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In the kidney, hypoxia contributes to tubulointerstitial
fibrosis, but little is known about its implications for
glomerular damage and glomerulosclerosis. Chronic
hypoxia was hypothesized to be involved in nephro-
sclerosis (NSC) or “hypertensive nephropathy.” In the
present study genome-wide expression data from mi-
crodissected glomeruli were studied to examine the role
of hypoxia in glomerulosclerosis of human NSC. Func-
tional annotation analysis revealed prominent regula-
tion of hypoxia-associated biological processes in NSC,
including angiogenesis, fibrosis, and inflammation.
Glomerular expression levels of a majority of genes
regulated by the hypoxia-inducible factors (HIFs) were
significantly altered in NSC. Among these HIF targets,
chemokine C-X-C motif receptor 4 (CXCR4) was prom-
inently induced. Glomerular CXCR4 mRNA induction
was confirmed by quantitative RT-PCR in an indepen-
dent cohort with NSC but not in those with other glo-
merulopathies. By immunohistological analysis, CXCR4
showed enhanced positivity in podocytes in NSC biopsy
specimens. This CXCR4 positivity was associated with
nuclear localization of HIF1� only in podocytes of NSC,
indicating transcriptional activity of HIF. As the CXCR4
ligand CXCL12/SDF-1 is constitutively expressed in
podocytes, autocrine signaling may contribute to NSC.
In addition, a blocking CXCR4 antibody caused signifi-

cant inhibition of wound closure by podocytes in an
in vitro scratch assay. These data support a role for
CXCR4/CXCL12 in human NSC and indicate that hyp-
oxia not only is involved in tubulointerstitial fibrosis
but also contributes to glomerular damage in NSC. (Am

J Pathol 2010, 176:594–607; DOI: 10.2353/ajpath.2010.090268)

Hypoxia is considered a pivotal factor contributing to
tubular atrophy and interstitial fibrosis, which are factors
for the progression of renal disease.1 The evidence in
support of this hypothesis derives mostly from experi-
mental animal studies.2–5 Most of these have focused on
the tubulointerstitial space with little attention being paid
to the glomerulus. The cellular response to hypoxia is
largely mediated by heterodimeric transcription factors,
the hypoxia-inducible factors (HIFs).2 The cellular levels
of the HIF1� and HIF2� subunits (HIF�) of HIF (gene
symbols HIF1A and HIF2A) are controlled mainly by post-
translational protein modification. Under normoxia HIF� is
degraded by the von Hippel-Lindau tumor suppressor
protein. This process is regulated by oxygen-dependent
hydroxylation of HIF� through specific prolyl hydroxy-
lases. Under hypoxic conditions degradation of HIF�
ceases and the stabilized protein can function as a tran-
scription factor.2 In the renal glomerulus, a functional role
of HIF1�6–8 and HIF2�9 has been documented in podo-
cytes of rodents. Recently, glomerular podocyte-specific
deletion of von Hippel-Lindau tumor suppressor protein
was achieved in mice, resulting in podocyte-specific
overactivity of HIF with induction of HIF target genes.6,8
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Podocyte-specific HIF activation led to overexpression of
chemokine (C-X-C motif) receptor 4 (CXCR4) in podo-
cytes.8 This was associated with progressive glomerular
damage and crescent formation, raising the question of
whether hypoxia may also play a prominent role in glo-
merular pathology.8

The aim of the present study was to investigate the po-
tential role of hypoxia in common glomerulopathies such as
nephrosclerosis (NSC). NSC constitutes the second most
common cause for end-stage renal disease in the Western
world, next to diabetic nephropathy.10 NSC is also known
under different synonyms such as hypertensive nephropa-
thy or “benign” nephrosclerosis. The diagnosis of NSC is
based on histological criteria including segmental hyalino-
sis mainly within the walls of afferent arterioles and suben-
dothelial fibrosis of interlobular arteries, as well as
focal and segmental glomerulosclerosis and glomerular
collapse.11–13 The exclusion of other known causes of
renal disease, such as long-standing diabetes mellitus,
autoimmune disease, or exposure to nephrotoxins is part
of the diagnostic work-up.14,15 Arterial hypertension is an
important contributory factor but is not a conditio sine qua
non.13,14,16 Genetic susceptibility factors may modulate
development and progression of glomerular sclerosis.
Recently, genetic variants such as single nucleotide poly-
morphisms in the gene MYH9, which encodes nonmuscle
myosin heavy chain type II isoform A, were found to be
associated with nondiabetic end-stage renal disease in
African Americans, probably including a considerable
number with NSC.17–19 Although the pathogenesis of
NSC remains to be clearly defined, it has been hypothe-
sized that a prominent pathomechanism in NSC may be
glomerular ischemia due to luminal narrowing of the pre-
glomerular arteriole.20,21

This situation prompted us to perform systematic analy-
ses on gene expression data sets from microdissected
human renal biopsy specimens from patients with NSC. We
hypothesized that local hypoxia leading to transcriptional
activity of HIF may play a key role in the development and
progression of NSC. This activation of HIF target genes may
influence, among others, three major processes involved in
the progression of renal disease, ie, angiogenesis, fibrosis,
and inflammation.1 This hypothesis is supported by the
reported gene expression data, as a large number of known
HIF target genes, including CXCR4, are induced in glomer-
uli from patients with NSC. HIF1� was selected as a marker
of hypoxia-associated transcriptional activation and was
demonstrated in nuclei of NSC podocytes by immunohisto-
logical analysis. These data and supporting in vitro studies
provide considerable evidence that local hypoxia contrib-
utes to the progression of glomerulosclerosis in NSC.

Materials and Methods

Renal Biopsy Specimens for mRNA Analysis

Human renal biopsy specimens were procured in an
international multicenter study, the European Renal
cDNA Bank-Kröner-Fresenius biopsy bank (see Acknowl-
edgments for participating centers).22 Biopsy specimens

were obtained from patients after informed consent and
with approval of local ethics committees. Affymetrix HG-
U133A microarrays were hybridized with glomerular
cDNA procured from 14 patients with NSC. Specific at-
tention was paid to the clinical and histological criteria of
NSC mentioned in the Introduction.11–15 For diagnosis of
NSC, light microscopic and immunofluorescence exam-
ination was performed on all samples, and electron mi-
croscopic examination was performed on all but three
biopsy specimens (NSC1, NSC2, and NSC18). Tumor-
free kidney specimens from patients undergoing tumor
nephrectomy (TN) served as control tissues. Confirma-
tory real-time RT-PCR analyses were performed on mi-
crodissected glomeruli from biopsy specimens from an
independent cohort of patients with NSC (n � 13), pri-
mary focal segmental glomerulosclerosis (FSGS) (n �
18), IgA nephropathy (IgAN) n � 15), and minimal
change disease (MCD) (n � 12). Pretransplant kidney
biopsy specimens from living renal allograft donors (LDs)
(n � 6) served as controls. Clinical and histological char-
acteristics of the patients and biopsy specimens are
summarized in Table 1.

