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Intrauterine hypoxia is a reason for impaired kidney development. The cellular and molecular pathways
along which hypoxia exerts effects on nephrogenesis are not well understood. They are likely triggered
by hypoxia-inducible transcription factors (HIFs), and their effects appear to be dependent on the cell
compartment contributing to kidney formation. In this study, we investigated the effects of HIF
activation in the developing renal stroma, which also essentially modulates nephron development
from the metanephric mesenchyme. HIF activation was achieved by conditional deletion of the von
HippeleLindau tumor suppressor (VHL) protein in the forkhead box FOXD1 cell lineage, from which
stromal progenitors arise. The resulting kidneys showed maturation defects associated with early
postnatal death. In particular, nephron formation, tubular maturation, and the differentiation of
smooth muscle, renin, and mesangial cells were impaired. Erythropoietin expression was strongly
enhanced. Codeletion of VHL together with HIF2A but not with HIF1A led to apparently normal kidneys,
and the animals reached normal age but were anemic because of low erythropoietin levels. Stromal
deletion of HIF2A or HIF1A alone did not affect kidney development. These findings emphasize the
relevance of sufficient intrauterine oxygenation for normal renal stroma differentiation, suggesting that
chronic activity of HIF2 in stromal progenitors impairs kidney development. Finally, these data confirm
the concept that normal stroma function is essential for normal tubular differentiation. (Am J Pathol
2017, 187: 1496e1511; http://dx.doi.org/10.1016/j.ajpath.2017.03.014)
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Although mammalian kidneys normally develop in a
hypoxic state, a further decrease of intrauterine oxygen
availability, such as in states of placental insufficiency,
impairs nephrogenesis and in consequence kidney devel-
opment, causing life-long health risks.1e5 The cellular and
molecular mechanisms along which intrauterine hypoxia
affects kidney development appear to be complex, and they
are yet poorly understood. There appears to exist an optimal
low range of tissue oxygen concentrations outside of which
kidney development is impaired. Moreover, hypoxia of
different cell compartments contributing to kidney forma-
tion may exert differential effects on kidney differentiation.
The metanephric kidney develops from three major cell
pools (namely, ureteric buds, metanephric mesenchyme, and
stromal progenitors).6 These different cell precursor pools
are characterized by their dependency on specific tran-
scription factors. Homeobox protein HOXB7-dependent
precursor cells produce ureteric buds and collecting ducts.
stigative Pathology. Published by Elsevier Inc
Homeobox protein SIX2-dependent precursor cells lead to
all epithelial cells of the nephron, including podocytes.
Finally, forkhead box FOXD1 dependency defines stromal
progenitors developing to interstitial fibroblasts and
pericyte-like cells, vascular smooth muscle, mesangial cells,
and renin-producing cells.6e8

It is commonly assumed that the effects of hypoxia on
differentiation are transmitted by hypoxia-inducible tran-
scription factors (HIFs). It has been shown recently that
HIF activation in the ureteric buds favors nephrogenesis,
whereas HIF activation in the metanephric mesenchyme
seems to impair nephrogenesis.9 To achieve a better un-
derstanding of the mechanisms along which hypoxia af-
fects kidney development, it appears therefore reasonable
. All rights reserved.
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HIF2 Activation in the Renal Stroma
to first analyze hypoxia-induced events in defined cell
compartments contributing to the developing kidney.
Activation of HIFs in the SIX2 cell lineage producing all
epithelial cells of the nephron led to viable mice that
developed cysts and fibrosis after several months of life.10

Another study in which HIF1 was activated in the HOXB7
cell lineage producing ureteric buds, collecting ducts, and
parts of the distal nephron reported the development of
viable mice, which developed progressive fibrosis and
dilatory tubular changes at an age of 2 months.11 In line,
stable expression of HIF1 in tubular cells in vivo promotes
renal fibrosis.12 Although the stromal cell compartment
defined by dependency on FOXD1 also essentially modu-
lates nephron development from the metanephric mesen-
chyme,13,14 the effects of hypoxia in stromal precursors on
kidney development have so far not been investigated. We
therefore analyzed the effects and functional consequences
of HIF activation in stromal precursors on kidney devel-
opment and differentiation. A common way to activate
HIFs apart by hypoxia is their stabilization by inhibition/
deletion of individual prolyl 4-hydroxylases (P4Hs)15e21 or
by deletion of the von HippeleLindau tumor suppressor
(VHL) gene, which is centrally involved in proteasomal
HIF degradation.22,23 Because more than one P4H isoform
appears to be relevant for HIF regulation in the renal
FOXD1 cell compartment,15 we chose deletion of VHL
from the FOXD1 compartment as the maneuver for general
HIF stabilization. For this purpose, we have generated and
characterized a mouse strain carrying Cre recombinase
under the control of the FOXD1 promoter and carrying two
floxed VHL alleles (FOXD1þ/Cre VHLfl/fl mice). To confirm
HIF dependency of effects observed, we further generated
and characterized mice lacking HIF1A or HIF2A in the
FOXD1 cell lineage.

We found that deletion of VHL strongly attenuated the
differentiation of cells directly deriving from the FOXD1
department. In addition, nephrogenesis was delayed, leading
to insufficient kidney function being the likely reason for the
early postnatal death. All these changes induced by VHL
deletion from the FOXD1-positive compartment were
dependent on HIF2 but not on HIF1.

Materials and Methods

Study Approval

Institutional review boards for the NIH and the University
of Regensburg reviewed and approved the present study,
which was performed under the guidelines of NIH’s Guide
for the Care and Use of Laboratory Animals.24

Animals

Mice with a conditional deletion of VHL in FOXD1-
expressing cells (FOXD1þ/Cre VHLfl/fl mice) were
generated by crossbreeding mice with loxP flanked
The American Journal of Pathology - ajp.amjpathol.org
VHL alleles25 and mice with a FOXD1tm1(GFP/cre)Amc allele,
which expresses an enhanced green fluorescent protein
(eGFP)eCre fusion protein from the FOXD1 promoter/
enhancer elements7,26 (referred to as FOXD1þ/Cre mice:
012463; purchased from Jackson Laboratories, Bar Harbor,
ME). FOXD1 cell-specific knockout mice for VHL and
HIF2A (FOXD1þ/Cre VHLfl/fl HIF2Afl/fl) or only for HIF2A
(FOXD1þ/Cre HIF2Afl/fl) were generated by crossing the
previously mentioned mouse strains with mice with loxP
flanked HIF2A alleles.27 FOXD1 cell-specific knockout
mice for VHL and HIF1A (FOXD1þ/Cre VHLfl/fl HIF1Afl/fl)
or only for HIF1A (FOXD1þ/Cre HIF1Afl/fl) were generated
by crossing the previously mentioned mouse strains
with mice with loxP flanked HIF1A alleles.28 FOXD1þ/Cre

littermates served as controls. For tracing of the FOXD1
cell lineage, FOXD1þ/Cre mice were crossed with the
membrane-Tomato/membrane-GFP (mT/mG) dual
fluorescent reporter mouse strain [007676; purchased
from Jackson Laboratories; the mT/mG reporter
expresses membrane-targeted tdTomato (mT); when bred
to Cre recombinaseeexpressing mice, the resulting
offspring have the mT cassette deleted in the Cre-expressing
tissue(s), allowing expression of the membrane-targeted
eGFP (mG) cassette located just downstream].29 Animals
were maintained on standard rodent chow (0.6% NaCl;
Ssniff, Soest, Germany) with free access to tap water.
Animals used in this study were in the embryonic state of
embryonic day 16/18, newborn, 7 days old, or 7 weeks old.
All animal experiments were performed according to the
Guidelines for the Care and Use of Laboratory Animals,
published by the NIH, and approved by the local ethics
committee.

