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Vascular endothelial growth factor, which is critical
for blood vessel formation, is regulated by hypoxia
inducible transcription factors (HIFs). A component
of the E3 ubiquitin ligase complex, von Hippel-Lindau
(VHL) facilitates oxygen-dependent polyubiquitina-
tion and proteasomal degradation of HIF« subunits.
Hypothesizing that deletion of podocyte VHL would
result in HIFa hyperstabilization, we crossed podocin
promoter-Cre transgenic mice, which express Cre re-
combinase in podocytes beginning at the capillary
loop stage of glomerular development, with floxed
VHL mice. Vascular patterning and glomerular devel-
opment appeared unaltered in progeny lacking podo-
cyte VHL. However, urinalysis showed increased al-
bumin excretion by 4 weeks when compared with
wild-type littermates with several sever cases (>1000
pg/ml). Many glomerular ultrastructural changes were
seen in mutants, including focal subendothelial del-
amination and widespread podocyte foot process
broadening, and glomerular basement membranes
(GBMs) were significantly thicker in 16-week-old mu-
tants compared with controls. Moreover, immuno-
electron microscopy showed ectopic deposition of
collagen ala2al(IV) in GBM humps beneath podo-
cytes. Significant increases in the number of Ki-67-
positive mesangial cells were also found, but glomer-
ular WT1 expression was significantly decreased,
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signifying podocyte death and/or de-differentiation.
Indeed, expression profiling of mutant glomeruli sug-
gested a negative regulatory feedback loop involving
the HIF« prolyl hydroxylase, Egln3. In addition, the
brain oxygen-binding protein, Neuroglobin, was in-
duced in mutant podocytes. We conclude that podocyte
VHL is required for normal maintenance of podocytes,
GBM composition and ultrastructure, and glomerular
barrier properties. (Am J Patbol 2010, 177:84-96; DOI:
10.2353/ajpath.2010.090767)

The basement membrane that lies between endothelial
cells and podocytes of the vertebrate glomerular capil-
lary is an indispensible component of the glomerular
filtration barrier. This glomerular basement membrane
(GBM), along with the endothelial glycocalyx, and the
podocyte slit diaphragms, provides both a size and
charge-selective barrier to plasma proteins.’ Filtered
components pass into the tubule system, which selec-
tively reabsorbs certain molecules and water, thereby
condensing the urine for excretion.

The components of the GBM are similar with those of
basement membranes elsewhere and include type IV
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collagen, laminins, entactin/nidogen, and proteogly-
cans.? In contrast to most other basement membranes,
however, GBM laminins and collagen IV undergo devel-
opmental substitutions where isoforms synthesized dur-
ing initial glomerulogenesis are replaced with new iso-
forms during glomerular maturation. Immature podocytes
and endothelial cells jointly synthesize laminin 111, which
is replaced by laminin 521 beginning at the S-shaped
stage of nephron development.® Similarly, a network of
collagen ala2a1(lV) is synthesized by both podocytes
and endothelial cells in early comma and S-shaped glo-
meruli. Beginning at the capillary loop stage, podocytes
alone synthesize the mature collagen a3a4a5(1V), which
replaces the ala2a1(IV) network.*

Why the GBM undergoes laminin and collagen IV iso-
form transitioning during development is uncertain, but it
may be necessary for endothelial cells and podocytes to
achieve their highly differentiated states and for the full
acquisition of glomerular barrier properties. Indeed, er-
rors in glomerular morphology and function are invariably
seen if adult isoforms of laminins and collagen IV fail to be
expressed properly. For example, human LAMBZ2 mutations
result in congenital nephrosis with mesangial sclerosis, oc-
ular anomalies, and neuromuscular junction defects, a con-
dition known as Pierson syndrome.>® Similarly, mice with
deletions of the Lamb2 gene have neuromuscular junction
deficits, diffuse podocyte foot process effacement, and die
of renal failure by 6 weeks of age.” In human Alport syn-
drome where the COL4A3, COL4A4, or COL4A5 genes are
mutated, the GBM has a characteristic basket weave, or
“moth-eaten” appearance, a stable network of collagen
a3ada5(lV) does not form, and most patients eventually
progress to renal failure.® In Alport mouse models, the de-
letion of collagen «3(IV)°~'" results not only in an absence
of the mature collagen a3a4a5(1V) network, but the reap-
pearance of immature laminin a1 and B1 chains, along with
increased expression of laminin «5."2'® Similar dysregula-
tion of GBM protein expression has been observed in a
canine model of Alport disease, as well as in Alport pa-
tients.™ In contrast, heterozygous Col4a3™~ mice have
thinner GBMs and resemble human COL4A3 carriers with
thin basement membrane nephropathy.'® Many other renal
diseases also display GBM modifications during the course
of progression to fibrosis, including the thickened GBM of
mesangial sclerosis'® and diabetic nephropathy.'”

The tight regulation of GBM components led us to ques-
tion what transcription factor systems might play a role in
either the normal developmental isoform substitutions or the
re-expression of matrix components during disease. The
hypoxia-inducible factors (HIFs) are expressed in glomeruli
of developing kidney'® and also have been shown to be
induced in some models of renal injury.'® The HIFa sub-
units, and their ability to heterodimerize with HIFB, are reg-
ulated by oxygen availability.?° In normoxia, prolyl hydroxy-
lases modify key residues of HIFa subunits, targeting them
for polyubiquitination by the von Hippel-Lindau (VHL) pro-
tein, and subsequent degradation in the proteasome. In
hypoxia, prolyl hydroxylation of HIF« is blocked, and stable
HIFa subunits dimerize with HIFB in the nucleus, resulting in
transcription of HIF-responsive genes such as vascular en-
dothelial growth factor (VEGF). Impaired VHL activity results
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in an accumulation of HIF subunits and increases in HIF-
mediated gene expression. VHL disease is characterized
by highly vascularized tumors such as hemangioblasto-
mas, and increased incidence of renal clear cell (RCC)
carcinoma.?! Studies in RCC cell lines have shown that VHL
also plays an important role in the synthesis of extracellular
matrix in addition to its ligase activity.? We chose to selectively
delete VHL in podocytes, the epithelial cell of the glomerulus,
which synthesizes the mature GBM type IV collagen network.

Materials and Methods

Animals and Genotyping

Podocin-Cre mice®® were mated with a Cre reporter strain
(B6.129S4-Gt(ROSA)26Sor™S[J) purchased from Jack-
son Laboratories (Bar Harbor, ME). Dissected kidneys from
newborn mice were fixed overnight in freshly prepared
0.2% paraformaldehyde in 0.1 M piperazine-N,N’-bis[2-
ethanesulfonic acid], pH 6.9, at 4°C and were processed for
B-galactosidase activity as previously described.?