RNA Isolation, Preparation, and Microarray
Experiments

After renal biopsy, the tissue was transferred to an RNase
inhibitor and microdissected into glomerular and tubular
specimens. Total RNA was isolated from microdissected
glomeruli, reverse-transcribed, and linearly amplified ac-
cording to a protocol reported previously.23 Fragmenta-
tion, hybridization, staining, and imaging were performed
according to the Affymetrix Expression Analysis Techni-
cal Manual for HG-U133A. Before microarray analysis
Robust Multichip Average was applied. To exclude highly
variable nonexpressed or low-expressed probe sets we
defined a filter cutoff using the highest signal value ob-
tained from a nonhuman Affymetrix control probe set
multiplied by a factor of 1.2, corresponding in the current
data set to a log2-based value of 6.81.24 The expression
data are made available online at http://www.nephromine.
org. Subsequently we analyzed the differential expres-
sion with significance analysis of microarrays.25 The main
results were also confirmed in a probe set-independent
analysis (ChipInspector, Genomatix, Munich, Germany).26

In a further step, the probe sets of a group of selected
genes above cutoff were hierarchically clustered using
dChip software.27 The Euclidean distance metric was cho-
sen, and clusters were merged using average linkage.
Gene lists derived from the literature were mapped to the
default Affymetrix annotation using Human Genome Orga-
nization gene symbols.

Analysis of Biological Processes

Database for Annotation, Visualization and Integrated
Discovery (DAVID, version 2007) is a web- and literature-
based functional annotation tool, which allows systematic
grouping of biologically related genes from user-classi-
fied gene lists, thereby highlighting the most relevant
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Table 1. Clinical and Histological Characteristics of Biopsy Specimens from Patients with NSC, FSGS, IgAN, and MCD and
Controls

Biopsy group
Number
(method) Sex

Age
(years)

BP systolic
(mmHg)

BP diastolic
(mmHg)

Creatinine
(mg/dl)

eGFR
(ml/min)

Proteinuria
(g/day)

Nephrosclerosis
NSC NSC1 (A) M 47 145 90 2.58 29 2.30
NSC NSC2 (A) M 49 146 95 2.66 27 NA
NSC NSC4 (A) M 49 120 80 1.60 49 1.80
NSC NSC5 (A) M 57 NA NA 2.40 30 0.10
NSC NSC6 (A) M 44 140 80 2.00 39 0.90
NSC NSC7 (A) M 63 120 80 2.00 36 0.20
NSC NSC8 (A) M 64 125 77 2.10 34 4.90
NSC NSC11 (A) M 77 NA NA 7.46 8 NA
NSC NSC12 (A) F 55 150 90 0.74 87 0.20
NSC NSC13 (A) F 76 150 60 2.20 23 0.50
NSC NSC14 (A) M 47 175 105 3.60 19 3.39
NSC NSC15 (A) M 47 160 80 1.10 76 NA
NSC NSC16 (A) M 55 160 105 1.53 50 NA
NSC NSC18 (A) F 78 125 85 0.73 82 NA
Mean � SD 58 � 12 2.3 � 1.7 42 � 24 1.6 � 1.7

Controls
TN TN1b (A) F 59 NA NA 1 60 no
TN TN2b (A) NA NA NA NA NA NA NA
TN TN3b (A) F 71 NA NA 1 58 no
TN TN4b (A) NA NA NA NA NA NA NA
Mean � SD 65 � 9 1.0 � 0 59 � 1 no

Nephrosclerosis
NSC NSC1 (P) M 40 120 80 1.00 88 1.50
NSC NSC2 (P) M 61 120 80 2.50 28 0.20
NSC NSC3 (P) M 43 150 100 2.20 35 NA
NSC NSC4 (P) F 47 150 90 1.50 40 3.30
NSC NSC5 (P) M 51 140 80 2.50 29 0.50
NSC NSC6 (P) NA NA NA NA 5.00 NA 8.20
NSC NSC7 (P) NA NA NA NA 1.10 NA 0.40
NSC NSC8 (P) NA NA 170 80 1.40 NA NA
NSC NSC9 (P) M 75 160 80 12.90 4 NA
NSC NSC10 (P) M 56 190 105 1.10 74 NA
NSC NSC11 (P) M 52 90 40 3.80 18 0.00
NSC NSC12 (P) F 52 NA NA 0.80 80 NA
NSC NSC13 (P) M 59 133 79 4.60 14 0.00
Mean � SD 54 � 10 3.1 � 3.3 41 � 29 1.8 � 2.8

Focal segmental
glomerulosclerosis

FSGS FSGS1 (P) M 22 120 80 0.80 128 3.90
FSGS FSGS2 (P) F 55 NA NA 0.80 79 8.40
FSGS FSGS3 (P) F 21 130 70 0.70 112 0.60
FSGS FSGS4 (P) M 32 125 70 0.80 119 5.50
FSGS FSGS5 (P) F 39 160 105 2.70 21 2.50
FSGS FSGS6 (P) M 37 145 95 2.00 40 8.80
FSGS FSGS7 (P) M 44 140 100 1.38 59 1.30
FSGS FSGS8 (P) F 63 160 85 1.30 44 3.99
FSGS FSGS9 (P) F 51 120 80 0.79 82 2.00
FSGS FSGS10 (P) F 55 130 80 0.60 110 1.90
FSGS FSGS11 (P) M 26 130 80 0.96 101 1.65
FSGS FSGS12 (P) F 32 120 75 0.69 105 0.66
FSGS FSGS13 (P) M 40 170 100 0.90 99 4.50
FSGS FSGS14 (P) M 53 120 80 1.20 67 7.00
FSGS FSGS15 (P) F 66 NA NA 1.30 44 3.00
FSGS FSGS16 (P) F 31 160 93 1.00 69 6.00
FSGS FSGS17 (P) F 67 115 57 0.77 79 13.00
FSGS FSGS18 (P) M 23 110 81 0.97 102 3.00
Mean � SD 42 � 15 1.1 � 0.5 81 � 31 4.3 � 3.3

Minimal change disease
MCD MCD1 (P) M 25 100 60 0.60 174 0.10
MCD MCD2 (P) M 20 NA NA 1.60 59 2.00
MCD MCD3 (P) F 54 130 70 2.40 22 4.90
MCD MCD4 (P) M 46 137 82 1.38 59 NA
MCD MCD5 (P) F 52 118 69 0.60 112 6.50
MCD MCD6 (P) M 36 125 75 0.80 116 13.50
MCD MCD7 (P) F 19 NA NA 0.68 118 NA

(table continues)
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Gene Ontology (GO) terms associated with a given gene
list. The significance determination of GO terms in DAVID
is based on the Expression Analysis Systematic Explorer,
a variant of one-tailed Fisher exact probability.28 For
DAVID analyses, a P value of 0.05 was used as standard
cutoff level.

Immunohistological Analysis

HIF1� staining was performed on biopsy specimens from
an independent group of 9 patients with NSC and 5
controls (healthy tissue from TN), and CXCR4 staining
was performed on biopsy specimens from an indepen-
dent group of 15 patients with NSC and 5 controls (TN).
Costaining was done on biopsy samples from 2 patients
with NSC (3 and 11 glomeruli), 2 controls (TN, �20 glo-
meruli), and 4 patients with FSGS (10 to 34 glomeruli),
one of these with a documented NPHS2 mutation. The
following antibodies were used: a rabbit polyclonal anti-
body to CXCR4 (ab2074, Abcam, Eching, Germany) and
monoclonal IgG2b against HIF1� (NB 100-105, Novus
Biologicals, Littleton, CO). For costaining, HIF was doc-
umented with the tyramide signal amplification system
(TSATM Fluorescence System, NEN Life Science Prod-
ucts, Boston, MA). CXCR4 was then visualized by indirect

immunofluorescence with an anti-rabbit antibody (AF488,
1:200, Invitrogen, Paisley, UK). Nuclei were stained by
the DNA interactive agent DRAQ5TM (Alexis-Axxora,
Lörrach, Germany). The staining shown is from a repre-
sentative sample. The findings for CXCR4 and HIF1�
staining in glomerular podocytes that we report were
globally present but showed focal accentuation.