Determination of Hematocrit, Plasma EPO, and Plasma
REN Levels

Blood samples were taken into capillary tubes contain-
ing 1 mL 125 mmol/L EDTA to prevent clotting.
Hematocrit values were determined after centrifugation
(12,000 � g for 4 minutes at room temperature). The
erythropoietin (EPO) protein concentration was deter-
mined in plasma samples using the Quantikine Mouse
EPO ELISA kit (R&D Systems, Minneapolis, MN),
according to the manufacturer’s protocol. Renin (REN)
concentration in plasma samples was measured on the
basis of the generation of angiotensin-I after the addition
of plasma from bilaterally nephrectomized male rats as
excess renin substrate. The generated angiotensin-I
(ng angiotensin-I/hour per mL) was determined by
radioimmunoassay (Byk & DiaSorin Diagnostics, Die-
tzenbach, Germany).30

Determination of mRNA Expression by Real-Time PCR

Total RNA was isolated from kidneys, as described by
Chomczynski and Sacchi,31 and quantified by a
1497
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photometer. One microgram of the resulting RNA was
used for reverse transcription. The cDNA was synthesized
by Moloney murine leukemia virus RT (Life Technolo-
gies, Carlsbad, CA). For quantification of mRNA expres-
sion, real-time PCR was performed using a Light Cycler
Instrument and the LightCycler 480 SYBR Green I Master
Kit (Roche Diagnostics, Indianapolis, IN) and ribosomal
protein L32 as a control. Table 1 lists the primer
sequences.
Table 1 Primer Sequences Used for Real-Time PCR

Gene Primer sequences

Full name Forward

a2-smooth muscle actin 50-ACTGGGACGACATG
Aldo-keto reductase family 1, member B7 50-CCACTGGCCACAGG
Aquaporin 1 50-GCTGTCATGTACAT
Aquaporin 2 50-CTGGCTGTCAATGC
Calbindin 1 50-CAGAATCCCACCTG
Cadherin 5 50-TCCTCTGCATCCTC
Chloride voltage-gated channel Kb 50-CCTCTCACTTCTCC
Chondroitin sulfate proteoglycan 4 50-GTCACCTCCTTCTC
Desmin 50-TGAAGATGGCCTTG
Erythropoietin 50-AATGGAGGTGGAAG
Glyceraldehyde-3-phosphate dehydrogenase 50-CACCAGGGCTGCCA
Gap junction protein a 5 50-CAGTACCTCCTCTA
Integrin subunit a 8 50-AGAATGATTACCCA
Low-density lipoprotein receptor related
protein 2

50-GGAGGAACCAATCT

Smooth muscle myosin heavy polypeptide 11 50-TGAGCTCAGTGACA
Nitric oxide synthase 3 50-CTGCAAACCGTGCA
Nephrin 50-TCTTCAAATGCACA
Podocin 50-AAGGACAGATATGG
50-Nucleotidase ecto 50-CAAATCCCACACAA
Platelet-derived growth factor receptor b 50-GAGGCTTATCCGAT
Platelet and endothelial cell adhesion
molecule 1

50-CTTCACCATCCAGA

Renin 50-ATGAAGGGGGTGTC
Regulator of G-protein signaling 4 50-AATAGAAACCACCG
Regulator of G-protein signaling 5 50-CCCCATCAAAATGG
Sodium channel epithelial 1 a subunit 50-TACGCGACAACAAT
Sodium channel epithelial 1 b subunit 50-CATAATCCTAGCTT
Sodium channel epithelial 1 g subunit 50-TGCAAGCAATCCTG
Solute carrier family 5 member 1 50-CGGAAGAAGGCATC
Solute carrier family 5 member 2 50-TATTGGTGCAGCGA
Solute carrier family 12 member 1 50-GAGATTGGCGTGGT
Solute carrier family 12 member 3 50-AATGGCAAGGTCAA
Solute carrier family 14 member 2,
transcript variant 1

50-TGAGACGCAGTGAA

Solute carrier family 14 member 2,
transcript variant 4

50-AGGCCAACCGCATC

Solute carrier family 34 member 1 50-TGATCACCAGCATT
Solute carrier family 34 member 3 50-TAATCTTCGCAGTT
Synaptopodin 50-CCCAAGGTGACCCC
Transgelin 50-GGAGTCATCAAGAC
Transient receptor potential cation channel
subfamily V member 5

50-GACCAAGACTGGAA

Uromodulin 50-AGATCCAGGTGAAG

1498
Microarray Analysis

RNA of kidneys from 18-day-old embryos (n Z 4 for each
genotype) was analyzed. RNA quality control, sample
preparation, and processing with Affymetrix Mouse Gene
2.0 ST arrays (Affymetrix, Santa Clara, CA) were per-
formed at an Affymetrix Service Provider and Core Facility,
KFB-Center of Excellence for Fluorescent Bioanalytics
(KFB, Regensburg, Germany). Gene expression data were
Reverse

GAAAAG-30 50-CATCTCCAGAGTCCAGCACA-30

GATT-30 50-TTTGCCTTTATTGTCTTTGGGTAA-30

CATCGCCCAG-30 50-AGGTCATTGCGGCCAAGTGA-30

TCTCCAC-30 50-TTGTCACTGCGGCGCTCATC-30

CAGTC-30 50-GTAGTAACCTGGCCATCTCTG-30

ACCATCACA-30 50-GTAAGTGACCAACTGCTCGTGAAT-30

GTCTGG-30 50-ATGGAGGTGATGGTCTCCTG-30

CCAACG-30 50-GACACCATCACCAGGTAGCC-30

GATG-30 50-GATAGGAAGGTTGATCCTGCTC-30

AACAGG-30 50-ACCCGAAGCAGTGAAGTGA-30

TTTGCA-30 50-GCTCCACCCTTCAAGTGG-30

TGGGATCT-30 50-TCCAGCCACAGCCATCATAAA-30

GATTTGCTTGT-30 50-GCTACTTTCCCTTTTCCAAATGC-30

GTTGTAATGT-30 50-GATGGTTGCCTGGAGGG-30

AGGTCCACAA-30 50-GGAAGCCACATCTTTGGCCAGTTT-30

GAGAATT-30 50-CACCGGCTTCATCCAGCT-30

GCCACCA-30 50-CAAAGCCAGGTTTCCACTCCA-30

GCACTGTCA-30 50-CCAGGAGCACCTAAGCTATGGAA-30

CCACTG-30 50-TGCTCACTTGGTCACAGGAC-30

GCCTTCT-30 50-AAACTAACTCGCCAGCGCC-30

AGGAAGAGAC-30 50-CACTGGTATTCCATGTCTCTGGTG-30

TGTGGGGTC-30 50-ATGTCGGGGAGGGTGGGCACCTG-30

CGGCTC-30 50-GAAAGCTGCCAGTCCACATT-30

CGGAGA-30 50-TCTGGGCCAAGTCAAAGCTG-30

CCCCAAGTGG-30 50-ATGGAAGACATCCAGAGATTGGAG-30

GCCTGTTTGGA-30 50-CAGTTGCCATAATCAGGGTAGAAGA-30

CAGCTTTAAG-30 50-GAAGCCTCAGATGGCCACTGT-30

TGAGAA-30 50-AATCAGCACGAGGATGAACA-30

TCAGG-30 50-CCCAGCTTTGATGTGAGTCAG-30

CATAGTCAGAA-30 50-TGCTGCTGATGTTGCCGTCTTT-30

GTCG-30 50-TGATGCGGATGTCATTGATGG-30

GAGGAGAA-30 50-ATGACCACTCGATGTGGAACAC-30

TACTTC-30 50-AGAGTGGAGGCCACACGGAT-30

GCCG-30 50-GTGTTTGCAAGGCTGCCG-30

CAGGTTGCT-30 50-CAGTGGAATTGGCAGTCTCAAG-30

AAT-30 50-CTGCCTCCGCTTCTCA-30

TGACATG-30 50-CAGTTGGCTGTCTGTGAAGTC-30

CCAGCA-30 50-TCCTCTTTGCCGGAAGTCAC-30

GCTTGC-30 50-CCCAAACTCTGTAGCTGGCA-30
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Table 2 Antibodies Used for Immunohistochemistry

