lesions (Figure 6 and Table 1).
Together, these results indicate a potential origin of ad-
enomas and pRCCs from the scattered CD133*/VIM*
cells found in the PTs.

Discussion

Two decades ago, Moll et al reported that the human
kidney holds occasional cells in the epithelial layer of the
PTs that express VIM, KRT7, and KRT19.28 This important
observation has, to our knowledge, been greatly over-
looked in the recent literature, despite the fact that the
cells responsible for reepithelization on ARI express vi-
mentin.?® Herein, we show that ALDH activity may be
used to isolate cells with progenitor-like characteristics
from the tubular fraction of the renal cortex. We provide
substantial evidence identifying the ALDHM9" cells as the
vimentin/KRT7/KRT19-positive cell population of the PTs.
We could also delineate an expanded set of markers that
distinguish these sparsely distributed PT cells from their
surrounding bulk epithelial counterparts. Functionally, we
show that the ALDH™" cells display sphere formation
and anchorage-independent growth, two classic stem
cell properties. Our data provide arguments that the vi-
mentin-positive cells observed during tubular regenera-
tion are derivatives of preprogrammed resident progen-


http://ajp.amjpathol.org
http://ajp.amjpathol.org

Renal Progenitor Cells 835
AJP February 2011, Vol. 178, No. 2

Figure 6. Protein expression of ALDH"#"- and ALDH'“-specific genes in cortical adenomas and pRCCs. In adenomas and type 1 and 2 pRCCs, a consistent
VIM/CD133/KRT7 positivity was observed, whereas SUSD2 staining was negative. To facilitate interpretation of the apical CD133 and SUSD2 staining patterns,
insets of higher magnification are added at X500 magnification. Scale bars = 200 wm (all adenoma images); 100 um (vimentin staining of adenoma and all pRCC

type 1 and type 2 images).

itor cells, inconspicuously blending with bulk epithelial
cells of the PTs.

The scattered PT cells were characterized by elevated
levels of CD133, a marker that has been used for isolation
and propagation of progenitor cells from human and mu-
rine renal tissues.® Studies using glomerular preparations
from human renal tissue have identified pluripotent
CD133%/CD24™" cells residing in Bowman's capsule that
were capable of podocyte and tubular differentiation in
vitro and of integration into renal tubules when injected
into SCID mice with induced acute tubular necrosis.?>
The existence of a progenitor cell population in Bow-
man’s capsule has been further strengthened by lineage
tracing studies in mice, where podocytes were shown to
be replenished from PECs." Hence, accumulating data
suggest that the parietal epithelium in Bowman’s capsule
holds progenitor cells that can replenish podocytes and,
potentially, tubular epithelial cells.

Two studies have used cortical tissue deprived of
glomeruli for isolation of progenitor cells.®>3! These stud-
ies are, however, highly discrepant regarding the histo-
anatomical localization of their isolated CD133™ fraction.

Table. THC Analysis of Markers Specific for ALDH"#" and
ALDH™" Cells in Renal Neoplasms

Tissue (n) VIM CD133 KRT7 KRT19 SUSD2
Cortical adenoma (4) 4/4  4/4 4/4 4/4 0/4
pRCC type 1 (6) 6/6 56 6/6 6/6 0/6
pRCC type 2 (4) 4/4  3/4 34 4/4 0/4

For each marker, the number of positively staining neoplasms per total
number of investigated cases is indicated.

Bussolati et al identified occasional CD133" cells re-
stricted to the renal interstitium, whereas in the study by
Sallustio et al, cytoplasmic and membrane-associated
CD133 positivity was detected in most tubular cells and
in most tubular profiles. The distinct apical CD133 stain-
ing pattern of scattered tubular cells reported herein thus
stands in stark contrast to these previous studies. More-
over, we did not detect any CD133™ cells in the renal
interstitium. These apparently conflicting results may be
related to the specificity of the applied antibodies and
their capacity to recognize glycosylated forms of CD133,
as previously reported.®? The validity of our CD133 stain-
ing pattern to define a distinct cell population was
strongly supported by our costaining experiments.