Mice harboring the floxed VHL allele (f'VHL)?® were pur-
chased from Jackson Laboratories (Bar Harbor, ME) and
crossed with the Pod-Cre strain. Progeny from matings
were genotyped at 2 weeks of age by using the following
primers: for detection of Cre recombinase: 5'-AATGCTTCT-
GTCCGTTTG-3" and 5'-GGATTAACATTCTCCCACC-3'
and for detection of fVHL: 5’- CTCAGGTCATCTTCTG-
CAACC-3" and 5'-TCTGTCTTGGCCTCCTGAGT-3". Mice
for analysis had at least one copy of Cre recombinase and
were homozygous for fVHL (Pod-Cre fVHL). Littermates
serving as controls were either homozygous wild-type for
fVHL, or did not contain the Cre transgene (wt).

For detection of the recombined VHL allele, genomic
DNA was isolated by using the Qiagen DNeasy Tissue kit
(Valencia, CA) from tail, kidney, heart, and liver and was
amplified with the following primers: 5-CTGGTACCCAC-
GAAACTGTC-3', 5'-CTAGGCACCGAGCTTAGAGGTTT-
GCG-3', and 5'-CTGACTTCCACTGATGCTTGTCACAG-3'.2°
The wild-type VHL allele was detected as a ~290-bp band,
the fVHL allele (VHL flanked with two LoxP sites) appeared
as a ~460-bp band, and the recombined VHL allele mi-
grated as a ~260-bp band.

Urine and Blood Collection and Analysis

At monthly intervals beginning at 4 weeks of age, mice were
placed in metabolic cages, and urine was collected for 6
hours. Six microliters of urine in loading buffer was run on
precast polyacrylamide gels and stained with BioSafe coo-
massie (BioRad, Hercules, CA). Bovine serum albumin
standards (5 ug and 0.5 pg) were run on each gel to
provide a size marker for albumin. Based on the gel analy-
sis, urine was diluted 1:10 to 1:1000 for total albumin deter-
mination by using an enzyme-linked immunosorbent assay
Albuwell kit for mice (Exocell, Philadelphia, PA). Total pro-
tein and creatinine were quantified from the remaining urine
samples by using an autoanalyzer (Physician’s Reference
Laboratory, LLC, Overland Park, KS). Blood was collected
by cardiac puncture, and blood urea nitrogen levels were
quantified from serum (Physician’s Reference Laboratory).
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Tissue Collection and Analysis

Mice were anesthetized with halothane and sacrificed by
cervical dislocation. For routine histology, kidneys were
fixed in 4% paraformaldehyde and dehydrated in graded
ethanols before embedding in paraffin. Five micron-thick
sections were stained with either H&E or the PAS reagent.

For immunofluorescence microscopy, deparaffinized
sections of 4-week-old kidneys were boiled in antigen
unmasking solution (Vector Laboratories, Burlingame,
CA) and blocked with 1 M NH,CI. Slides were double
labeled with either a 1:10 dilution of rat anti-Ki-67 (Dako,
Carpinteria, CA) and a 1:10 dilution of rabbit anti-WT1
(Santa Cruz Biotechnology, Santa Cruz, CA) or with a
1:100 dilution of mouse anti-synaptopodin (Biodesign,
Carmel, NY) and a 10 ug/ml concentration of rabbit anti-
Neuroglobin (Sigma, St. Louis, MO) or with a 1:100 dilu-
tion of rabbit anti-nephrin®” and a 1:100 dilution of mouse
anti-synaptopodin for 1 hour. After three rinses in PBS,
Alexa-conjugated secondary antibodies (Molecular Probes,
Eugene, OR) were applied for 1 hour. Slides were rinsed in
PBS and mounted in Prolong Gold plus 4',6-diamidino-2-
phenylindole (Molecular Probes).

To quantify Ki-67 and WT1 labeling, a total of 10 im-
ages containing unique glomeruli per animal were cap-
tured for each label. The number of podocytes (WT1-
positive cells within glomeruli) and proliferating cells
(Ki-67 positive cells within glomeruli) were averaged for
five wild-type mice, five nonproteinuric Pod-Cre fVHL
mice, and two proteinuric Pod-Cre fVHL mice. Statistical
analysis (analysis of variance) was performed by using
InStat (GraphPad Software, San Diego, CA).

Kidneys were also fixed and processed for electron
microscopy as previously described.?® GBM thickness at
16 weeks of age in three Pod-Cre fVHL mice and two
wild-type mice was determined by using the orthogonal
intercept method.*® Nine digital images at 14,000 X
magnification were captured per animal (three capillary
loops per glomerulus, three glomeruli per animal) by
using a JEOL 100CX electron microscope. Digital images
were opened in Photoshop CS (Adobe Systems Inc, San
Jose, CA), and a grid mask with 16 intercepts was ap-
plied to each image. GBMs were measured in pixels at
each intercept from the basal endothelial to the basal
podocyte plasma membranes. Pixels were converted to
nanometers by use of a calibration grating replica (Elec-
tron Microscopy Sciences, Fort Washington, PA).

For postfixation immunoelectron microscopy, 2-mm
wedges of kidney cortices were fixed with 1% parafor-
maldehyde and 0.05% glutaraldehyde in 0.1 M sodium
phosphate buffer, pH 7.3, for 1.5 hours on ice. Tissues
were washed, equilibrated with 30% sucrose in buffer,
and snap frozen in tissue freezing medium (Triangle Bio-
medical Sciences, Durham, NC) by using isopentane
chilled in a dry ice-acetone bath. Frozen sections (30-um
thick) were collected on Thermanox coverslips (Miles
Laboratories, Inc., Naperville, IL), and then air dried at
room temperature. Sections were blocked for 30 minutes
each in 0.5 M ammonium chloride in PBS and then with
5% goat serum and 0.1% bovine serum albumin in
PBS. Sections were then immunolabeled with goat anti-

ala2al collagen IV (Southern Biotech, Birmingham, AL;
20 pg/ml in PBS) for 1 hour, and washed with PBS.
Sections were then treated with rabbit anti-goat IgG-
horseradish peroxidase (HRP; MP Biomedicals, Irvine,
CA; 50 pg/ml in PBS) for 1 hour, washed, refixed in
Karnovsky’s fixative, developed for peroxidase histo-
chemistry, and processed for electron microscopy as
described previously.?®

Glomerular Isolation and Real-Time RT-PCR

Glomeruli were isolated from Pod-Cre fVHL mice through
the injection of magnetic beads, which become trapped
within glomerular capillaries.®° Briefly, mice were anes-
thetized with 1 mg/10 grams body weight ketamine and
0.15 mg/10 grams body weight of xylazine. Blood was
washed from the animals by perfusion of the heart with
HBSS followed by intracardiac injection of 2 X 10° Dyna-
beads M-450/ml in HBSS (Invitrogen, Carlsbad, CA). Kid-
neys were removed and minced on ice, followed by
digestion at 37°C with 1 mg/ml collagenase and 100 U/ml
DNase | for 30 minutes. Digested kidneys were filtered
twice with 100 micron Falcon cell strainers, and tissue
was pelleted by gentle centrifugation (200 g, 5 min-
utes). Glomeruli were isolated for three rounds by us-
ing a DynaMag-2 magnetic particle concentrator (In-
vitrogen), resuspending in HBSS after each collection.
The glomerular preparations were briefly spun, frozen
immediately on dry ice, and stored at —80°C.