Antigene

Manufacturer Catalog numberFull name

a2-Smooth muscle actin Abcam, Inc. (Cambridge, UK) ab7817
Aquaporin 2 Santa Cruz (Dallas, TX) sc-9882
Calbindin 1 Swant (Marly, Switzerland) Code no: 300
Platelet and endothelial cell adhesion molecule 1 R&D Systems (Minneapolis, MN) AF3628
Gap junction protein a 5 Biotrend (Köln, Germany) Cx40-A
Green fluorescent protein Abcam, Inc. ab13970
Integrin subunit a 8 R&D Systems AF4076
Low-density lipoprotein receptor related protein 2 Santa Cruz sc-16478
Nephrin Acris (Rockville, MD) 1243-1256
Solute carrier family 12 member 1 Millipore (Billerica, MA) AB3562P
Platelet-derived growth factor receptor b Abcam, Inc. ab32570
Renin Davids Biotechnology (Regensburg, Germany)

Figure 1 Stabilization of HIF1A and HIF2A in the FOXD1 cell lineage in
FOXD1þ/Cre VHLfl/fl kidneys. A: Protein abundance of HIF1A and HIF2A was
determined in three kidneys (K1, K2, and K3) of 7-day-old FOXD1þ/Cre

(control litters) and FOXD1þ/Cre VHLfl/fl mice, respectively. Analysis of actin b

(ACTB) served as a loading control. B: Immunohistochemical staining of
FOXD1þ/Cre VHLfl/fl kidneys shows an immense enrichment of HIF1A and HIF2A
in the interstitium (arrows), intraglomerular mesangial cells (arrowheads),
and perivascular cells (asterisks). Scale bars Z 100 mm (B). G, glomerulus.

HIF2 Activation in the Renal Stroma
generated at the KFB with Affymetrix GeneChip Command
Console version 4.1.3 and Affymetrix Expression Console
version 1.4 software packages.

Immunohistochemistry

Kidneys were perfusion fixed with 3% paraformaldehyde/
phosphate-buffered saline, dehydrated, and embedded in
paraffin. For fluorescence images, sagittal sections (5 mm
thick) were blocked with 10% horse serum/1% bovine
serum albumin in phosphate-buffered saline before the pri-
mary antibodies were applied. After three washes, sections
were stained with Cy2, Cy5, tetramethylrhodamine B iso-
thiocyanate, and Alexa Fluor 350 secondary antibodies.
Staining of HIF1A and HIF2A was performed as described
by Schley et al.32 Paraffin-embedded kidney sections (4 mm
thick) were incubated with the following primary anti-
bodies: mouse anti-human HIF1A (a67; Novus Biologicals,
Littleton, CO) and rabbit anti-mouse HIF2A (PM9).33 Pri-
mary antibodies were detected by using biotinylated sec-
ondary anti-mouse or anti-rabbit antibodies and a catalyzed
signal amplification system (Dako, Hamburg, Germany)
based on the streptavidin-biotin-peroxidase reaction, ac-
cording to the instructions provided by the manufacturer.
Slices were mounted with DakoCytomation Glycergel
mounting medium (DakoCytomation, Glostrup, Denmark)
and were viewed with an Axiovert microscope (Axiovert,
Oberkochen, Germany). Table 2 lists the primary antibodies
used for immunohistochemistry.

Immunoblot Analysis for the Hypoxia-Inducible
Factors HIF1A, HIF2A, and Actin b

Kidneys from 7-day-old FOXD1þ/Cre and FOXD1þ/Cre

VHLfl/fl mice were homogenized in lysis buffer. After a
centrifugation step for 5 minutes at 10,600 � g (4�C),
protein concentrations were determined from the superna-
tant. Aliquots of 50 mg of protein for the HIF1A and HIF2A
and 5 mg of protein for the actin b immunoblot were elec-
trophoretically separated on 10% polyacrylamide gels and
The American Journal of Pathology - ajp.amjpathol.org
transferred to nitrocellulose membranes, which were
blocked overnight in 5% nonfat dry milk diluted in
Tris-buffered saline with 0.1% Tween-20. The membranes
were then incubated for 1 hour at room temperature with
antibodies against HIF1A (10006421; 1:2000; Cayman,
1499
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Table 3 Parameters of 7-Day-Old FOXD1þ/Cre and FOXD1þ/Cre VHL fl/fl

Mice

Parameter FOXD1þ/Cre FOXD1þ/Cre VHLfl/fl

Body weight, g 4.94 � 0.18 3.30 � 0.15***
Hematocrit, % 34.7 � 0.3 43.3 � 0.6***
Plasma EPO, pg/mL 777.7 � 99.7 22,770.0 � 3278.1***
Plasma REN, ng
Ang-I/hour � mL

46.1 � 5.9 8.3 � 1.3***

Relative organ weights, %
Brain 5.32 � 0.35 6.51 � 0.41
Heart 0.57 � 0.02 0.62 � 0.03
Kidney (left) 0.55 � 0.02 0.40 � 0.02***
Liver 2.91 � 0.09 2.83 � 0.19
Lung 2.21 � 0.17 2.48 � 0.26
Spleen 0.58 � 0.04 0.93 � 0.05***

Body weights, relative organ weights (related to body weight), hematocrit
values, and plasma concentrations of EPO and REN of FOXD1þ/Cre VHLfl/flmice
and their controls (FoxD1þ/Cre) at day 7 after birth. Data are expressed as
means � SEM. n Z 22 control mice; n Z 16 FOXD1þ/Cre VHLfl/fl mice.
EPO, erythropoietin; REN, renin.
***P < 0.001 versus FOXD1þ/Cre.

Gerl et al
Hamburg, Germany), HIF2A (NB100-122; 1:500; Novus
Biologicals, Wiesbaden, Germany), or actin b (A5316;
1:5000; Sigma-Aldrich, St. Louis, MO). After washing, the
membranes were incubated for 2 hours with corresponding
secondary antibodies (1:2000; Santa Cruz Biotechnology,
Dallas, TX) and were subjected to a chemiluminescence
detection system.
1500
Three-Dimensional Reconstruction

Antibody-stained serial sections (100 sections) were digi-
tized using an AxioCam MRm camera (Zeiss, Oberkochen,
Germany) mounted on an Axiovert 200M microscope
(Zeiss) with fluorescence filters for REN and a2-smooth
muscle actin (ACTA2) (tetrarhodamine isothiocyanate, filter
set 43; Cy2, filter set 38 HE; Zeiss). After acquisition, a
stack of equal-size images was built using the graphic tool
ImageJ version 1.48 (NIH, Bethesda, MD; http://imagej.nih.
gov/ij). The equalized data were then imported into the
Amira 5.3 visualization software (Mercury Computer
Systems, Chelmsford, MA) on a Dell Precision 690
computer system (Dell Technologies, Round Rock, TX)
and split into the REN and ACTA2 channels. After this
step, the REN and ACTA2 channels were aligned. In the
segmentation step, the ACTA2 and REN data sets served
as a scaffold and were spanned manually or automatically
using gray scale values. Matrices, volume surfaces, and
statistics were generated from these segments.34
Statistical Analysis