For chemokine (C-X-C motif) ligand 12 (CXCL12; also
called SDF-1), immunohistochemical analysis was per-
formed as described previously.29 The primary antibody
was a mouse anti-human CXCL12 (clone 79018, R&D
Systems, Minneapolis, MN). Immunohistochemical anal-
ysis was performed on normal areas collected from TNs
(n � 3) and biopsy specimens from patients with NSC
(n � 3). Replacement of the primary antibody by diluent
served as a negative control.

Cell Culture Experiments with Hypoxia

We used established cell lines of immortalized murine
(K5P530) and human podocytes (A [h63]31 and B
[AB81]32). K5P5, h63, and AB81 cells were cultured as
given in the respective references. Normoxia was defined
as 20% O2 in the gas phase, and hypoxia constituted 2.0
and 0.2% O2, respectively. For oxygen titration, cell cul-

Table 1. Continued

Biopsy group
Number
(method) Sex

Age
(years)

BP systolic
(mmHg)

BP diastolic
(mmHg)

Creatinine
(mg/dl)

eGFR
(ml/min)

Proteinuria
(g/day)

MCD MCD8 (P) F 45 NA NA 0.54 130 14.80
MCD MCD9 (P) F 32 125 85 0.70 103 3.00
MCD MCD10 (P) M 16 135 100 1.20 84 5.40
MCD MCD11 (P) F 20 110 70 0.50 167 6.00
MCD MCD12 (P) M 32 150 90 1.30 68 11.00
Mean � SD 33 � 14 1.0 � 0.6 101 � 45 6.7 � 4.9

IgA nephropathy
IgAN IgAN1 (P) M 35 130 80 1.40 61 0.30
IgAN IgAN2 (P) F 35 120 70 0.72 98 0.28
IgAN IgAN3 (P) F 22 120 70 0.90 83 0.70
IgAN IgAN4 (P) F 24 130 70 0.60 131 0.70
IgAN IgAN5 (P) M 51 120 75 0.80 108 NA
IgAN IgAN6 (P) M 35 NA NA 1.31 66 NA
IgAN IgAN7 (P) M 31 150 100 1.10 83 3.00
IgAN IgAN8 (P) M 15 120 60 0.90 117 0.80
IgAN IgAN9 (P) F 33 120 80 1.50 43 0.49
IgAN IgAN10 (P) M 39 NA NA 1.47 57 1.00
IgAN IgAN11 (P) M 19 140 70 0.79 134 4.00
IgAN IgAN12 (P) M 37 130 90 1.00 89 1.30
IgAN IgAN13 (P) F 50 160 90 0.90 70 1.92
IgAN IgAN14 (P) M 36 150 80 4.50 16 3.80
IgAN IgAN15 (P) M 49 160 90 0.90 95 10.00
Mean � SD 34 � 11 1.3 � 0.9 83 � 33 2.2 � 2.7

Controls
LD LD1 (P) F 35 NA NA �1.0 �60 no
LD LD2 (P) F 56 NA NA �1.0 �60 no
LD LD3 (P) M 41 NA NA �1.0 �60 no
LD LD4 (P) M 62 NA NA �1.0 �60 no
LD LD5 (P) M 27 NA NA �1.0 �60 no
LD LD6 (P) NA NA NA NA �1.0 �60 no
Mean � SD 44 � 15 �1.0 �60 no

As controls we used tumor-free tissue from tumor nephrectomy specimens (TN) for the microarray experiments and biopsy specimens from living
donor kidneys (LD) for the confirmational real-time RT-PCR experiments. Patients were analyzed by oligonucleotide array (A)-based gene expression
profiling �NSC (A): n � 14, controls (TN): n � 4� and real-time RT-PCR (P) �NSC (P): n � 13, FSGS (P): n � 18, IgAN (P): n � 15, MCD (P): n � 12,
controls (LD): n � 6�. The patients’ sex is given as male (M) or female (F). BP, blood pressure; eGFR, glomerular filtration rate (estimated according to
the Modification of Diet in Renal Disease formula); NA, not available.
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tures were distributed into incubators (Binder, Tuttlingen,
Germany) with different oxygen concentrations (2.0 and
20% O2) or were placed in a hypoxia incubator (In Vivo2

Hypoxia Workstation 400, Ruskinn Technology, Guiseley,
UK, flushed with gas [0.2% O2, 5% CO2, and 94.8% N2])
and simultaneously cultured for the indicated time peri-
ods. Cells were analyzed at 4 hours for HIF1�, at 24 hours
for HIF2� Western blot analysis, and at 24 hours for
mRNA expression analysis, respectively. Total cellular
RNA was extracted using the Qiagen RNeasy kit (Qiagen,
Hombrechtikon, Switzerland). The mRNA expression was
analyzed by real-time RT-PCR.

Western Blot

For HIF1� detection, cultured glomerular epithelial
cells30,32 were harvested with lysis buffer (10 mmol/L
Tris-HCl [pH 8.0], 0.1% Nonidet P-40, 400 mmol/L NaCl,
1 mmol/L EDTA [pH 8.0], 1 mmol/L dithiothreitol, 1
mmol/L phenylmethylsulfonyl fluoride, and Complete Pro-
tease Inhibitor Cocktail [Roche, Mannheim, Germany]).
For HIF2� detection, glomerular epithelial cells30,32 were
harvested with a lysis buffer containing 8 M urea (10
mmol/L Tris-HCl [pH 6.8], 1% SDS, 5 mmol/L dithiothrei-
tol, 10% glycerol, 8 M urea, 0.5 mmol/L phenylmethylsul-
fonyl fluoride, and Complete Protease Inhibitor Cocktail).
The protein concentrations were determined by the Brad-
ford method (Bio-Rad Laboratories, Hercules, CA). Ex-
tracted proteins were boiled in loading buffer for 5 minutes,
resolved by 10% SDS-polyacrylamide gel electrophore-
ses under reducing conditions, and transferred to an
Immobilon-P membrane (Millipore, Eschborn, Germany).
Equal loading and transfer efficiencies were verified by
staining with 2% Ponceau S. Membranes were blocked
overnight with Tris-buffered saline/5% fat-free skim milk
and then incubated with a monoclonal mouse antibody
raised against human HIF1� (BD Transduction Laborato-
ries, Lexington, KY) diluted 1:1000 overnight at 4°C and
rinsed with Tris-buffered saline containing 0.1% Tween
20. Immunoblotting for HIF1� in murine podocytes was
performed using polyclonal rabbit anti-HIF1� antibody
(1:200, overnight at 4°C, Novus Biologicals). HIF2� was
detected using a polyclonal rabbit anti-HIF2� antibody
(1:200, overnight at 4°C, Novus Biologicals).

For detection, a horseradish peroxidase-linked anti-
mouse IgG antibody (1:2000, 1 hour at room tempera-
ture, DAKO, Glostrup, Denmark) and enhanced chemilu-
minescence substrate (PerkinElmer Life and Analytical
Sciences, Waltham, MA) were used. Membranes were
also probed with anti-�-actin antibody (A 5316, 1:5000,
Sigma-Aldrich, Munich, Germany) as an internal loading
control.