Total RNA was isolated from glomeruli by using the
RNeasy Micro kit (Qiagen). Samples (10 ng/ul) were
amplified by using the QuantiTect SYBR Green RT-PCR
kit (Qiagen) and appropriate, gene-specific primers (Ta-
ble 1). Real-time RT-PCR was performed by using an
iCycler (BioRad). The primer sets were validated for effi-
ciency by the comparative cycle threshold method®' by
using standard curve analysis. RT-PCR products were
sequenced and verified with the Basic Local Alignment
Search Tool (http.//www.ncbi.nim.nih.gov/BLAST; last ac-
cessed May 3, 2010) and/or analyzed on agarose gels to
confirm size. After amplification, all products appeared
as single peaks on melt curve analysis.

Microarray Analysis

Three 6-week-old Pod-Cre fVHL female mice and three
wild-type control mice, all with normal levels of urinary
albumin (1 to 17 ug/ml) were selected for glomerular
isolation. Glomeruli were harvested, and RNA was puri-
fied by using Qiagen RNA spin columns. RNA integrity
was assessed by using an Agilent Bioanalyzer before
hybridization on separate Affymetrix GeneChips (Mouse
Genome 430 2.0 Array, Santa Clara, CA). Signal values
were analyzed by the Affymetrix GeneChip Operating
Software, and normalized by using robust multi-array
analysis (Partek, St. Louis, MO). The most likely affected
intracellular networks were generated through the use of
Ingenuity Pathways Analysis (Ingenuity Systems, Red-
wood City, CA).
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List of Primers for Quantitative Real-Time RT-PCR Experiments

Gene symbol accession Primer designation

Primer sequence Product length, bp

Col4a1 NM_009931.1 Col4a1S1 forward 5'-CTGGCACAAAAGGGACGAG-3’ 238
Col4a1S1 reverse 5'-ACGTGGCCGAGAATTTCACC-3’

Col4a2 NM_009932.2 Col4a2S2 forward 5'-TGCTACCCGGAGAAAGGAG-3’ 106
Col4a2S2 reverse 5'-CTTTGCGGCCCTGTAGTCC-3'

Col4a3 NM_007734.1 Col4a3S7 forward 5'-GGGACATGTAACTACTACTCAAACTCC-3’ 88
Col4a3S7 reverse 5'-TCACAGTTGATGGAATAGGTTTTCT-3’

Col4a4 NM_007735.1 Col4a4S4 forward 5'-CTGGCTTGAAGGGAGACCT-3’ 69
Col4a4S4 reverse 5'-CTCCTGCATCACCAGGAAGT-3’

Col4a5 NM_007736.2 Col4a5 forward 5’ -GGAGAACGGGGGTTTCCAG-3’ 247
Col4ab reverse 5'-CTCCCTTGGTTCCATTGCATC-3’

Cxcl12 NM_013655.3 Cxcl12 forward 5'-CAAGGTCGTCGCCGTGCTG-3' 122
Cxcl12 reverse 5'-CGTTGGCTCTGGCGATGTGG-3'

Cxcr4 NM_009911 Cxcr4 forward 5'-CAGAGGCCAAGGAAACTGCT-3’ 101
Cxcr4 reverse 5'-CTGACGTCGGCAAAGATGAA-3’

Cyclophilin NM_008907 cyclophilin forward 5'-CAGACGCCACTGTCGCTTT-3’ 132
cyclophilin reverse 5'-TGTCTTTGGAACTTTGTCTGCAA-3’

Egin3 NM_NM_028133.1 EgIn3 forward 5'-TGTCTGGTACTTCGATGCTGA-3’ 85
EgIn3 reverse 5'-AGCAAGAGCAGATTCAGTTTTTC-3’

Epas1 NM_001430 PPMO3309A-200 Reference position 457-477 164

Hifla NM_001530 PPMO03799B-200 Reference position 700-720 160

Hif3a NM_152794 PPM05268B-200 Reference position 1998-2018 180

Lamal NM_008480.2 Lama1P1 forward 5'-TGTAGATGGCAAGGTCTTATTTCA-3’ 261
Lama1P1 reverse 5'-CTCAGGCAGTTCTGTTTGATGT-3’

Lama5 NM_001081171.1 Lama5P2 forward 5'-ACCCAAGGACCCACCTGTAG-3’ 169
Lama5P2 reverse 5'-TCATGTGTGCGTAGCCTCTC-3'

Lamb7-1 NM_008482.2 Lamb1-1P66 forward 5’'-GGCAAACTGCAAAGTCTCG-3' 61
Lamb1-1P66 reverse 5'-CTGGAGGTGTTCCACAGGTC-3'

Lamb2 NM_008483.2 Lamb2S2 forward 5'-GTGTGGCTTGCATAGCCCT-3’ 122
Lamb2S2 reverse 5'-TCCGATGACTATTTGGGTTGTCT-3'

Ngb NM_022414 PPM28801A-200 Reference position 759-781 163

Vegf NM_03376 PPMO03041E-200 Reference position 2467-2487 191

Vhih NM_000551 PPM27529A-200 Reference position 2474-2493 190

Cxcrd and Cxcl123% and cyclophilin®® primers were designed based on prior published work. All other primers were designed by using Primer
Bank (http://pga.mgh.harvard.edu/primerbank/; last accessed May 3, 2010) or the Roche Universal Probe Library (Roche Applied Science, Indianapolis,
IN). Epas1, Hifta, Hif8a, Ngb, Vegf, and Vhih primers were purchased from SABiosciences (Frederick, MD) and sequences are unavailable; shown
are the reference position obtained from SABiosciences for the amplicon. All amplified products resulted in the appropriate size band on agarose gels.

Western Blotting

Glomerular isolates from 6-week-old Pod-Cre fVHL and
wild-type littermates were homogenized on ice in H buffer
(40 mmol/L Tris pH 7.5, 15 mmol/L NaCl, 2 mmol/L CaCl,,
1X protease inhibitors [Sigma]) and were extracted for
10 minutes on a rocker at 4°C, followed by two freeze/
thaw cycles. For Hif1a detection, kidney cortex was ex-
tracted in radioimmunoprecipitation assay buffer (50
mmol/L Tris, pH 8.0, 150 mmol/L NaCl, 1.0% NP-40, 0.4%
sodium deoxycholate, 0.1% SDS, 1X protease inhibi-
tors). Insoluble material was pelleted by centrifugation for
20 minutes at 12,000 X g. Supernatants were boiled for 5
minutes in SDS sample buffer with dithiothreitol, and pro-
teins were separated by electrophoresis in a 12% Tris-
HCI precast BioRad gel. Proteins were then electrotrans-
ferred to polyvinylidene difluoride. Antigens were
detected by using a SNAP ID protein detection system
(Millipore, Billerica, MA) according to the manufacturer’s
instructions by using rabbit anti-Neuroglobin (Sigma) and
rabbit anti-EgIn3 (Novus Biologicals, Littleton, CO) or by
incubation overnight at 4°C with mouse anti-HIF1a (Milli-
pore). Secondary anti-rabbit or anti-mouse HRP antibod-
ies (GE Health care, Piscataway, NJ) were detected by
using chemiluminescence. Blots were stripped and re-
probed with anti-mouse B actin (Sigma).