The ALDHMS" cells were also characterized by a tran-
scriptional profile associated with negative regulation of
apoptosis, a finding that was corroborated by the IHC
staining of BCL2. Knockout experiments in mice have
shown that BCL2 is crucial for tubule development and
for repair after renal injury.332* It has also been shown
that renal cells expressing high levels of BCL2 are pro-
tected against mitochondrial injury and fragmentation af-
ter ARI,3335 |ending further experimental support to the
possible protective role of BCL2 for the scattered pro-
genitor cells on kidney damage.

Moreover, the expression pattern of the ALDH™9" frac-
tion showed a strong correlation to a previously pub-
lished metasignature derived from embryonal, neuronal,
and hematopoietic stem cells.®® Although the ALDHM9N
fraction most likely represents a relatively differentiated
cell type with distinct PT-associated characteristics, cer-
tain traits associated with a stem/progenitor cell pheno-
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type are thus retained. Furthermore, it is generally be-
lieved that stem or progenitor cells residing in adult
organs are remnants deposited from the founding embry-
onic progenitor cells of the organ in question.®” Several of
the characteristic markers for the cells described in this
study, such as CD24, CD133, VIM, KRT19, and BCL2,
are also expressed in the metanephric mesenchyme dur-
ing nephrogenesis.?®3438 A possible interpretation of
these observations is that a subset of nephrogenic pro-
genitor cells persists in the adult renal tubular epithelium.
Because the scattered PT cells show substantial immu-
nophenotypical similarity to the PEC progenitors, we hy-
pothesize that they may represent a local PT-specific
repository of remnant nephrogenic progenitor cells, anal-
ogous to the model that has been proposed for the PEC
progenitors of Bowman'’s capsule.®®

To provide some initial data concerning the in vivo
function of the VIM*/CD133™" cells, we chose to study
renal tissue from patients with a clinical and pathologic
diagnosis of acute tubular necrosis in restitution. Promi-
nent regeneration was seen mainly in the PTs. In contrast
to the staining pattern of histologically normal PTs, long
rows of VIM*/CD133* cells were seen in tubules of re-
generating kidneys. We interpret this phenomenon as
cells expanding from a tubular progenitor cell population,
possibly in the form of a transit amplifying population. On
completion of basal membrane coverage, the cells repo-
larize and lose their VIM*/CD133™ profile, except for the
remaining scattered progenitor cells still expressing vi-
mentin and CD133.

The cell of origin for pRCC has not been unequivocally
determined. In the present analysis, we demonstrate a
significant transcriptional similarity between the putative
PT progenitor cell and pRCCs. This similarity was further
corroborated at the protein level using IHC analysis,
wherein pRCCs stained positive for a set of markers
characteristic of the progenitor cell population, whereas
staining was negative for SUSD2, a marker for bulk epi-
thelial cells. An identical immunoprofile was obtained for
cortical adenomas, a tentative precursor lesion of pRCC.
Thus, our study provides initial data suggesting that
pRCC develops from these progenitor cells and that
cortical adenomas may represent a benign intermedi-
ate step during this oncogenic process. This would
also explain the enigmatic co-expression of vimentin
and cytokeratins seen in pRCC, which is uncommon in
carcinomas.

The functional and transcriptional characteristics of the
ALDH"¢" cells and the immunophenotypical similarity to
regenerating tubules strongly argue for a PT-specific cell
type endowed with an enhanced capacity to withstand
renal injury and, if injury occurs, take the lead in reestab-
lishment of the tubular epithelium. The rapid kinetics of
clinically significant ARl is such that swift repopulation of
the renal tubules is an absolute requirement to prevent
uremia followed by death of the organism. We believe
that the time factor makes deployment of renal stem or
progenitor cells responsible for regeneration elsewhere,
as in the papillae*® or interstitium,*° biologically incon-
ceivable. Renal tubular function depends on strict polar-
ization, an absolute prerequisite for vectorial transport

against steep electroosmotic gradients.*’ Therefore, the
morphologic features of tubular progenitor cells should
be expected to be similar to those of adjacent differenti-
ated cells with junctional complexes and adherence and
tight junctions, blending imperceptibly with the adjacent
cells so as not to short-circuit the electrochemical elec-
trolyte gradient, the foundation of vectorial transport. Fur-
ther study of renal progenitor cells during various acute
and chronic renal diseases, such as nephrosclerosis,
glomerulonephritis, diabetic nephropathy, and renal
transplantation, most probably holds several keys to the
understanding of these important diseases.
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