In Vitro “Wound Healing” Assay

In confluent cell monolayers on collagen-coated six-well
plates, a scratch (“wound”) was created with a sterile
pipette tip. Cells were then incubated for 22 hours with
either blocking rabbit anti-rat CXCR4 antibody (5 �g/ml,
Torrey Pines Biolabs, East Orange, NJ), which has been

shown to be effective in mice,8 or rabbit immunoglobulin
IgG (5 �g/ml, R&D Systems). At 0 hours and after 22
hours, the width of the scratch was measured at the same
10 to 12 points per well in a blinded fashion (n � 12 for
each condition). The extent of wound healing is given as
a percentage of the original width (1 � mean of mea-
sured distances at 22 hours/mean of measured distances
at 0 hours).

Quantitative Real-Time RT-PCR

For studies using biopsy samples, reverse transcription and
real-time RT-PCR were performed as reported earlier.33

Predeveloped TaqMan reagents were used for human fi-
bronectin 1 (FN1, NM_002026), human lysyl oxidase-like 2
(LOXL2, NM_002318.2), and the housekeeper genes 18S
rRNA, GAPDH, and �-actin (Applied Biosystems, Foster
City, CA). The following oligonucleotide primers (300
nmol/L) and probe (100 nmol/L) were used for human
CXCR4 (NM_003467.2), sense primer 5�-GGCCGACCTC-
CTCTTTGTC-3�, antisense primer 5�-CAAAGTACCAGTTT-
GCCACGG-3�, and fluorescence labeled probe (FAM) 5�-
ACGCTTCCCTTCTGGGCAGTTGATG-3�; and for CXCL12
(NM_199168), sense primer 5�-ACCGCGCTCTGCCTCA-
3�, antisense primer 5�-CATGGCTTTCGAAGAATCGG-3�,
and fluorescence labeled probe (FAM) 5�-TCAGCCT-
GAGCTACAGATGCCCATGC-3�. The expression of candi-
date genes was normalized to three reference genes, 18S
rRNA, hGAPDH, and �-actin, giving similar results. Data
shown are normalized to 18S rRNA, and target gene ex-
pression in the control cohort is set as 1. The mRNA expres-
sion was analyzed by standard curve quantification.

For in vitro studies, reverse transcription was performed
as described above. Predeveloped TaqMan reagents were
used for human CXCR4 (NM_003467.2) and for the refer-
ence gene 18S rRNA (Applied Biosystems). For human and
murine vascular endothelial growth factor A (VEGFA and
Vegfa, respectively) and murine Cxcr4, the following oligo-
nucleotide primers (300 nmol/L) and probes (100 nmol/L)
were used: for human VEGFA (NM_003376), sense primer
5�-GCCTTGCTGCTCTACCTCCAC-3�, antisense primer 5�-
ATGATTCTGCCCTCCTCCTTCT-3�, and fluorescence la-
beled probe (FAM) 5�-AAGTGGTCCCAGGCTGCACCC-
AT-3�; for murine Vegfa (NM_001025250.3), sense primer
5�-GCTGTGCAGGCTGCTGTAAC-3�, antisense primer 5�-
TGATGTTGCTCTCTGACGTGG-3�, and fluorescence la-
beled probe (FAM) 5�-ATGAAGCCCTGGAGTGCGTGCC-
3�; and for murine Cxcr4 (NM_009911.3), sense primer
5�-TGGAACCGATCAGTGTGAGTATATA-3�, antisense
primer 5�-GGTGGGCAGGAAGATCCTATT-3�, and fluores-
cence labeled probe (FAM) 5�-CTGCTTCCGGGAT-
GAAAACGTCCATT-3�. The expression of candidate genes
was normalized to 18S rRNA and analyzed by the 		Ct
method.

Statistics

Experimental data are given as mean � SD. Statistical
analysis was performed using the Mann-Whitney U test
and the Welch and Games-Howell test (SPSS 14.0, SPSS,
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Chicago, IL). P and q values �0.05 were considered to
indicate statistically significant differences.

Results

Glomerular Expression of Hypoxia-Regulated
Genes Is Altered in NSC

Gene expression profiling was performed on isolated
glomeruli to study alterations in gene transcript expres-
sion in NSC. In choosing the cohort to be examined,
specific attention was paid to the histological criteria of
NSC and clinical features.11–15 The clinical characteris-
tics of the patients are provided in Table 1. Glomerular
gene expression profiles yielded 14,762 probe sets with
expression intensities above cutoff (see Materials and
Methods). We used unsupervised clustering to visualize
the probe sets in a dendrogram. Cluster dendrograms
sort samples with the most similar gene expression pro-
files together with the shortest branches. Clustering all
14,762 probe sets above cutoff resulted in clear segre-
gation of NSC from TN (Supplemental Figure S1, see
http://ajp.amjpathol.org). The comparison between con-
trols and NSC resulted in 7,381 significantly altered probe
sets (Supplemental Table S1, see http://ajp.amjpathol.
org). These corresponded to roughly 5,711 genes, tak-
ing the limitations of the default Affymetrix probe set
annotation into account.34

To test whether hypoxia-related biological processes
previously reported to contribute to deterioration of renal
function may be involved in NSC, the data were grouped
according to their GO classification.1 The glomerular gene
expression data demonstrated significant overrepresenta-
tion of GO terms of two biological processes potentially
involved in hypoxia-related kidney damage: angiogenesis
(eg, the GO terms “angiogenesis” [GO:0001525] and “vas-
culature development” [GO:0001944]) (Supplemental Ta-
ble S2, see http://ajp.amjpathol.org) and inflammation (eg,
GO terms “immune response” [GO:0006955] and “inflam-
matory response” [GO:0006954]) (Supplemental Table S3,
see http://ajp.amjpathol.org). A third process, renal fibrosis,
has recently been discussed as being controlled by HIF.1,3

Because a corresponding GO term does not exist, we used
a literature-based list of genes potentially involved in renal
fibrosis.35–38 Of 84 fibrosis-related genes derived from the
literature, 83 were represented on the HG-U133A array. Of
these, 73 genes showed mRNA expression above the cutoff
in the expression array analysis of the glomeruli from NSC
biopsy specimens. Of these, 42 (58%) were found to be
significantly altered in NSC compared with controls (Sup-
plemental Table S4, see http://ajp.amjpathol.
org). In summary, GO analyses of the microarray data
from glomeruli with NSC support the idea of hypoxia-
associated processes being involved in the develop-
ment of renal disease.