Results

To investigate possible roles of VHL in glomerular devel-
opment and function, VHL was selectively deleted from
podocytes by using Cre-LoxP technology. The podocin
promoter, which has been previously characterized and
shown to express exclusively in podocytes,®® was used
to excise fVHL by driving the expression of Cre recom-
binase (Pod-Cre). To verify podocyte-specific recombi-
nation, Pod-Cre mice were bred with a floxed Rosa26
reporter mouse. As shown in Figure 1A, B-galactosidase
activity was observed only in podocytes beginning at
the early capillary loop stage of glomerular develop-
ment, and podocyte expression persisted in maturing
glomeruli. Podocytes of all Pod-Cre* animals (n = 5)
were positive, and all control litermates lacking Cre re-
combinase were negative for p-galactosidase, as ex-
pected (n = 4).

Pod-Cre mice were crossed with floxed VHL mice,?®
and genomic DNA was isolated from kidney, heart, liver,
and tail tissues. To confirm that the VHL locus could be
efficiently recombined by Pod-Cre, PCR was performed
on genomic DNA by using VHL-specific primers that
flanked the floxed insertion site. A predicted 260 bp
recombined allele was seen only in genomic samples
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Figure 1. The Podocin-Cre strain recombines floxed alleles in podocytes of the
kidney. A: Pod-Cre mice were mated to the floxed LacZ (B-galactosidase)
reporter mouse R26R, and progeny were genotyped for Cre. Both Cre* and
Cre™ kidneys were developed for B-galactosidase activity. Blue, B-galactosidase
positive cells are confined to podocytes of developing glomeruli, beginning at
the early capillary loop stage (inset, arrowheads), exclusively in Cre™ kidneys
(1= 5). No B-galactosidase positive cells were seen in Cre™ kidneys (12 = 4), or
in late S-shaped developing glomeruli (inset, arrow). B: Pod-Cre mice were
crossed to fVHL mice generating a podocyte-specific deletion of VHL. Genomic
DNA was isolated from Pod-Cre fVHL tissues (K = kidney, H = heart, L = liver,
and T = taiD). Primers flanking the floxed VHL locus amplified the nonrecom-
bined VHL locus (460 bp) in all tissues. The smaller, recombined product (260
bp) is only seen in kidney tissue. C: Glomerular development is normal in
Pod-Cre fVHL mice. Pod-Cre X fVHL litters were screened for amplification of
Cre and presence of the floxed VHL locus. Animals that were either homozygous
wild-type at the VHL locus, or were Cre-negative, served as wild-type littermate
controls (wild-type, left). Pod-Cre fVHL mice were both Cre-positive and ho-
mozygous for the fVHL locus (Pod-Cre fVHL). At postnatal day five, kidney
morphology of H&E paraffin sections shows normal capillary loop stage glo-
meruli in both wild-type and Pod-Cre fVHL (top). Mature glomeruli also appear
normal in both wild-type and Pod-Cre fVHL animals (bottom) with red blood
cells present in capillary loops (arrows).

from kidney (Figure 1B). Because recombination was
confined to podocytes, representing only a small propor-
tion of total kidney cells, kidney samples also contained
the 460 bp nonrecombined product, which was the only

product seen in samples from the heart, liver, and tail
(Figure 1B). Based on the Cre reporter expression pat-
tern and PCR ampilification findings, we therefore con-
cluded that recombination of the VHL locus was occur-
ring solely in renal podocytes.

Given that VHL excision was occurring in early capil-
lary loop stage glomeruli, we examined kidneys from
5-day-old Pod-Cre fVHL mice for possible developmental
abnormalities in vascular patterning. However, routine
histological analysis of Pod-Cre fVHL mice at this age did
not show any morphological differences from wild-type
littermate controls (Figure 1C). All mice showed normal
comma and S-shaped nephric figures, as well as capil-
lary loop stage and maturing stage glomeruli containing
erythrocytes (Figure 1C). There also were no abnormali-
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Figure 2. Podocyte-specific deletion of VHL results in a range of proteinuria.
A: Urine was collected from 4-week-old litters resulting from Pod-Cre X fVHL
crosses, separated by polyacrylamide gel electrophoresis and stained with
Coomassie blue alongside bovine serum albumin standards (lane 1 = 5 pg;
lane 2 = 0.5 pg). Urine from wild-type mice (lane 4) does not contain
albumin, whereas urine from Pod-Cre fVHL animals show varying levels of
albumin (lanes 3, 5, and 6-8). Some Pod-Cre fVHL urine (lane 9) looks
similar to wild-type animals and contains no detectable albumin. The arrow
marks the ~68 kDa albumin band. B: Urinary albumin was quantified by
using Albuwell enzyme-linked immunosorbent assays in 64 Pod-Cre X fVHL
progeny (n = 21 wild-type; n = 43 Pod-Cre fVHL). Nonparametric /tests
were significant for both female and male data (*P = 0.03). C: Blood was
isolated from 33- to 41-week-old Pod-Cre X fVHL mice, and blood urea
nitrogen levels were quantified and plotted against urinary albumin. Elevated
blood urea nitrogen was associated with only the highest levels of albumin-
uria (>1000 ug/mb).



ties evident in peritubular microvessels or larger arte-
rioles and veins.