All data are expressed as means � SEM. Statistical signif-
icance was determined by t-test for intraindividual com-
parison, and by analysis of variance and Bonferroni’s
adjustment for multiple comparisons between experimental
groups. P < 0.05 was considered statistically significant.
Figure 2 Kidneys of FOXD1þ/Cre VHLfl/fl

knockout mice are smaller and have a less organized
structure. Low (A and B) and high (C and D) power
magnifications of hematoxylin and eosinestained
kidney sections from a FOXD1þ/Cre control mouse
(A and C) and FOXD1þ/Cre VHLfl/fl knockout mouse
(B and D) at day 7 after birth. Scale barsZ 200 mm
(AeD).
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Figure 3 The VHL deficiency in the FOXD1 cell lineage impairs the differentiation of vascular smooth muscle and renin expressing cells. A and B: Three-
dimensional reconstruction of renal preglomerular vessel trees from 7-day-old FOXD1þ/Cre control (A) and FOXD1þ/Cre VHLfl/fl knockout (B) mice. C and
D: Coimmunostaining of ACTA2 (red) and platelet and endothelial cell adhesion molecule 1 (green) in kidneys of a FOXD1þ/Cre (C) and a FOXD1þ/Cre VHLfl/fl

mouse (D) at day 7 after birth. E and F: Three-dimensional reconstruction of preglomerular vessel trees (red), including renin-expressing cells (green), from a
7-day-old control (E) and FOXD1þ/Cre VHLfl/fl (F) kidney. G and H: A higher magnification of E and F, respectively, with reconstructed glomeruli. Scale
bars Z 100 mm (AeH). Aff. art., afferent arteriole; G, glomerulus; Interlob. art., interlobular artery.

HIF2 Activation in the Renal Stroma
Results

FOXD1 lineage tracing (Supplemental Figure S1), using
FOXD1þ/Cre mT/mG reporter mice, was performed to
confirm the sites of renal Cre expression. Interstitial cells,
(peri)vascular cells, mesangial cells, juxtaglomerular cells of
afferent arterioles, and few tubular cells were labeled by the
eGFP reporter, what is in accordance with the present
concept of renal cells deriving from FOXD1 stromal
cells.26,35
FOXD1þ/Cre VHLfl/fl Mice Die Perinatally Most Likely
Because of Problems in Kidney Development

Induction of hypoxia signaling was achieved by conditional
deletion of VHL in stromal precursors of the kidney defined
by the FOXD1 cell lineage. As a consequence, protein
abundance of HIF1A and HIF2A in the developing kidneys
(Figure 1A) was increased with an intense enrichment in the
interstitium and in mesangial cells (Figure 1B). The
FOXD1þ/Cre control kidneys show a weak expression of
HIF1A in tubular cells, but are blank for an HIF2A-positive
signal. Mice were born with normal mendelian distribution.
Body weight at birth was normal, but postnatal body weight
gain and life span were reduced in all FOXD1þ/Cre VHLfl/fl

mice, with death occurring at approximately day 10 to 12
after birth. Already at birth, kidney weight was reduced to
83% of control values (left kidney: 7.6 � 0.3 mg for control,
The American Journal of Pathology - ajp.amjpathol.org
n Z 5; and 6.3 � 0.3 mg for FOXD1þ/Cre VHLfl/fl, n Z 4).
Analysis of animals at day 7 after birth revealed a 33%
reduction of body weight and a 52% reduction of kidney
weight compared to controls (Table 3). Kidneys of
7-day-old FOXD1þ/Cre VHLfl/fl mice showed a zonal distri-
bution with medulla, cortex, and subcortical nephrogenic
zone similar to control (FOXD1þ/Cre) kidneys (Figure 2, A
and B). At first inspection, tubules, which already developed
cortex zone, appeared reduced in number and less organized
(Figure 2, C and D).
Deletion of VHL Leads to a Reduced Number of
Nephrons

Seven days after birth, the absolute number of glomeruli in
FOXD1þ/Cre VHLfl/fl kidneys was reduced by approximately
50% relative to controls [166 � 4 and 87 � 3 glomeruli per
cross kidney section for controls (n Z 4) and FOXD1þ/Cre

VHLfl/fl (n Z 4) mice, respectively; P < 0.05], which was in
proportion to the lower kidney weight (Table 3). Average
glomerular volumes were not different between the two
genotypes (76 � 6 pL for FOXD1þ/Cre versus 83 � 8 pL for
FOXD1þ/Cre VHLfl/fl). The reduced number of glomeruli
became also apparent from three-dimensional re-
constructions of the preglomerular vessel tree, which
showed less afferent arterioles (Figure 3). These findings
suggest that nephron formation was reduced in FOXD1þ/Cre

VHLfl/fl mice.
1501
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Figure 4 Gene expression profile of FOXD1þ/Cre VHLfl/fl kidneys with cell-specific markers. mRNA abundance of the smooth muscle cell markers ACTA2,
transgelin (TAGLN), smooth muscle myosin heavy polypeptide 11 (MYH11), and the endothelial markers platelet and endothelial cell adhesion molecule 1
(PECAM1), cadherin 5 (CDH5), and nitric oxide synthase 3 (NOS3; A); REN, aldo-keto reductase family 1, member B7 (AKR1B7), integrin subunit a 8 (ITGA8),
and gap junction protein a 5 (GJA5) as markers for juxtaglomerular and mesangial cells as well as podocin (NPHS2) and nephrin (NPHS1) as markers for
podocytes (B); platelet-derived growth factor receptor b (PDGFRB), chondroitin sulfate proteoglycan 4 (CSPG4), NT5E, RGS, and EPO as markers for interstitial
pericyte-like cells (C); AQP1, LRP2, SLC34A1, SLC34A3, SLC5A1, and SLC5A2 transporters (D); ClCNKB, solute carrier family 12 member 1 (SLC12A1), uromodulin
(UMOD), SLC12A3, calbindin 1 (CALB1), and transient receptor potential cation channel subfamily V member 5 (TRPV5; E); and sodium channel epithelial 1
(SCNN1) subunits, AQP2, and urea transporters solute carrier family 14 member 2 (SLC14A2) transcript variants 1 and 4 (F) in control and in FOXD1þ/Cre VHLfl/fl

kidneys. mRNA expression levels of the control mice are set to 1 (dashed lines) and serve as a reference. Ribosomal protein L32 was used as a control. Data are
expressed as means � SEM. n Z 5 kidneys per group (AeF). *P < 0.05 versus control. AU, arbitrary unit; SLC5A1, solute carrier family 5 member 1; SLC5A2,
solute carrier family 5 member 2; SLC34A1, solute carrier family 34 member 1; SLC34A3, solute carrier family 34 member 3.
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Deletion of VHL Causes Differentiation Defects of
Renin, Mesangial, and Vascular Smooth Muscle Cells

Apart from the rarefication of preglomerular arteries, the
vasculature showed no general major malformations of
the architecture of the preglomerular vascular tree in
FOXD1þ/Cre VHLfl/fl kidneys (Figure 3B) when compared to
controls (Figure 3A). Of note, the diameter of the pre-
glomerular vessels appeared larger (Figure 3B). Conversely,
the smooth muscle cells of the arterioles in FOXD1þ/Cre