These initial results prompted us to further evaluate the
potential role of hypoxia-regulated gene expression in
glomeruli from NSC biopsy specimens. A literature-
based list of previously reported HIF target genes was
generated.39,40 From a total of 554 HIF target genes, 542

were represented on the HG-U133A array and 476
showed mRNA expression above cutoff. Expression of
290 (61%) of these genes was significantly altered in
glomeruli with NSC compared with controls (Supplemen-
tal Table S5, see http://ajp.amjpathol.org). This number is
higher than that observed in patients with FSGS, in whom
expression of only 23% of the HIF target genes was found
to be changed (n � 13, unpublished data). Because
HIF� subunits are regulated mainly at the post-transla-
tional level, it was not surprising that HIF1A mRNA itself
was not significantly altered in glomeruli with NSC
(HIF1A, probe set 200989_at, fold change 0.96, NS).
HIF2A mRNA was significantly increased (EPAS1, probe
set 200879_s_at, fold change 1.25, q � 0.05 and
200878_at, fold change 1.57, q � 0.01). To further eval-
uate our hypothesis that hypoxia may play a significant
pathophysiological role in NSC, we examined whether
expression of HIF-regulated genes might segregate glo-
merular gene expression in NSC biopsy specimens from
that in controls. We used unsupervised clustering to vi-
sualize the 476 HIF target genes above cutoff in a den-
drogram. This cluster dendrogram of HIF target genes
segregated NSC from controls with two distinct branches
being identified: one corresponding to the NSC group
and the other one to the TN control group (Figure 1). No
association of HIF target gene expression with clinical
parameters (renal function or proteinuria) or antihyperten-
sive treatment with or without blockade of the renin an-
giotensin system was observed nor was there a correla-
tion with the histological degree of glomerular scarring on
this limited number of patients. Of 25 HIF targets with
relevance to renal function, reported by Haase et al,5 20
genes showed mRNA expression above cutoff. Expres-
sion of 16 (80%) of these was significantly changed in
glomeruli with NSC compared with controls (Table 2).
Among the HIF targets, which were significantly more
abundant in glomeruli with NSC (Table 2 and Supplemen-
tal Table S5, see http://ajp.amjpathol.org), we found
genes representing prominent hypoxia-modulated bio-
logical processes such as angiogenesis, fibrosis, and
inflammation. VEGFA and its receptor FMS-like tyrosine
kinase 1 (FLT1), both with significantly increased tran-
script levels in glomeruli with NSC, are examples of
genes involved in the first process. For early as well as
late stages of fibrosis the following genes are prominent
indicators: TIMP1 (tissue inhibitor of metalloproteinase 1),
SERPINE1 (serpin peptidase inhibitor, clade E, member
1, also called plasminogen activator inhibitor type 1),4

LOX (lysyl oxidase), and LOXL2 (lysyl oxidase-like 2).3

Fibronectin (FN1) mRNA, also shown to be up-regulated
under hypoxic conditions,41,42 was strongly increased in
glomeruli with NSC. Furthermore, mRNA expression for
several collagen �-chains was increased in NSC glomeruli,
including the reportedly hypoxia-inducible genes COL1A2,
COL4A1, and COL4A2.4,39 Interestingly, only the embry-
onic (COL4A1 and COL4A2) and not the mature isoforms of
collagen type 4 (COL4A3, COL4A4, and COL4A5) were
found to be significantly altered in NSC glomeruli (Sup-
plemental Table S4, see http://ajp.amjpathol.org).43 Fi-
nally, among the above processes inflammation emerged
as a prominent one in NSC (Supplemental Table S3, see
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http://ajp.amjpathol.org). In line with this finding, the che-
mokine receptor CXCR4 was one of the most strongly
increased HIF target genes in NSC glomeruli.

Glomerular Induction of CXCR4 mRNA Is Found
in NSC, but Not in Other Common
Glomerulopathies

From the above-mentioned significantly altered HIF tar-
get genes we selected LOXL2, FN1, and CXCR4 for
further confirmatory analysis. The glomerular mRNA ex-
pression was determined by real-time RT-PCR in an in-
dependent cohort of patients with NSC and patients with
other glomerulopathies such as FSGS, IgAN, and MCD.
Pretransplant allograft biopsy specimens from LDs
served as healthy controls (Table 1). A significant induc-
tion of LOXL2 mRNA (2.6 � 1.7-fold, P � 0.01) and FN1
mRNA (5.5 � 3.7-fold, P � 0.01) was found in glomeruli
with NSC compared with controls. LOXL2 and FN1 mRNA
were not found to be consistently induced in glomeruli
from patients with FSGS, IgAN, and MCD (LOXL2: FSGS
1.1 � 0.4, NS, IgAN 1.4 � 0.9, NS, and MCD 0.9 � 1.0,
NS, compared with controls; FN1: FSGS 1.2 � 1.6, NS,
IgAN 0.9 � 1.1, MS, and MCD 0.3 � 0.2, NS, compared
with controls) (Figure 2, A and B). The mRNA for CXCR4,
one of the most strongly altered HIF target templates in
our microarray data set, was also found to be induced in
glomeruli of an independent cohort of patients with NSC,
but not in those with FSGS, MCD, or IgAN (NSC 2.0 � 1.1,
P � 0.05; FSGS 0.6 � 0.4, NS; IgAN 0.4 � 0.2, P � 0.05;
and MCD 0.6 � 0.5, NS, compared with controls) (Figure
2C). Expression of the known ligand of CXCR4, ie,
CXCL12, was not found to be significantly altered in the
glomerular microarray data. This result was again con-
firmed by real-time RT-PCR, which demonstrated only a
nonsignificant trend for CXCL12 mRNA induction in NSC
(NSC 3.9 � 4.8, NS; FSGS 1.4 � 1.5, NS; IgAN 0.9 � 0.9,
NS; and MCD 1.8 � 1.9, NS). In summary, the real-time
RT-PCR studies on independent patient cohorts sup-
ported the microarray data and confirmed the glomerular

induction of LOXL2, FN1, and CXCR4 mRNA seen on the
microarray as potential contributors to hypoxia-induced
pathomechanisms in NSC.

HIF1� Shows Nuclear Localization in
CXCR4-Positive Podocytes of NSC Biopsy
Specimens

To demonstrate the glomerular cell type expressing CXCR4
in NSC, immunohistological analysis was performed on ad-
ditional biopsy specimens to further study the expression of
CXCR4. In NSC biopsy specimens, the CXCR4 protein
could be localized to glomerular epithelial cells in all glo-
meruli with a prominent increase in fluorescence intensity
compared with the faint staining for CXCR4 in control kid-
neys (Figure 3, A–C). As was expected, interstitial mononu-
clear cells also stained positive for CXCR4 (not shown).

To evaluate whether the CXCR4 protein expression in
podocytes of NSC biopsy specimens was associated
with HIF1� activation as a general marker of hypoxia-
associated transcriptional activation, double staining for
both molecules was performed. A faint cytoplasmic stain-
ing for HIF1� was occasionally seen in cells of control
biopsy specimens. In marked contrast, a robust nuclear
HIF1� staining was apparent in podocytes from NSC
biopsy specimens and colocalized with staining for
CXCR4 (Figure 3, A and B). Because HIF1� is translo-
cated from the cytosol to the nucleus on activation, the
localization may indicate transcriptional activity of HIF in
these cells.5 Occasionally tubular epithelial cells showed
also a nuclear staining pattern for HIF1�. These cells
demonstrated no concomitant CXCR4 staining. In biopsy
specimens from patients with the main diagnosis of
FSGS, glomerular epithelial cells stained also positive for
CXCR4 but with a restrained and heterogeneous nuclear
HIF1� positivity. This result is in line with the microarray
data reported above, which indicate a more pronounced
hypoxia-associated gene regulation in NSC glomeruli
than in FSGS glomeruli.