Though no striking developmental phenotype was un-
covered in infant Pod-Cre fVHL mice, polyacrylamide gel
electrophoresis showed that urinary albumin excretion
was elevated in many animals at 4 weeks of age, and
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markedly so in some (Figure 2A). Albuminuria, quantified
by enzyme-linked immunosorbent assay in 43 Pod-Cre
fVHL mice, was statistically significantly greater than 21
wild-type controls (P < 0.03), and there was no gender
bias (Figure 2B). Pod-Cre fVHL mice with highest urinary
albumin levels displayed classic signs of end stage renal
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Figure 3. Phenotypic analysis of Pod-Cre fVHL mice. A-D: PAS staining of paraffin sections of massively proteinuric Pod-Cre fVHL mice at four or 25 weeks. Az
Entire kidney is fibrotic, and tubules and ducts are packed with proteinaceous material in 25-week-old Pod-Cre fVHL mice. B: Proteinuric Pod-Cre fVHL kidney
at four weeks of age with dilated glomerular capillary lumen (arrow) and mesangial matrix expansion and hypercellularity (arrowhead). C: Proteinuric Pod-Cre
fVHL at 4 weeks showing mesangial hypercellularity and glomerular crescent. D: Proteinuric Pod-Cre fVHL at 25 weeks showing a completely fibrotic glomerulus.
E: PAS staining of paraffin sections of a four-week-old nonproteinuric Pod-Cre fVHL kidney shows occasional dilated tubules (arrows). Inset shows hypercellular
mesangium with increased PAS™ matrix accumulation and prominent GBM. F: Kidney sections show labeling pattern of WT1 in podocytes (pink, arrows) and
Ki-67 in mesangium (green, arrowheads) in nonproteinuric Pod-Cre fVHL mice. Slides were counterstained with 4’,6-diamidino-2-phenylindole. Numbers of
Ki-67-positive (G) and WT1-positive cells (H) were counted in at least 10 glomeruli per animal (W = wild-type [# = 5], N = nonproteinuric [z = 5], and P =
proteinuric [72 = 2]). G: Significantly more Ki-67-positive cells are observed in 4-week-old proteinuric Pod-Cre fVHL glomeruli compared with wild-type (*P <
0.05). H: Conversely, fewer WT1-positive cells per glomerulus are observed in four-week-old Pod-Cre fVHL compared with four-week-old wild-type (**P < 0.01
proteinuric versus wild-type; *P < 0.05 nonproteinuric versus wild-type). I-N: Kidneys at eight weeks of age (I-K) or 41 weeks (I-N) were labeled with
anti-synaptopodin antibody and counterstained with 4’,6-diamidino-2-phenylindole. In contrast to wild-type synaptopodin labeling (I and L), Pod-Cre fVHL
glomeruli have decreased synaptopodin labeling in wide, central regions (J and M, arrow). Some Pod-Cre fVHL glomeruli completely lack synaptopodin labeling
on one half of the glomerulus (K and N, dashed circles). O and P: Kidneys at eight weeks of age were labeled with anti-nephrin antibody. Pod-Cre fVHL
glomeruli (P) have decreased nephrin labeling compared with wild-type (0). Original magnification: X100 (A and E); X200 (inset of E); X400 (B, C, and D).
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failure, with transient edema, followed by wasting and
death beginning at ~6 months of age. Blood urea nitro-
gen levels measured from these severely nephrotic mice
were sixfold greater than blood urea nitrogen levels from
Pod-Cre fVHL littermates with lower levels of albumin
(Figure 2C). Analysis of end-stage renal morphology in
heavily proteinuric Pod-Cre fVHL mice showed interstitial
fibrosis, dilated tubules containing proteinaceous casts
and cellular debris (Figure 3A), and severely fibrotic glo-
meruli (Figure 3D). To determine the earliest glomerular
phenotype, Pod-Cre fVHL mice with severe albuminuria
were sacrificed at 4 weeks of age. These mice had glo-
meruli with larger capillary lumens (Figure 3B), increased
mesangial matrix (Figure 3, B and C), and cellular cres-
cents (Figure 3C).

Although several Pod-Cre fVHL mice progressed to
end-stage renal disease, the majority (54%, males and
females) had albumin levels indistinguishable from wild-
type mice (wild-type albumin range = 2.9 to 29.7 ug/ml).
These nonproteinuric Pod-Cre fVHL mice survived to
more than 1 year of age without overt health problems.
Nevertheless, light microscopy of 4-week-old nonprotein-
uric Pod-Cre fVHL kidneys revealed proteinaceous casts
in dilated medullary collecting ducts (Figure 3E, arrows)
and slightly increased PAS-positive mesangial matrix
(Figure 3E, inset). Sections from Pod-Cre fVHL mice were
double labeled with Ki-67 to identify proliferating cells
(Figure 3F, arrowheads) and WT1 to mark podocytes
(Figure 3F, arrows). Ten individual glomeruli were imaged
from each animal, and stained cells were blindly counted
and averaged (n = 5 for wild-type and nonproteinuric
Pod-Cre fVHL; n = 2 for proteinuric Pod-Cre fVHL). There
was a significant increase in the number of Ki-67-positive
cells within glomeruli of proteinuric Pod-Cre fVHL mice
(Figure 3G; 2.2 cells/glomeruli vs 0.9 cells/glomeruli wild-
type, P < 0.05). The proliferating cells appeared to be
mesangial cells, as only a single Ki-67-positive cell was
also shown to be WT1-positive. Proteinuric Pod-Cre fVHL
mice also had a significant decrease in the number of
podocytes, containing an average of 6.5 WT1-positive
cells within glomeruli compared with 9.4 WT1-positive

cells within glomeruli of wild-type littermates (Figure 3H;
P < 0.01). Nonproteinuric mice also showed a significant
decrease in the number of WT1-positive cells within glo-
meruli compared with wild-type (Figure 3H; 8.4 cells/
glomeruli vs 9.4 cells/glomeruli wild-type, P < 0.05). The
increase in proliferating cells seen in proteinuric glomer-
uli therefore correlated with a decrease in WT1 podocyte
marker expression.

We also labeled glomeruli with anti-synaptopodin an-
tibodies and found that proteinuric Pod-Cre fVHL glomer-
uli displayed a simplified synaptopodin pattern with linear
deposition located in the outermost podocyte layer of the
capillary tuft (Figure 3, compare | and L to J and M). Wide
expanses of synaptopodin negative regions were seen at
both 8 and 33 weeks (Figure 3, J and M, arrows) in more
central regions of the capillary tuft. Nonproteinuric Pod-
Cre fVHL glomeruli had a similar pattern of synaptopodin
labeling. Also, we found proteinuric Pod-Cre fVHL glo-
meruli that either had no synaptopodin labeling or ex-
pressed a simplified pattern in only a portion of the tuft
(Figure 3, K and N). Focal regions devoid of synaptopo-
din were packed with nuclei and probably represented
severely fibrotic areas. As compared with wild-type con-
trols, Pod-Cre fVHL glomeruli also had reduced labeling
with anti-nephrin antibodies (Figure 3, O and P).

Given that Pod-Cre fVHL mice had altered podocyte
numbers and evidence of mesangial proliferation, we
undertook an ultrastructural evaluation to determine what
glomerular lesions preceded the increased capillary lu-
men evident in proteinuric mice. Ultrastructural abnor-
malities detected in glomerular capillary loops at 4 weeks
of age of all nonproteinuric Pod-Cre fVHL mice examined
included podocyte foot process broadening (Figure 4A,
arrowheads), subendothelial delamination (Figure 4, A
and B, arrows), and irregular GBM thickenings with nu-
merous subepithelial hump formations (Figure 4, B and
C, double arrows).