VHL fl/fl kidneys were thinner (Figure 3D). Wall thickness of
afferent arterioles was significantly reduced from
3.14 � 0.19 mm in control mice to 1.97 � 0.10 mm in
FOXD1þ/Cre VHLfl/fl kidneys. The immunostaining of
FOXD1þ/Cre VHLfl/fl vessels for ACTA2 appeared more
faint, whereas the immunoreactivity for the endothelial
marker platelet and endothelial cell adhesion molecule
1 (alias CD31) appeared with similar intensity (Figure 3, C
and D). In accordance, the mRNA abundance of marker
proteins for smooth muscle cells, such as ACTA2, trans-
gelin, or smooth muscle myosin heavy polypeptide 11, was
reduced to one third of control kidneys (Figure 4A). In
contrast, the expression of endothelial marker proteins and
their mRNAs, such as platelet and endothelial cell adhesion
1502
molecule 1, cadherin 5, or nitric oxide synthase 3, was not
different between FOXD1þ/Cre VHLfl/fl and control kidneys
(Figure 3, C and D, and Figure 4A).
A clear difference between the two genotypes was the

almost complete absence of juxtaglomerular REN immuno-
reactive cells inFOXD1þ/Cre VHLfl/fl kidneys (Figure 3, EeH,
and Figure 5, A and B). This histological observation was
confirmed by low mRNA expression levels of markers for
renin cells, such as REN or aldo-keto reductase family 1,
member B7, and gap junction protein a 5 (alias CX40)
(Figure 4B). In accordance, plasma REN concentrations were
markedly reduced in FOXD1þ/Cre VHLfl/fl mice (Table 3).
Mesangial cells, as indicated by the expression of the

platelet-derived growth factor receptor b, appeared in
normal numbers within glomeruli (Figure 5, C and D). The
expression of more specific mesangial cell markers, such as
integrin subunit a 8 (Figure 4B and Figure 5, E and F) and
gap junction protein a 5 (Figure 4B and Figure 5, G and H),
was clearly reduced.
Morphometric analysis revealed an almost 50% reduction

of intraglomerular areas immunoreactive for integrin subunit
a 8 in FOXD1þ/Cre VHLfl/fl kidneys relative to control kid-
neys (2155 � 277 and 3920 � 277 pixels per glomerulus for
FOXD1þ/Cre VHLfl/fl and for FOXD1þ/Cre kidneys,
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 The VHL deficiency in the FOXD1 cell lineage impairs the
differentiation but not the development of mesangial cells. A and B:
Coimmunostaining of nephrin (NPHS1; cyan), ACTA2 (red), and REN (green)
demonstrates the lack of REN expression as well as the widened lumen of
the afferent arteriole in the knockout (KO) genotype. C and D: Coimmu-
nostaining of NPHS1 and the mesangial cell marker platelet-derived growth
factor receptor b (PDGFRB; red) shows no difference in the expression
pattern or in the intensity of PDGFRB. E eH: However, the expression of the
mesangial cellespecific markers integrin subunit a 8 (ITGA8; E and F) and
gap junction protein a 5 (GJA5; G and H) is markedly reduced in the KO
genotype. Scale bars Z 50 mm (AeH).

Table 4 Gene Expression Profile of Profibrotic Markers

Profibrotic markers FOXD1þ/Cre FOXD1þ/Cre VHLfl/fl

COL1A1 1.00 � 0.05 0.67 � 0.01*
COL1A2 1.00 � 0.03 0.75 � 0.04
COL3A1 1.00 � 0.03 0.61 � 0.01*
COL4A3 1.00 � 0.05 1.12 � 0.02
COL18A1 1.00 � 0.06 1.29 � 0.08
FN1 1.00 � 0.04 0.55 � 0.02*

mRNA abundance of COL1A1, COL1A2, COL3A1, COL4A3, COL18A1, and
FN1 in kidneys of 7-day-old FOXD1þ/Cre and FOXD1þ/Cre VHLfl/fl mice. mRNA
expression levels of the control mice are set to 1 and serve as a reference.
Ribosomal protein L32 was used as a control. Data are expressed as
means � SEM. n Z 6 mice per group.
COL1A1, collagen type I a 1 chain; COL1A2, collagen type I a 2 chain;

COL3A1, collagen type III a 1 chain; COL4A3, collagen type IV a 3 chain;
COL18A1, collagen type XVIII a 1 chain; FN1, fibronectin 1.
*P < 0.05 versus FOXD1þ/Cre.

HIF2 Activation in the Renal Stroma
respectively; P < 0.05). Intraglomerular areas immunore-
active for gap junction protein a 5 were also reduced by
almost 70% in FOXD1þ/Cre VHLfl/fl kidneys (289 � 50 and
996 � 68 pixels per glomerulus for FOXD1þ/Cre VHLfl/fl and
for FOXD1þ/Cre kidneys, respectively; P < 0.05).

In contrast, the expression of podocyte markers, such as
podocin (Figure 4B) and nephrin (Figure 4B and Figure 5 ), was
not different betweenFOXD1þ/Cre VHL fl/fl and control kidneys.
The American Journal of Pathology - ajp.amjpathol.org
The development of the renal interstitial stroma,
including perivascular cells, was assayed by the expression
of markers for interstitial pericyte-like cells, such as platelet-
derived growth factor receptor b, 50-nucleotidase ecto
(NT5E; alias CD73), chondroitin sulfate proteoglycan
4 (alias NG2), and regulators of G-protein signaling (RGSs).
Among these markers, we noted a moderate up-regulation of
NT5E and strong up-regulation of RGS4 and EPO
(Figure 4C). The strong increase of renal EPO gene
expression was also reflected by high plasma EPO con-
centrations and by the polycythemia developing in
FOXD1þ/Cre VHLfl/fl mice (Table 3).

To determine if VHL deletion might have shifted the stro-
mal precursor cells to more profibrotic cells, we analyzed the
expression of profibrotic markers. Collagen types COL1A1
and COL3A1 as well as fibronectin 1 mRNA abundance in
FOXD1þ/Cre VHLfl/fl kidneys decreased rather than increased
relative to control kidneys (Table 4).

Deletion of VHL in Stromal Precursor Cells Causes
Maturation Defects of Tubular Cells

In addition to the reduction in nephron numbers, tubular
maturation was clearly attenuated in FOXD1þ/Cre VHLfl/fl

kidneys. Gross microscopies of kidney sections already
indicated marked reduction in the immunoreactivities for low-
density lipoprotein receptorerelated protein 2 (LRP2; alias
megalin), solute carrier family 12 member 1 (alias NKCC2),
aquaporin 2 (AQP2), and calbindin 1, marking proximal
tubules, thick ascending limbs of the loop of Henle, collecting
ducts, and distal tubules, respectively (Supplemental
Figure S2). In accordance, expression of marker genes for
proximal tubules, such as LRP2, glucose (alias sGLT), and
phosphate (alias NaPi) transporters, and water channel AQP1
was reduced to different extents in FOXD1þ/Cre VHLfl/fl