Figure 1. Cluster of HIF target genes in NSC. Unbiased and unsupervised clustering was used to visualize the expressed HIF target genes in a dendrogram. Cluster
dendrograms group the patients with the most similar gene expression profiles. The length of the branches represents the dissimilarity. Probe set abundance is
displayed on a red-green color scale, with red indicating expression above and green below the mean. This cluster dendrogram uses the HIF target genes to
segregate NSC from the healthy controls. Two distinct branches could be identified: one corresponding to the NSC group and the other one to the TN group.
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CXCL12, the corresponding ligand of CXCR4, was
also found to be expressed in podocytes of NSC biopsy
specimens as well as in control tissue (Figure 4). In
addition, CXCL12 expression was seen on some tubular
epithelial cells and on endothelial cells of larger veins and
arteries. The constitutive expression was consistent with
the mRNA expression data, indicating no CXCL12 mRNA
induction in NSC.

Hypoxia Induces HIF� Protein and CXCR4
mRNA in Podocytes in Vitro

CXCR4 and nuclear HIF1� colocalized to podocytes in
double immunofluorescence staining. We therefore stud-
ied podocytes in vitro to define whether this might repre-
sent a functional association. We exposed podocyte cell
lines30–32 to hypoxic culture conditions. By Western blot,

Table 2. Regulation of HIF Target Genes with Relevance to Renal Function

Probe set Gene symbol (HUGO) Gene name (from Affymetrix HG-U133A-20080318) Fold change q value (%)

200966_x_at ALDOA Aldolase A, fructose-bisphosphate 1.12 4.87
214687_x_at ALDOA Aldolase A, fructose-bisphosphate 1.13 2.27
201849_at BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 0.74 0.73
201848_s_at BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 0.80 4.87
205199_at CA9 Carbonic anhydrase IX 0.83 0.88
211919_s_at CXCR4 Chemokine (C-X-C motif) receptor 4 2.37 0.08
209201_x_at CXCR4 Chemokine (C-X-C motif) receptor 4 2.41 0.03
217028_at CXCR4 Chemokine (C-X-C motif) receptor 4 4.23 0.03
209101_at CTGF Connective tissue growth factor 0.88 18.58
218995_s_at EDN1 Endothelin 1 0.94 22.72
201231_s_at ENO1 Enolase 1, (alpha) 0.89 19.75
217294_s_at ENO1 Enolase 1, (alpha) 1.21 4.87
217254_s_at EPO Erythropoietin BC BC
207257_at EPO Erythropoietin BC BC
222033_s_at FLT1 Fms-related tyrosine kinase 1 1.74 0.03
210287_s_at FLT1 Fms-related tyrosine kinase 1 BC BC
204406_at FLT1 Fms-related tyrosine kinase 1 BC BC
203665_at HMOX1 Heme oxygenase (decycling) 1 0.57 0.73
202934_at HK2 Hexokinase 2 1.33 4.87
222305_at HK2 Hexokinase 2 BC BC
205302_at IGFBP1 Insulin-like growth factor binding protein 1 BC BC
200650_s_at LDHA Lactate dehydrogenase A BC BC
203510_at MET Met proto-oncogene 0.62 0.73
211599_x_at MET Met proto-oncogene 0.84 1.58
213807_x_at MET Met proto-oncogene 0.84 0.73
213816_s_at MET Met proto-oncogene BC BC
209957_s_at NPPA Natriuretic peptide precursor A 0.78 0.06
210037_s_at NOS2A Nitric oxide synthase 2A BC BC
205581_s_at NOS3 Nitric oxide synthase 3 BC BC
200738_s_at PGK1 Phosphoglycerate kinase 1 1.03 19.75
200737_at PGK1 Phosphoglycerate kinase 1 1.18 4.87
217383_at PGK1 Phosphoglycerate kinase 1 1.24 4.87
217356_s_at PGK1 Phosphoglycerate kinase 1 BC BC
200725_x_at RPL10 Ribosomal protein L10 1.05 10.75
200724_at RPL10 Ribosomal protein L10 1.09 10.75
221989_at RPL10 Ribosomal protein L10 1.33 1.58
217680_x_at RPL10 Ribosomal protein L10 BC BC
202628_s_at SERPINE1 Serpin peptidase inhibitor 1.20 8.92
202627_s_at SERPINE1 Serpin peptidase inhibitor, clade E 1.26 1.14
201250_s_at SLC2A1 Solute carrier family 2, member 1 0.76 0.07
201249_at SLC2A1 Solute carrier family 2, member 1 BC BC
201666_at TIMP1 TIMP metallopeptidase inhibitor 1 1.65 0.10
214064_at TF Transferrin BC BC
214063_s_at TF Transferrin BC BC
203400_s_at TF Transferrin BC BC
220109_at TF Transferrin BC BC
208691_at TFRC Transferrin receptor /// transferrin receptor 0.81 10.75
207332_s_at TFRC Transferrin receptor /// transferrin receptor 0.85 12.73
210512_s_at VEGFA Vascular endothelial growth factor 1.06 17.38
212171_x_at VEGFA Vascular endothelial growth factor 1.11 14.49
211527_x_at VEGFA Vascular endothelial growth factor 1.31 4.87
210513_s_at VEGFA Vascular endothelial growth factor 1.38 0.06

Twenty-five of 25 selected HIF targets with relevance to renal function derived from the literature were represented on the HG-U133A array. Twenty
of these genes showed mRNA expression above cutoff on the arrays. Of these 20 expressed mRNAs, 16 (80%) were significantly regulated in glomeruli from
NSC biopsy samples compared with controls (TN).5 The fold change indicates the expression of each gene in nephrosclerosis (NSC) glomeruli
compared with controls, ie, a fold change of 1.75 refers to an induction of 75% in NSC. BC, below cutoff, see Materials and Methods for further detail.
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we were able to demonstrate higher HIF1� and HIF2�
protein levels under graded hypoxic conditions com-
pared with normoxic controls (see Figure 5, A and B,32 for
human podocytes; murine podocytes not shown). Hypoxic
incubation conditions (0.2% and 2% oxygen) resulted in a
significant increase in CXCR4/Cxcr4 mRNA in all podocyte
cell lines tested compared with 20% oxygen concentration
(Figure 6, Table 3). VEGFA/Vegfa mRNA served as a pos-
itive control for a hypoxia-induced genes and also showed
an induction under hypoxic conditions (Table 3).

As CXCR4 and CXCL12 were both found to be ex-
pressed by podocytes, we set out to study a functional

role of this receptor/ligand system. Because CXCR4 is
known to play a role in guidance of cell migration, we
applied an in vitro scratch assay on cultured podocytes.
In line with a functional relevance of CXCR4/CXCL12 in

Figure 2. Confirmation of LOXL2, FN1, and CXCR4 mRNA expression in
glomeruli with NSC and controls. A: LOXL2 mRNA measured by RT-PCR is
induced in glomeruli from NSC biopsy specimens. LOXL2 mRNA showed
increased expression by quantitative RT-PCR in glomeruli from an indepen-
dent group of NSC biopsy specimens (n � 13). Values were normalized to
pretransplant LD control biopsy specimens (n � 6) and the housekeeper gene
18S rRNA. In FSGS, IgAN, and MCD, LOXL2 mRNA was not significantly different
compared with that in living donor (LD) controls. **P � 0.01 compared with
controls. B: FN1 mRNA is overexpressed in glomeruli from NSC biopsy
specimens. Same biopsy cohorts as mentioned in A. **P � 0.01 compared
with controls (LD). C: CXCR4 mRNA expression levels are higher in
glomeruli from NSC biopsy specimens. Same biopsy cohorts as mentioned in A.
*P � 0.05 compared with controls (LD). FSGS, focal segmental glomerusclerosis;
IgAN, IgA nephropathy; MCD, minimal change disease.