In 16-week-old nonproteinuric Pod-Cre fVHL mice,
GBM alterations persisted (Figure 5, A and B), and the
overall thickness of GBM increased to almost 100 nano-
meters more than control littermates (Figure 5C). We

Figure 4. Four-week-old nonproteinuric Pod-
Cre fVHL mice display podocyte foot process
effacement and GBM irregularities. A: Wide-
spread foot process effacement is indicated by
the arrowheads. Incompletely fused or frag-
mented GBM appears on the subendothelial side
of the capillary loop (arrow). B: Abnormal sub-
epithelial thickenings are shown by the double
arrows, and a large area of lacey subendothelial
matrix projections is also shown (arrow). C:
Another example of a typical subepithelial
“hump” of GBM (double arrows). En = endo-
thelium; Po = podocyte.
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Figure 5. Sixteen-week-old Pod-Cre fVHL mice have thickened GBM. A: GBM
of a 16-week-old wild-type littermate control shows regular podocyte foot
process registration adjacent to the entire length of capillary loop GBM. B:
16-week-old mildly proteinuric Pod-Cre fVHL mouse GBM showing overall
thickening of the GBM, along with subepithelial “humps” and subendothelial
projections. C: Using the orthoganol intercept method, GBM width averaged 291
nm in 16-week-old nonproteinuric Pod-Cre fVHL kidneys, which was almost 100
nm wider than wild-type littermate controls (*# < 0.05). D and E: Glomeruli
were isolated from six-week-old nonproteinuric Pod-Cre fVHL mice and litter-
mate controls. Levels of collagen TV (D) and laminin (E) mRNAs were deter-
mined by real-time quantitative RT-PCR, and were expressed as ratios (Pod-Cre
fVHL/wild-type). Significant increases were seen in Col4al, Col4a2, and Col4a5,
as well as Lamb1 and Lama5 (*P < 0.05).

surveyed glomerular matrix proteins by quantitative real-
time RT-PCR of isolated glomerular RNA from nonprotein-
uric Pod-Cre fVHL and littermate controls. There were
significant increases in the mRNAs encoding Col4ail,
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Col4a2, and Col4as (Figure 5D), as well as Lamb1 and
Lama5 (Figure 5E) in samples from Pod-Cre fVHL mice.
Because glomerular matrix proteins were apparently be-
ing synthesized at a higher rate in nonproteinuric Pod-
Cre fVHL mice, we performed postfixation immunoelec-
tron microscopy to define the cellular localization for
collagen ala2ai(IV), which is normally confined mainly
to the mesangium in adult glomeruli. In addition to the
mesangial expression seen in wild-type littermate con-
trols (Figure 6D), there was excessive subendothelial
GBM expression of ala2a1(IV) in Pod-Cre fVHL glomer-
uli (Figure 6, A-C), which has been reported previously in
human membranous nephropathy.®? However, anti-colla-
gen ala2al(lV) immunolabeling was also observed im-
mediately beneath podocyte foot processes overlying
many of the subepithelial humps typical of Pod-Cre fVHL
GBM (Figure 6, B and C, double arrows). Because the
samples were processed with light fixation, which pre-
serves intracellular antigens as well, we also noted
HRP reaction product within intracellular compart-
ments in both endothelial cells (Figure 6C, arrowhead)
and podocytes (Figure 6A, arrow), indicating that both
cell types were synthesizing collagen a1(1V) and a2(1V)
chains.

Quantitative real-time RT-PCR of isolated glomerular
RNA from nonproteinuric Pod-Cre fVHL and littermate
controls showed that VEGF mRNA, a known HIF target,
showed a small increase at 6 weeks of age (Figure 7A).
HIF1a mRNA was also slightly increased, as was the
chemokine Cxcr4, which has been previously implicated
in a similar model of podocyte-specific VHL deletion.®*
No changes were detected in the level of Hif2«, Hif3«, or
Cxcl12 (a Cxcr4 ligand). Western blotting confirmed the
presence of more HIF1«a protein in Pod-Cre fVHL kidney
cortex (Figure 7B).

In view of VHL’s role in degradation of the HIFa tran-
scription factor subunit, experimental deletion of VHL
could affect transcription of many genes. Additionally, we
sought to identify gene products that rendered many
Pod-Cre fVHL mutant mice insusceptible to proteinuria.
Hence, global changes in transcription between nonpro-
teinuric Pod-Cre fVHL mice and wild-type littermates
were assessed by profiling glomerular RNA by using
Affymetrix 3’ expression arrays (n = 3 for each genotype,
6 weeks of age). (The complete data set discussed here
has been deposited in the National Center for Biotechnol-
ogy Information Gene Expression Omnibus®* and is acces-
sible through Series accession number GSE20235 [http.//
www.ncbi.nlm.nih.gov/geo/]; last accessed on May 3, 2010.)
Ingenuity Pathways Analysis software was used to scruti-
nize the microarray data because ~2099 probe sets dis-
played fold changes with statistically relevant P values (P <
0.05). The threshold for core Ingenuity Pathway Analysis
was set at a fold change greater than = 1.5, with a P value
of <0.05. The top two canonical networks identified in this
dataset were glycolysis and gluconeogenesis, and HIF1«
signaling. The associated genes, fold changes, and P
values are shown in Table 2. These data suggest that
deletion of VHL in the podocytes activated at least por-
tions of the hypoxia response cascade.
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One of the most abundantly up-regulated genes
from the microarray was EgIn3, a prolyl hydroxylase
that normally serves to modify two available proline
residues in the N-terminal oxygen-dependent degra-
dation domain of HIF-1a. Quantitative real-time RT-
PCR showed that EgIn3 mRNA was increased ~100-
fold in Pod-Cre fVHL glomeruli compared with those
from wild-type littermates (Figure 7C). Western blotting
of glomerular extracts also showed a strong band at
the predicted 28 kDa size from two individual Pod-Cre
fVHL mice, compared with a much weaker band seen
in a wild-type littermate (Figure 7D).

Another particularly interesting finding in the microar-
ray data was a 15-fold increase of neuroglobin (Ngb), an
ancient, highly conserved oxygen-binding heme protein
originally discovered in brain®® and not previously asso-
ciated with kidney. Quantitative real-time RT-PCR verified
a ~17-fold increase in Ngb mRNA in isolated Pod-Cre
fVHL glomeruli (Figure 7E). Ngb protein was also in-
creased in Pod-Cre fVHL glomeruli, as analyzed by West-
ern blotting (Figure 7F). Immunofluorescence micros-
copy showed that Ngb immunolabeling was not seen in
wild-type glomeruli, but strong Ngb immunolabeling was
seen in Pod-Cre fVHL tissue (Figure 7, G and H). Specif-
ically, the Ngb signal co-localized with the podocyte-
specific markers, anti-nephrin and anti-synaptopodin
(Figure 7, I-N), signifying that Ngb expression was up-
regulated specifically in podocytes. Interestingly, in what
appeared to be severely fibrotic glomeruli, there was a
complete absence of immunolabeling for Ngb, and loss
of the podocyte differentiation markers, synaptopodin,
and nephrin as well (Figure 7, I-N, dashed circles).

We also attempted to isolate glomeruli from heavily
proteinuric Pod-Cre fVHL mice. Our preparations were
insufficiently enriched for glomeruli, however, probably
because of inadequate perfusion of Dynabeads into the
fibrotic and occluded capillary tufts.

Figure 6. Podocytes and endothelial cells syn-
thesize collagen ala2al(IV) in adult Pod-Cre
fVHL mice. A—C: 37-week-old Pod-Cre fVHL
proteinuric kidney tissue was lightly fixed, and
frozen sections were labeled with anti-collagen
ala2al(IV) antibodies, followed by indirect im-
munoperoxidase as described in Materials and
Methods. Intense HRP reaction product is seen
along the subendothelial portion of the GBM
(A-C). In addition, Pod-Cre fVHL animals dis-
played HRP reaction product in subepithelial
humps immediately beneath effaced podocyte
foot processes (double arrows, B and C). HRP
reaction product was also seen intracellularly
within endothelial cells (arrowhead, A and C)
and podocytes (arrow, A). In control tissue (D),
HRP reaction product is mainly confined to the
mesangial matrix; in areas, subendothelial seg-
ments of GBM are also weakly labeled. En =
endothelium; Po = podocyte; M = mesangium.