kidneys (Figure 4D). mRNA expression levels of markers for
thick ascending limbs of the loop of Henle, such as solute
carrier family 12 member 1, uromodulin, or the chloride
voltage-gated channel CLCNKB, were also clearly lowered
1503
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Figure 6 Temporal patterns of gene expression profiles of FOXD1þ/Cre VHLfl/fl kidneys during kidney development. mRNA abundance of REN, integrin
subunit a 8 (ITGA8), smooth muscle myosin heavy polypeptide 11 (MYH11), and EPO as markers of stromal-derived cells and LRP2, uromodulin (UMOD), and
sodium channel epithelial 1a subunit (SCNN1A) as markers of tubular cells at embryonic days (E)16 and E18, at the days of birth (pp0), and 7 days after birth
(pp7). mRNA abundance for glyceraldehyde-3-phosphate dehydrogenase is shown for comparison as it does not change during kidney development and is the
same for FOXD1þ/Cre VHLfl/fl and control kidneys. Data are expressed as means � SEM. n Z 5 kidneys per group. *P < 0.05 versus control. AU, arbitrary unit.
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in FOXD1þ/Cre VHLfl/fl kidneys (Figure 4E). Expression
levels of markers for distal convoluted tubules, such as solute
carrier family 12 member 3 (SLC12A3; alias NCC), calbindin
1, or transient receptor potential cation channel subfamily
V member 5, were as low as 20% of control kidneys
(Figure 4F). The collecting duct system appeared less affected
in the knockout kidneys. The expression of marker proteins
for collecting ducts, such as sodium channel epithelial 1 (alias
ENaC), AQP2, or solute carrier family 14 member 2,
transcript variant 4 (alias UT-A3), was less reduced in
FOXD1þ/Cre VHLfl/fl kidneys (Figure 4F) compared to other
tubular markers mentioned before.

Differentiation Defects of Stromal Cells Are of Early
Developmental Onset, whereas Tubular Defects Result
from Delayed Nephron Maturation

Time course analysis of gene expressions during kidney
development indicated that renin expression as a marker for
renin cell differentiation was reduced already at embryonic
day 16 and remained at low levels during kidney development
(Figure 6). Expression levels of integrin subunit a 8 mRNA
and smooth muscle myosin heavy polypeptide 11 mRNA as
markers formesangial cells and vascular smoothmuscle cells,
respectively, continuously decreased during kidney devel-
opment (Figure 6). mRNA expression levels of tubular
markers, such as LRP2, uromodulin, or sodium channel
epithelial 1a subunit (alias ENaC-a) increased; however, this
occurred with significant delay (Figure 6). Notably, EPO
mRNA as a marker for tubulointerstitial cells increased
continuously during kidney development (Figure 6).
1504
Defects Caused by Deletion of VHL in Stroma Precursor
Cells Require HIF2 but Not HIF1

VHL deletion is known to stabilize the HIF transcription
factors.36 To examine which of the above-mentioned
changes of kidney development in FOXD1þ/Cre VHLfl/fl

mice were dependent on the HIF1 or HIF2 signaling
pathway, we analyzed kidneys in which VHL was codeleted
with either HIF1A or HIF2A in the FoxD1 cell lineage.
FOXD1þ/Cre VHLfl/fl HIF1Afl/fl mice behaved similar to
FOXD1þ/Cre VHLfl/fl mice and died at approximately day 14
after birth (Figure 7A). Conversely, FOXD1þ/Cre VHLfl/fl

HIF2Afl/fl mice were viable and reached adulthood
(Figure 7A).

Gene Expression Pattern of Vascular, Juxtaglomerular,
Interstitial, and Tubular Cells Normalizes after
Codeletion of VHL and HIF2A

Gene expression analysis of kidneys of the different 7-day-
old genotypes indicated that codeletion of VHL with HIF2A
led to an expression profile similar to that found in mice
with intact VHL (FOXD1þ/Cre mice) in stromal precursors
(Figure 8). The gene expression profile of kidneys with
codeletion of VHL and HIF1A was similar to that found in
mice with VHL deletion (FOXD1þ/Cre VHLfl/fl mice) in
stromal precursors (Figure 8). Of note, REN mRNA abun-
dance and plasma REN concentrations (51.7 � 6.3 and
45.5 � 7.4 ng angiotensin-I/hour per mL for FOXD1þ/Cre

controls and for FOXD1þ/Cre VHLfl/fl HIF2Afl/fl mice,
respectively) were normal (Figures 8 and 9). Deletion of
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Survival rates in mice with and without deletions of VHL and
HIFs in the stromal precursor cell line. Mice with deletion of VHL alone as
well as mice with codeletion of VHL together with HIF1A or HIF2A (A), and
mice with intact VHL and deletion of either HIF1A or HIF2A (B). Note that
deletion of HIF2A but not of HIF1A rescues VHL-deficient mice, which all
die within the first 3 weeks after birth. Deletion of either HIF1A or HIF2A in
mice with intact VHL in the stromal cell lineage exerts no influence on the
normal survival of mice. Data are expressed as means � SEM. n Z 30 mice
per group (A and B).

HIF2 Activation in the Renal Stroma
HIF2A in FOXD1þ/Cre VHL fl/fl mice led to anemia, which
was associated with subnormal plasma EPO concentrations
and low kidney EPO mRNA expression levels (Figure 9).
Codeletion of HIF1A together with VHL in the FOXD1 cell
lineage did not attenuate the stimulated EPO expression
(Figure 9). A similar reduced EPO synthesis was also
observed in mice lacking HIF2A in the FOXD1 cell lineage
with intact VHL (FOXD1þ/Cre HIF2Afl/fl mice), whereas
mice lacking HIF1A in the FOXD1 cell lineage with intact
VHL behaved normal in this regard (Figure 9).

Although FOXD1þ/Cre VHLfl/fl HIF2Afl/fl mice developed
well and reached adulthood, they remained smaller than
mice with intact VHL and HIF2A genes. Seven weeks after
birth, the body weight of FOXD1þ/Cre VHLfl/fl HIF2Afl/fl
The American Journal of Pathology - ajp.amjpathol.org
mice was reduced to 70% of controls, but relative kidney
weight was normal (Table 5). Analysis of kidneys at day 7
(data not shown) and day 49 after birth revealed an almost
normal histology (Figure 10).

The number of glomeruli was reduced in proportion to
the body and kidney weights (125 � 6 and 75 � 4 glomeruli
per kidney cross section for 7-week-old controls and
FOXD1þ/Cre VHL fl/fl HIF2A fl/fl mice, respectively). mRNA
expression levels for vascular, glomerular, interstitial, and
tubular cell markers were almost normal in these kidneys
(data not shown).

Neither HIF1 nor HIF2 in Stromal Precursor Cells Is
Required for Normal Kidney Development

Deletion ofHIF1A orHIF2A alone in the FOXD1 cell lineage
produced no apparent aberration of kidney histology (data
not shown) and renal gene expression pattern (Figure 8), with
the exception of low EPO mRNA expression levels in the
case ofHIF2A deletion (Figure 9). Accordingly, body weight
gain (data not shown) and survival rate (Figure 7B) were not
affected by deletion of HIF1A or HIF2A, at least for the
observation period of 6 months.