Figure 3. CXCR4 and HIF1� staining in NSC and controls. A: CXCR4 and
HIF1� staining in glomeruli with NSC. CXCR4 (green staining) and HIF1�
(red staining) showed robust expression in podocytes of NSC (short
arrows). As expected some tubular epithelial cells stained positive for HIF1�
(long arrow). Interstitial mononuclear cells also stained positive for CXCR4
(not shown). B: High magnification of CXCR4 and HIF1� staining in NSC.
Higher magnification of glomerular epithelial cells with surface staining for
CXCR4 (short arrows) and nuclear staining for HIF1� (long arrow).
C: CXCR4 and HIF1� staining in glomeruli from controls. Healthy tissue from
TN served as a control, with podocytes showing a faint green CXCR4
background staining (arrows) without any HIF1� positivity.
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podocyte biology, a blocking CXCR4 antibody signifi-
cantly impaired the extent of wound closure in these cells
compared with control IgG (23 � 6% versus 41 � 13%,
P � 0.01, n � 12 each) (Figure 7).

Discussion

The growing evidence for hypoxia as a modulator of
progression of renal disease prompted us to examine its

potential role in human NSC.1 NSC represents an entity
with a poorly understood pathogenesis, even though it is
reported to be the second most common cause for end-
stage renal disease in the Western world.10 We found
hypoxia-related genes to be clearly induced in glomeruli
from patients with NSC. CXCR4, a known target of HIF,
was significantly induced in NSC and could be localized
to podocytes together with positive nuclear staining for
HIF1� as a general indicator for hypoxia-associated tran-
scriptional activity.

The hypothesis-driven analysis of the gene expression
data was focused on genes known to be regulated by
HIF.5,39,40 Consistent with the hypothesis that hypoxia is
an important factor in NSC, the majority of known HIF
target genes were significantly altered in glomeruli from
NSC biopsy specimens and segregated them from con-
trols in the unsupervised cluster analysis. Prominent bio-
logical processes modulated by hypoxia are angiogene-
sis, fibrosis, and inflammation. In angiogenesis, VEGFA
and its receptor FLT1, both significantly increased in
NSC, play a central role (Table 2). VEGFA is an important
growth, survival, and repair factor for glomerular capillar-
ies. The induction of VEGFA in the glomeruli of the NSC
cohort is consistent with previously reported expression
of VEGF mRNA in podocytes in NSC44 and induction of
VEGFA mRNA in cultured podocytes under hypoxia (Ta-
ble 3). The finding of glomerular VEGFA and FLT1 induc-
tion in NSC biopsy specimens is in contrast to the re-
duced expression of VEGFA recently reported in human
diabetic nephropathy both in glomeruli and in the tubu-
lointerstitial compartment, indicating a different patho-
physiological mechanism for glomerulosclerosis in NSC
and diabetic nephropathy.33,45 HIF target genes involved
in the accumulation of extracellular matrix and fibrosis
were also found to be induced in glomeruli with NSC. This
finding was confirmed by RT-PCR for FN1, for which
HIF-independent regulatory mechanisms are also de-
scribed,46 and for LOXL2. LOX, and LOXL2 are docu-
mented examples of genes involved in matrix remod-
eling by cross-linking of collagen fibers. They were
recently reported to be induced in a murine model of
hypoxia-induced tubulointerstitial fibrosis.3 Tubulointerstitial

Figure 4. CXCL12 staining in glomeruli with NSC. CXCL12 was localized by
immunohistochemical analysis in biopsy specimens from patients with NSC
and controls. A prominent CXCL12 expression was found, in a pattern
consistent with podocytes. Note the staining of cells on the outer surface of
the glomerular basement membrane (arrows). Original magnification,

400. Inset: Higher magnification of CXCL12 staining of glomeruli with NSC
confirmed expression by podocytes (arrows). Original magnification,

1000.

Figure 5. Hypoxia induces HIF1� and HIF2� protein in cultured podocytes.
A: By Western blot a dose-dependent induction of HIF1� under graded
hypoxic conditions (0.2 and 2% O2) was demonstrated in human podo-
cytes32 compared with normoxic time controls (20% O2, at 4 hours). B: In
addition, HIF2� was found to be stabilized in human podocytes at 0.2 and 2%
O2 compared with 20% O2 (at 24 hours). �-Actin was used as loading control.

Figure 6. Hypoxia induces Cxcr4 mRNA in podocytes in vitro. In cultured
murine podocytes, expression of Cxcr4 mRNA was increased after 24 hours
at 0.2% O2 compared with podocytes incubated at 2% O2 after 24 hours and
normoxic (20% O2) controls (n � 4 each). *P � 0.05, **P � 0.01, significant
differences compared with 20% O2. **P � 0.01, significant difference com-
paring 0.2 with 2% O2. For expression data of CXCR4 and VEGFA in human
podocyte cell lines exposed to hypoxia, see Table 3.
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LOXL2 mRNA was also found to be induced in various
progressive human renal diseases including NSC.3 Our
present data showing increased LOXL2 expression in
glomeruli with NSC but not other glomerulopathies may
indicate that this hypoxia-inducible enzyme is not only
involved in progressive interstitial fibrosis but may also
play a role in glomerulosclerosis in NSC. Besides these
collagen-associated molecules increased mRNA expres-
sion for several collagen �-chains, the known HIF target
genes COL1A2, COL4A1, and COL4A2, was prominent
in the NSC data set.39 We observed significant increases
only for the fetal isoforms of collagen type 4, ie, COL4A1
and COL4A2, whereas the mature isoforms COL4A3,
COL4A4, and COL4A5 were not found to be signifi-
cantly regulated (Supplemental Table S4, see http://
ajp.amjpathol.org). The expression of these fetal colla-
gen isoforms resembles that seen in Alport syndrome,
in which it has been related to a potentially more vulner-
able glomerular basement membrane composition ulti-
mately leading to glomerulosclerosis.43,47 Such re-ex-
pression of fetal collagen genes in glomeruli from adult
patients with NSC may be part of an increased cellular
plasticity (see below).

Inflammation is another biological process closely
linked to hypoxia and to progression of renal disease.1,48

The complex interplay between hypoxia and the immune
system is nicely illustrated by the example of nuclear
factor-�B, a master switch in the inflammatory response:
HIF1� has been shown to activate nuclear factor-�B and
nuclear factor-�B itself is a transcriptional activator of
HIF1�.48,49 Indeed, inflammatory gene signatures were
significantly altered in NSC glomeruli (Supplemental Ta-
ble S3, see http://ajp.amjpathol.org) including major his-
tocompatibility class I and II genes, interleukins, and
chemokines. Although glomerular inflammatory cell infil-
trates have been observed in NSC,50 they are not a
prominent feature of glomerular NSC.11,12 In addition, it
should be noted that the expression of “inflammatory”
genes cannot be directly equated with inflammatory infil-
trates, as some of these genes could be regulated on
intrinsic glomerular cells, for which our observations with
CXCR4 on podocytes may serve as example.