Discussion

This model of podocyte-specific deletion of VHL has
maximal penetrance (all progeny have a phenotype), but
with varying expressivity ranging from mild (nonprotein-
uric but with GBM ultrastructural changes) to severe
(heavily proteinuric with fibrotic glomeruli). The most se-
vere phenotype resulted in end stage renal failure begin-
ning ~6 months of age. However, all Pod-Cre fVHL ani-
mals displayed mesangial hypercellularity, changes in
basement membrane gene expression and matrix depo-
sition, marked increases in GBM thickness, podocyte foot
process effacement, and cell loss. We conclude that
podocyte VHL is necessary for mesangial homeostasis,
maintenance of the podocyte, normal structure and com-
position of the GBM, and maintenance of glomerular
barrier properties.

In addition to the work described here, two earlier
studies have selectively inactivated fVHL in podocytes,
using the mouse and human podocin promoter, respec-
tively, to drive expression of Cre recombinase.>33¢ |n all
three studies, however, glomerular development and kid-
ney microvascular formation proceeded normally.3%3°
This finding is somewhat surprising because an absence
of VHL in podocytes would be expected to result in an
overabundance of active HIFa subunits, which in turn
should lead to overexpression of HIF target genes, pos-
sibly dysregulating glomerulogenesis. In particular, pre-
cise levels of the HIF target, VEGF, have been shown to
be critical for normal glomerular development.®”-38 For
example, mice that are podocyte-specific heterozygous
for VEGF-A suffer proteinuria and endotheliosis at 2.5
weeks of age and podocyte-specific homozygous nulls
die at birth.3” In another case, reduced levels of VEGF
leads to death at 3 weeks and loss of mesangial cells.®®
On the other hand, podocyte-specific overexpression of
VEGF-164 results in a phenotype resembling collapsing
glomerulopathy.®” Given that apparently stable HIFa
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subunits are found in the nucleus of immature podo-
cytes, '® perhaps endogenous VHL is functionally inactive
during glomerulogenesis. Alternatively, because Cre-me-
diated excision driven by the podocin promoter first oc-
curs at the capillary loop stage and thereafter, this may
be too late in nephron development to affect develop-
mental HIF- and/or VHL-dependent activities.

A problem we encountered during the initial analysis of
our Pod-Cre fVHL crosses was the range of phenotypes.
Although Brukamp et al®® analyzed relatively small num-
bers of Pod-Cre fVHL mice, they also observed a diverse
range and frequency of phenotypes. In their study, 1 of
11 (9%) animals died of renal failure, and two others
displayed slowly progressive renal disease. They also

with equal amounts of extracts of kidney cortex
show increased Hifla labeling in two Pod-Cre
fVHL mice compared with wild-type (wt). Actin
immunoblotting (lower blot) was used as a load-
ing control. C: Quantitative real-time RT-PCR
shows a 100-fold increase of Egln3 in Pod-Cre
fVHL glomerular RNAs. *P <0.00006. D: Western
blotting with equal amounts of glomerular ex-
tracts from a wt or two Pod-Cre fVHL mice by
using Egln3 antibody. Actin immunoreactivity
was used as a loading control. E: Quantitative
real-time RT-PCR of glomerular RNAs shows
~18-fold increase of Ngb. *P <0.0001. F: West-
ern blotting with equal amounts of glomerular
extracts from a wt or two Pod-Cre fVHL mice by
using an Ngb antibody. Actin immunoreactivity
was used as a loading control. G and H: Paraffin
sections were double labeled with anti-Ngb and
anti-synaptopodin antibodies. Synaptopodin la-
beling (red) is seen in both wild-type (G) and
Pod-Cre fVHL glomeruli (H), but Ngb labeling
(green, arrows) is only present in presumptive
podocytes of Pod-Cre fVHL glomeruli (H). I-N:
Serial paraffin sections of Pod-Cre fVHL kidneys
were double labeled with anti-nephrin and anti-
synaptopodin (I-K), or with anti-Ngb and anti-
synaptopodin (I-N). Simplified nephrin (green)
and synaptopodin (red) expression (I, J, M) with
podocyte-specific Ngb labeling (green, L) is
seen in some glomeruli. Other, presumably fi-
brotic glomeruli (I-N, dashed circles), com-
pletely lack all three markers.

reported subtle glomerular changes in several mice with
normal urine protein levels. Using a transgenic mouse
expressing Cre under control of the mouse podocin pro-
moter, Ding et al®*® described the onset of rapidly pro-
gressive glomerulonephritis (RPGN) beginning at 4
weeks of age resulting in renal failure 2 to 3 weeks later in
all animals. Up-regulation of both the chemokine receptor
Cxcr4 and its ligand Cxcl12 (SDF-1) were implicated as a
likely pathogenic mechanism of RPGN. Using quantita-
tive real-time RT-PCR of isolated glomerular RNA, we
evaluated Cxcr4 and Cxcl12 expression in our Pod-Cre
fVHL mice and found an increase of Cxcr4 mRNA, but no
change in message for the Cxcl12 ligand. Perhaps this
chemokine system plays a heightened role in the RPGN
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Table 2.  Microarray Analysis of Isolated Glomeruli Taken at 6 Weeks of Age from Nonproteinuric Pod-Cre fVHL and Wild-Type
Littermates
Gene symbol Gene name Fold change P
Glycolysis and
gluconeogenesis
Ldha Lactate dehydrogenase A 1.56 0.003
Pkl Phosphofructokinase, liver, B-type 1.77 0.003
Pkm2 Pyruvate kinase, muscle 214 0.00004
Tpil Triosephosphate isomerase 1 2.42 0.00002
HIF1« signaling
Egin3 EGL nine homolog 3 45.4 0.0002
Ldha Lactate dehydrogenase A 1.56 0.003
Mmp2 Matrix metallopeptidase 2 1.54 0.05
Sic2al Solute carrier family 2 (facilitated glucose transporter), member 1 1.72 0.01

The genes listed are all increased in Pod-Cre fVHL mutant glomeruli (fold change) and are members of the top two networks identified in this

dataset by Ingenuity Pathways Analysis.

model due to differences in environmental factors or in
genetic backgrounds of the mice. Additionally, the mu-
rine podocin promoter used in the RPGN model may
have resulted in more robust Cre expression than the
human podocin promoter used in our study and that by
Brukamp et al,®® which could also account for the differ-
ences in the incidence and severity of phenotype. Re-
gardless, we did not observe any Pod-Cre fVHL mouse in
our colony that progressed to renal failure in the relatively
brief 6- to 7-week timeframe. We did note dilated capillary
lumens in severely affected mice at 4 weeks of age,
however, which is similar to the histology described by
Ding et al,®® before the onset of RPGN.