Possible Signals Involved in the Dedifferentiating
Effects of VHL Deletion

As a more unbiased approach to examine changes of renal
gene expression induced by deletion of VHL from mesen-
chymal stromal precursors, we performed a whole tran-
scriptome analysis of kidneys of FOXD1þ/Cre VHL fl/fl mice
at embryonic day 18. Thresholds were set to 30% changes
as a minimum and to significance levels of P < 0.01. Under
these restrictions, we identified 178 mRNAs that were up-
regulated (Supplemental Table S1) and 158 mRNAs that
were down-regulated (Supplemental Table S2). Among the
12 most up-regulated mRNAs were genes known to be
activated by the HIF signaling pathway, such as EPO,
RGS4, adrenomedullin, prostaglandin-endoperoxide syn-
thase 2 (alias COX2), and transmembrane protein 45A
(Table 6). The 10 most down-regulated genes comprised
marker genes for renin cells, such as REN and aldo-keto
reductase family 1, member B7, but also markers for
tubular cells (Table 7). Of note was the down-regulation of
gasdermin, which is considered to affect epithelial differ-
entiation,37,38 but which has yet not been considered in a
renal context. Because the WNT signaling and the Notch
signaling pathways are thought to be of major importance
for kidney development and differentiation,39e44 we
analyzed the embryonic day 18 kidney transcriptome with
regard to key components of these pathways. Although we
found no differential expression for Notch receptors and
their ligands, components of the WNT signaling pathway,
such as dickkopf WNT signaling pathway inhibitor 1,
WNT1 inducible signaling pathway protein 1, and Wnt
family member 11, were down-regulated (Supplemental
1505
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Figure 8 mRNA expression levels of cell-specific markers in kidneys of FOXD1þ/Cre, FOXD1þ/Cre VHLfl/fl, FOXD1þ/Cre VHLfl/fl HIF1Afl/fl, FOXD1þ/Cre VHLfl/fl

HIF2Afl/fl, FOXD1þ/Cre HIF1Afl/fl, and FOXD1þ/Cre HIF2Afl/fl mice. mRNA abundance of markers for smooth muscle cells [ACTA2 and transgelin (TAGLN)], for
juxtaglomerular and mesangial cells [REN and integrin subunit a 8 (ITGA8)], as well as for interstitial pericyte-like cells [platelet-derived growth factor
receptor b (PDGFRB) and RGS4] and for markers for proximal tubules (SLC34A1 and SLC5A2), distal tubules [solute carrier family 12 member 1 (SLC12A1) and
SLC12A3], and connecting tubules/collecting ducts [sodium channel epithelial 1a subunit (SCNN1A) and AQP2]. mRNA expression levels of the FOXD1þ/Cre

control litters are set to 1 (dashed lines) and serve as a reference. Ribosomal protein L32 was used as a control. Of note, all genotypes were 7 days old, when
kidneys were removed. Data are expressed as means � SEM. n Z 8 kidneys per group. *P < 0.05 versus FOXD1þ/Cre control litters. AU, arbitrary unit; SLC5A2,
solute carrier family 5 member 2; SLC34A1, solute carrier family 34 member 1.

Gerl et al
Table S3). Furthermore, other important regulators of kid-
ney development and differentiation, such as factors of the
glialecell derived neurotrophic factor/ret proto-oncogene,
hepatocyte growth factor/met proto-oncogene, and bone
morphogenetic protein signaling pathways, were affected in
their mRNA expression levels (Supplemental Table S3).
Notably, the expression of decorin, which has been
described as a potent inhibitor of tubule differentiation,45

was clearly down-regulated by VHL deletion in the stro-
mal progenitor cell lineage (Supplemental Table S2).
Figure 9 Plasma EPO concentrations, kidney EPO mRNA abundance, and plas
FOXD1þ/Cre VHLfl/fl, FOXD1þ/Cre VHLfl/fl HIF2Afl/fl, FOXD1þ/Cre HIF2Afl/fl, FOXD1þ/Cre VH
FOXD1þ/Cre control mice are set to 1 and serve as a reference. Ribosomal protein L3
per group. *P < 0.05 versus control. Ang-I, angiotensin-I; AU, arbitrary unit.
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Discussion

The central finding of this study is that activation of the
hypoxia signaling caused by deletion of the ubiquitin-ligase
VHL in stromal progenitors impairs kidney differentiation
and maturation, leading to renal insufficiency being the most
likely reason for the early postnatal death. This effect is
particular, because deletion of VHL from tubular10 or col-
lecting duct progenitors,11 as well as from differentiated
tubular and collecting duct cells allows viability.32,46e49
ma REN concentrations of 7-day-old mice with the genotypes FOXD1þ/Cre,
Lfl/fl HIF1Afl/fl, and FOXD1þ/Cre HIF1Afl/fl. EPO mRNA expression levels of the
2 was used as a control. Data are expressed as means � SEM. n Z 5 kidneys
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Table 5 Parameters of FOXD1þ/Cre, FOXD1þ/Cre VHLfl/fl HIF2Afl/fl, FOXD1þ/Cre HIF1Afl/fl, and FOXD1þ/Cre HIF2Afl/fl Mice

Parameter FOXD1þ/Cre FOXD1þ/Cre VHLfl/fl HIF2Afl/fl FOXD1þ/Cre HIF2Afl/fl FOXD1þ/Cre HIF1Afl/fl

Body weight, g 20.3 � 0.4 14.2 � 0.6* 19.5 � 0.5y 19.9 � 0.7
Relative kidney weight, % 0.51 � 0.04 0.52 � 0.07 0.55 � 0.05 0.53 � 0.06

Body weight and relative kidney weight of 7-week-old female mice. Data are expressed as means � SEM. n Z 6 mice per group.
*P value related to FOXD1þ/Cre mice.
yP value related to FOXD1þ/Cre VHLfl/fl HIF2Afl/fl mice.

HIF2 Activation in the Renal Stroma
Because VHL deletion in stromal precursors increased
HIF2A protein abundance and because renal effects induced
by VHL deletion were absent when HIF2A was codeleted
from stromal precursors, we assume that the effects observed
in the present study were mainly caused by stable HIF2
activation in renal stromal precursor cells and not by the lack
of the VHL protein itself. This conclusion is supported by
recently published data showing juvenile lethality of mice
with combined inactivation of the prolyl 4-hydroxylases
P4H2 and P4H3 in the FOXD1 cell lineage, which results
in the activation of HIF2.15 In consequence, these findings
would suggest that states of chronic hypoxia in stromal cells
during kidney development may exert similar negative ef-
fects on kidney maturation. In this context, two main aspects
can be distinguished. One is that activation of HIF2 (induced
by VHL deletion) in stromal precursors probably directly
inhibited the differentiation of cell types arising from stromal
cells, such as vascular smooth muscle cells, renin cells, and
mesangial cells. The findings suggesting that HIF2 activation
in renal stromal progenitors prevented differentiation of renin
cells thus completed our previous observations, suggesting
that constitutive and inducible activation of the HIF2
signaling pathway in renin-expressing cells led to a retrans-
formation of the cells into a more immature stromal cell type
capable of producing EPO.50 In addition, the differentiation
of stromal precursor cells into vascular smooth muscle cells
appeared to be impaired, as indicated by the development of
thin smooth muscle cells, which probably cannot sufficiently
The American Journal of Pathology - ajp.amjpathol.org
resist the intravascular blood pressure leading to a widened
lumen of intrarenal arterioles. The development of the
endothelium and the gross architecture of the preglomerular
vascular tree with its characteristic vessel branching appeared
to be less affected. Similarly, also a more specialized dif-
ferentiation of mesangial cells, as indicated by the expression
of integrin subunit a 851e53 and gap junction protein a
5,53e56 was impaired HIF2 dependently by VHL deletion in
stromal precursors. The expression of platelet-derived
growth factor receptor b by mesangial cells appeared
normal, suggesting that mesangial cell precursors had prop-
erly invaded developing glomeruli. In line, podocyte devel-
opment appeared normal and also the average volume of
glomeruli was normal. Altogether, these findings suggest that
HIF2 activation impairs stromal differentiation rather than
stromal development.