Among the HIF target genes involved in inflammation,
the chemokine receptor CXCR4 was found to be promi-
nently induced in NSC glomeruli. Interestingly, induction
of CXCR4 mRNA was not seen by RT-PCR in other glo-
merulopathies such as FSGS, IgAN, or MCD. For IgAN
and membranous nephropathy, the absence of promi-
nent CXCR4 expression in glomeruli had been reported
previously.8,51 Although FSGS is characterized by glo-
merular sclerosis similar to NSC, CXCR4 mRNA was not
consistently induced in glomeruli from biopsy specimens
of patients with primary FSGS. Although immunohistolog-
ical analysis also revealed CXCR4 positivity of podocytes
in FSGS biopsy specimens, the nuclear HIF1� staining in
these biopsy specimens seemed restrained and hetero-
geneous. In this context, it should be noted that CXCR4
transcriptional regulation also includes HIF- and hypoxia-
independent mechanisms.52–54 In FSGS, the primary pa-
thology may be of direct glomerular origin whereas nar-
rowing of the afferent blood vessels with consecutive
glomerular hypoxia may be a central mechanism in NSC.
Nuclear HIF1� in podocytes of NSC biopsy specimens
can be seen as a biological indicator for hypoxia-asso-
ciated transcriptional processes. Because nuclear HIF1�
was associated with CXCR4 expression in podocytes of
NSC biopsy specimens, we went on to study CXCR4

Table 3. Cxcr4/CXCR4 and Vegfa/VEGFA mRNA Expression under Hypoxic Conditions

20% O2 2% O2 0.2% O2

VegFa/VEGFA
Murine podocytes 1.00 � 0.04 1.22 � 0.08* 2.21 � 0.41*‡

Human podocytes A 1.00 � 0.36 3.35 � 1.70 (NS) 11.97 � 1.35‡§

Human podocytes B 1.00 � 0.11 1.36 � 0.31* 2.23 � 0.67†‡

Cxcr4/CXCR4
Murine podocytes 1.00 � 0.17 1.60 � 0.10* 5.52 � 0.85‡§

Human podocytes A 1.00 � 0.17 9.98 � 3.29* 19.16 � 3.56†‡

Human podocytes B 1.00 � 0.30 1.29 � 0.35 (NS) 4.41 � 1.67‡§

Expression of Cxcr4/CXCR4 and Vegfa/VEGFA mRNA in cultured murine (K5P5) and human podocytes (podocytes A �h63� and podocytes B
�AB81�) after incubation for 24 hours at 0.2 and 2% O2 compared with 20% O2 (n � 4 each for K5P5 and h63 and n � 8 for AB81).

*P � 0.05, significant difference compared with 20% O2.
†P � 0.05, significant difference comparing 0.2 with 2% O2.
‡P � 0.01, significant difference compared with 20% O2.
§P � 0.01, significant difference comparing 0.2 with 2% O2.

Figure 7. CXCR4 blockade reduces podocyte migration in vitro in a wound-
healing assay. To assess potential functions of CXCR4 in podocyte migration,
a wound-healing assay was performed. Confluent murine podocytes (K5P5)
were treated with either blocking anti-CXCR4 antibody or immunoglobulin
IgG as control. At 0 hours and after 22 hours, the width of each scratch
inflicted at 0 hours was measured in a blinded fashion. The CXCR4 antibody
significantly impaired the extent of wound closure compared with controls
(23 � 6 versus 41 � 13%, **P � 0.01, n � 12 each). mAb, monoclonal
antibody.
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expression in podocytes in vitro. In cultured human and
murine podocytes, we found a low but constitutive ex-
pression of CXCR4/Cxcr4, as was also reported by Huber
et al.51 Hypoxia in vitro stabilized HIF1� and HIF2� pro-
tein and induced CXCR4/Cxcr4 mRNA expression in
podocytes. In our experiments we used HIF1� as a
global biological marker of hypoxia. However, HIF2� has
been shown to be of specific functional relevance in
podocytes.9 Although providing clear evidence for an
activation of hypoxia-associated transcriptional pro-
grams in podocytes, our descriptive data do not eluci-
date which HIF� subunit or mechanism is mainly regulat-
ing CXCR4 in podocytes. However, induction of CXCR4
by hypoxia has been reported for several cell types, such
as monocytes, macrophages, endothelial cells, cancer
cells, and stem/progenitor cells.52,55–57 Von Hippel-
Lindau tumor suppressor protein/HIF-dependent regula-
tion of Cxcr4 on podocytes in vivo was elegantly demon-
strated in a study by Ding et al8 in mice with genetically
engineered deletion of von Hippel-Lindau tumor suppres-
sor protein in podocytes, leading to glomerular epithelial
cell proliferation and extracapillary crescent formation. In
this model, interference with CXCR4 signaling prevented
the proliferation of the epithelial cells and markedly im-
proved the course of the experimental disease.8

Recently, CXCR4 expression on some glomerular pa-
rietal epithelial cells of Bowman’s capsule has been re-
ported. These parietal cells also express markers for
progenitor cells as well as for podocytes.58–60 In general,
CXCR4 is expressed on stem cells and is involved in their
recruitment to sites of tissue regeneration.61–63 Poten-
tially, such podocyte precursors of glomerular parietal
epithelial cell origin may be involved in the repopulation
of the glomerular tuft during podocyte injury.58–60,64

CXCR4/CXCL12 guide cell migration in a number of sys-
tems (eg, renal morphogenesis (tubulogenesis), neuron/
axon development, and tumor metastasis65–68). Using an
in vitro wound healing assay to evaluate CXCR4-depen-
dent migration, we could demonstrate that treatment of
cultured podocytes with a blocking CXCR4 antibody sig-
nificantly impaired in vitro wound healing and hence
CXCR4-dependent cell migration. Potentially, these in
vitro data indicate that in vivo CXCR4 is involved in the
migration of podocytes during hypoxic injury such as that
occurring in NSC. Supporting this observation, we found
CXCL12 to be expressed in podocytes in adults, as has
been recently reported in the developing murine kid-
ney.8,69 CXCL12 was also reported to be expressed by
mesangial cells in the developing human70 and murine
glomerulus.8 Future studies on the expression of CXCL12
and CXCR4 during glomerular development and disease
should provide further insight into the respective roles
and interplay of both molecules in the glomerulus.

Finally, the neo-expression of CXCR4 on podocytes in
NSC could reflect a change of differentiation of these
epithelial cells re-expressing developmental genes. Al-
though considerable controversy exists in the literature,
cellular plasticity has been reported for renal cells.71

Tubular cells may change their differentiation during hyp-
oxia,3,72 and podocytes have also been reported to be
capable of undergoing changes of differentiation in

vitro.73,74 We found potential markers for a change of
differentiation in the microarray gene expression analysis
of glomeruli from NSC, eg, down-regulation of the epithe-
lial marker keratin 1 (q � 0.01) and up-regulation of the
mesenchymal markers S100 calcium binding protein A4
(q � 0.01) and smooth muscle actin, �2 (q � 0.01)
(Supplemental Table S1, see http://ajp.amjpathol.org).
These observations could point to a role of hypoxia for
potential plasticity in podocyte differentiation.

In summary, our data provide evidence for prominent
hypoxia-regulated gene expression in glomeruli from hu-
man renal biopsy specimens from patients with NSC. This
includes biological processes known to be involved in
renal damage such as fibrosis and inflammation. Further-
more, our data indicate a reactivation of developmental
processes, pointing to considerable plasticity of podo-
cytes during hypoxic glomerular damage. Our observa-
tions expand evidence for the contribution of hypoxia
from the previously documented role in interstitial fibro-
sis and tubular damage to that of glomerular sclerosis
in NSC.
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