In normal developing glomeruli, a network of collagen
ala2al(lV) is found in GBMs of early nephrons, but as
glomeruli mature, this network is replaced by collagen
a3ada5(1V) by unknown mechanisms.? Our study pre-
sented here contains several pieces of evidence showing
that GBM assembly was abnormal in Pod-Cre fVHL mice.
First, our quantitative real time RT-PCR results with iso-
lated glomeruli from 6-week-old mutants showed tran-
scriptional up-regulation of many basement membrane
genes, including both Col4a? and Col4a2. Second, ultra-
structural morphometry showed that GBMs in Pod-Cre
fVHL mice were abnormally thickened. Third, immuno-
electron microscopy clearly demonstrated that the ab-
normal subepithelial GBM protrusions of Pod-Cre fVHL
glomeruli contained considerable collagen ala2al(1V)
immediately beneath podocytes, and distinct from the
minimal subendothelial labeling seen in wild-type litter-
mate controls. Fourth, we also observed that both endo-
thelial cells and podocytes of mutant glomeruli contained
intracellular labeling for collagen ala2a1(1V), indicating
that the immature GBM collagen IV network was being
ectopically re-expressed.

How might the deletion of podocyte VHL result in the
ultrastructural and compositional changes we observed
in the GBM? VHL has multiple functions in addition to the
classic ligase function leading to HIF degradation in nor-
mal oxygen conditions. One of these HIF-independent
functions is regulation of extracellular matrix synthesis,
although details of how this occurs are only beginning to
emerge. VHL-negative cell lines fail to form a fibronectin
rich extracellular matrix in vitro.3%4° If VHL is restored in

RCC lines by using variants that have been shown to
retain HIF binding and degradation functions, matrix is
still not assembled normally.*' Based on these studies,
we would have predicted that lack of VHL in podocytes
should result in a thinner or perhaps “lacy” GBM such as
that seen in Alport mice,®'® especially in view of the fact
that podocytes are entirely responsible for synthesis of
collagen a3a4a5(1V) of mature GBM.* Why the lack of
podocyte VHL leads to apparently increased matrix is
therefore unclear. Because we observed transcriptional
up-regulation of HIF-1a and VEGF, perhaps overexpres-
sion of VEGF is linked to the observed dysregulation of
matrix synthesis. Thickened GBM is a common feature of
diabetic nephropathy where high glucose is responsible
for triggering increased VEGF production.’”“? The ef-
fects of high glucose in boosting VEGF production*® and
subsequent collagen synthesis (Col4a3) has also been
shown previously in cultured podocytes.**

Recently, two groups have revealed independently
that VHL, a cytoplasmic protein, interacts with collagen
a1(IV)*® and a2(1V)***¢ polypeptide chains, which are in
the secretory pathway. This interaction is reported to be
HIF-independent and not reliant on the ligase function of
VHL, but does require hydroxylation of collagen. More-
over, immunoprecipitation and enzyme digestion studies
have revealed that VHL appears to bind to the N-terminus
of collagen «2(IV) on the cytoplasmic surface of the
endoplasmic reticulum, with the C-terminus of the colla-
gen polypeptide projecting into the endoplasmic reticu-
lum lumen.*® Additionally, RCC cells containing mutated
VHL assemble abnormal collagen IV networks in vitro or
when injected into mice in vivo, suggesting that VHL
participates in the synthesis, triple helical assembly,
and/or secretion of collagen IV.#®

Taking all of the evidence together, we speculate that
in the glomerulus, VHL participates directly or indirectly in
remodeling of the GBM collagen IV network. Further, we
hypothesize that lack of VHL results in re-expression and
ectopic assembly of a1a2a1(IV) collagen by mature en-
dothelial cells and podocytes. This abnormal GBM may
then have signaled podocytes to undergo foot process
effacement, and detach or dedifferentiate, explaining the
decreased WT1 labeling seen in Pod-Cre fVHL glomeruli.
These pathogenic events may have also secondarily in-



duced the observed mesangial expansion. In addition,
given that our microarray indicated an increase in the
mRNA for the matrix metalloprotease MMP-2, altered ex-
tracellular matrix degradation may have played a signif-
icant role in the Pod-Cre fVHL GBM phenotype. Without
question, further experimental work is necessary to verify
these possibilities. Nevertheless, because in our experi-
ments fVHL was deleted only in podocytes, these cells
must somehow have communicated across the GBM to
incite collagen a1a2a1(lV) synthesis by the endothelium
as well. Additional experiments with these Pod-Cre fVHL
mutants may shed more light on basic mechanisms reg-
ulating GBM type IV collagen network assembly and
podocyte-endothelium cross talk.

By microarray profiling, we found two unique genes
that were massively up-regulated in nonproteinuric
Pod-Cre fVHL glomeruli: Egin3 and Ngb. The EgIn3
gene contains a functional hypoxia response element
that is induced by HIF1, and probably comprises an
autoregulatory feedback loop for the hypoxia response
cascade.*” In addition to initiating HIFa proteasomal
degradation, EgIn3 has also been implicated as a pro-
apoptotic agent in some cells,*® and its overexpression
in Pod-Cre fVHL podocytes may have contributed to
the loss of WT1-positive cells that we observed. Addi-
tional work will be necessary to confirm this possibility,
however.

Neuroglobin, a novel tissue globin first discovered in
brain,®® was also highly up-regulated in Pod-Cre fVHL
glomeruli. Neuroglobin has been shown to be induced by
hypoxia,*®°" and perhaps the increase in glomerular
HIF1a was responsible for the increased Ngb expres-
sion. Our immunolocalization studies revealed that Ngb
was expressed specifically in podocytes of Pod-Cre fVHL
mutants and completely absent in wild-type mice. This
marks the first description of endogenous Ngb expres-
sion outside of the brain and provides yet another simi-
larity between the kidney podocyte and neurons.®2%% The
physiological function(s) of Ngb is uncertain, but evi-
dence exists indicating a role for this highly conserved
globin protein in oxygen storage and/or delivery. In par-
ticular, Ngb has been implicated in supplying oxygen to
the electron transport chain in mitochondria, detoxifying
reactive oxygen or nitrogen species, removing excess
nitric oxide at normoxia or producing sufficient nitric ox-
ide at hypoxia, acting as a signal transducer through
interaction with heterotrimeric G proteins, and reducing
cytochrome ¢ to prevent hypoxia-induced apoptosis.®®
Additionally, neuronal Ngb expression is induced by ex-
perimental cerebral ischemia and protects cultured neu-
rons from hypoxia in vitro.*® Further, transgenic mice that
widely overexpress Ngb through the B-actin promoter are
resistant to experimental ischemia induced in the brain
and heart.>® Exactly why Ngb was up-regulated in non-
proteinuric Pod-Cre fVHL podocytes is unclear, but we
are intrigued by the finding that the pattern of Ngb
expression correlated precisely with that for the podo-
cyte differentiation markers, synaptopodin and neph-
rin. Additionally, an absence of Ngb in glomeruli of
Pod-Cre fVHL mutants paralleled the loss of these
proteins. We therefore wonder whether Ngb can play a
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protective role in the glomerulus, and we are currently
pursuing this hypothesis.
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