The more undifferentiated stages of stromal cells, such as
the interstitial pericyte-like cells, appeared maintained, as
indicated by the normal expression pattern of structural
markers that are commonly attributed to these cells, such as
platelet-derived growth factor receptor b, chondroitin sulfate
proteoglycan 4, NT5E, or RGS proteins.7,57e60 The
increased expression of NT5E and RGS4 is likely a direct
transcriptional effect of HIF2 on these genes.61 Interstitial
cells are also considered as the physiological site of renal
EPO production.62,63 In line, EPO expression was strongly
enhanced by VHL deletion in stromal precursors15 in a strict
dependency on HIF2 but not on HIF1; this is also in
Figure 10 The additional deletion of HIF2A
rescues the FOXD1þ/Cre VHLfl/fl genotype from early
postnatal death. Overview sections of kidneys from
a control (A) and a FOXD1þ/Cre VHLfl/fl HIF2Afl/fl

(B) mouse at day 45 after birth. Scale bars Z 300
mm (A and B).
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Table 6 Up-Regulated Genes in FOXD1þ/Cre VHLfl/fl E18 Kidneys

Fold change

Gene

P valueFull name Symbol

5.42 Erythropoietin EPO 3.15 � 10�7

5.00 Regulator of G-protein signaling 4 RGS4 1.40 � 10�7

4.78 Complement C7 C7 1.45 � 10�4

3.96 a-2-macroglobulin A2M 1.20 � 10�6

3.86 Adrenomedullin ADM 5.91 � 10�7

3.27 Cysteine-rich secretory protein 1 CRISP1 2.08 � 10�3

2.98 N-acetyltransferase 8 (putative) NAT8 4.12 � 10�5

2.95 Prostaglandin-endoperoxide synthase 2 PTGS2 2.23 � 10�4

2.93 Solute carrier family 2 member 3 SLC2A3 1.89 � 10�5

2.78 NDUFA4, mitochondrial complex
associated like 2

NDUFA4L2 9.49 � 10�7

2.41 Pappalysin 2 PAPPA2 7.61 � 10�5

2.33 Transmembrane protein 45A TMEM45A 7.32 � 10�7

Twelve most up-regulated mRNAs in kidneys of FOXD1þ/Cre VHLfl/fl mice at E18 compared to FOXD1þ/Cre control kidneys. Underlined genes are known to be
stimulated by the hypoxia signaling pathway.
E18, embryonic day 18.
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accordance with the central role of HIF2 for regulating EPO
production.64,65 Because deletion of HIF2A from stromal
precursors led to subnormal EPO production and prevented
any increase of renal EPO expression in response to the
developing anemia, we would infer that renal
EPO-producing cells almost exclusively derive from the
FOXD1-positive precursor compartment.66 Interstitial
pericyte-like cells are also considered as a major source of
myofibroblast progenitors contributing to renal fibrosis.7,67

It may be of clinical relevance therefore that activation of
the HIF2 signaling pathway in stromal precursors did not
shift these cells into a more profibrotic phenotype. Although
Table 7 Down-Regulated Genes in FOXD1þ/Cre VHLfl/fl E18
Kidneys

Fold
change

Gene

P valueFull name Symbol

�4.42 Renin REN 2.54 � 10�5

�3.30 Glutathione peroxidase 6 GPX6 2.09 � 10�4

�2.95 Gasdermin C2 GSDMC2 4.47 � 10�4

�2.70 Chemokine (C-X-C motif)
ligand 13

CCL13 3.27 � 10�5

�2.68 Gasdermin C3 GSDMC3 9.69 � 10�3

�2.65 Aldo-keto reductase family 1,
member B7

AKR1B7 8.48 � 10�4

�2.56 Hydroxy-d-5-steroid
dehydrogenase, 3 b- and
steroid d-isomerase 6

HSD3B6 6.30 � 10�4

�2.52 Uromodulin UMOD 1.54 � 10�4

�2.19 Prostaglandin E receptor 3
(subtype EP3)

PTGER3 1.46 � 10�4

�2.09 Aquaporin 6 AQP6 1.82 � 10�3

Ten most down-regulated mRNAs in kidneys of FOXD1þ/Cre VHLfl/fl mice at
E18 compared to FOXD1þ/Cre control kidneys.
E18, embryonic day 18.
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our data do not allow us to provide an explanation about
which pathways HIF2 stabilization could inhibit the func-
tional maturation of stroma cells, they do support the
concept that HIF2 exerts a dedifferentiating rather than a
differentiating effect in cells.67e70

The second major aspect of our study is that FOXD1-
driven deletion of VHL in stromal progenitors also impaired
nephrogenesis, including functional maturation of tubules,
and that this detrimental effect could again be prevented by
deletion of HIF2A. A similar observation has been made
previously in zebra fish using HIF2-inhibiting peptide.71

Because tubular cells do not belong to the FOXD1 cell
lineage, we assume, in accordance with previous findings,
that stroma (precursor) cells exert influence on the differ-
entiation of nephrons from the metanephric mesenchyme.72

In line with such a role of the renal stroma for tubulogenesis
is a recent report that inhibition of miRNA formation by
deletion of dicer in renal stromal progenitors inhibits kidney
development by inhibiting tubule formation from the
metanephric mesenchyme.73 The phenotype induced by
VHL deletion, as observed in our study, however, was not as
severe as that achieved with dicer deletion. Kidney mass
was reduced in proportion to the number of nephrons, as
indicated by the number of developed glomeruli. Because
the expression levels of specific components of the WNT-,
glialecell derived neurotrophic factor/Ret-, and bone
morphogenetic proteinesignaling pathways were down-
regulated, the reduced number of nephrons and glomeruli
might arise from a reduced number of branching of the
developing collecting duct system.73e77 An impaired
nephron endowment or vascular defects could also explain
the reduced formation of nephrons. More extensive histo-
logical analyses will be required to define the mechanisms
leading to the reduced number of nephrons. In addition to
the reduced formation of the nephrons, the functional
ajp.amjpathol.org - The American Journal of Pathology
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maturation of specific nephron segments was impaired.
From changes of gross morphology and nephron segment
marker protein expression, it appeared as if the differentia-
tion/maturation of cortical tubules was more affected in
FOXD1þ/Cre VHLfl/fl kidneys than the differentiation of the
collecting duct system. This observation fits with previous
findings that the developing stroma essentially influences
the differentiation of tubules from the metanephric mesen-
chyme and that the effect on cortical and medullary differ-
entiation can be different.35 How and along which pathways
the stroma exerts this effect are poorly understood. A role of
decorin, which has recently been identified as an inhibiting
paracrine regulator of tubule differentiation,45 appears less
likely, because it was strongly down-regulated in kidneys
with VHL deletion. Another pathway that could lead to
maturation defects is the down-regulation of hepatocyte
growth factor expression, which is considered important for
tubular differentiation and maturation.78e80 It is also
conceivable that the tubular maturation defects could be
related to the suppression of renin expression observed in
FOXD1þ/Cre VHLfl/fl kidneys, because REN is required for
normal kidney development. In humans, defects of the
renin-angiotensin-aldosterone system inhibit tubular matu-
ration, leading to nonfunctional kidneys and perinatal death,
known as Potter-like syndrome.81,82 Deletion of the Ren1c
gene in mice is associated with kidney malfunction, leading
to early perinatal death.81 Although the kidney phenotype of
Ren1c defective mice is somewhat different from that of
FOXD1þ/Cre VHLfl/fl mice, it cannot be excluded that the
suppression of REN expression at least contributes to the
maturation defect of tubules as it is strikingly evident in fetal
human kidneys.82 Finally, it is also conceivable that the
maturation deficits of vascular smooth muscle cells disturb
renal perfusion and the supply of the renal cortex with
nutrients.

Altogether, our findings suggest that among the three
main cell compartments that produce the developing kidney,
hypoxia may exert detrimental effects on nephrogenesis in
the stroma progenitor compartment.
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