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CELL INJURY, REPAIR, AGING, AND APOPTOSIS
Dendrin Ablation Prolongs Life Span by Delaying
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Podocyte loss is central to the progression of proteinuric kidney diseases leading to end-stage kidney
disease (ESKD), requiring renal replacement therapy, such as dialysis. Despite modern tools and
techniques, the 5-year mortality of some patients requiring dialysis remains at about 70% to 80%. Thus,
there is a great unmet need for podocyte-specific treatments aimed at preventing podocyte loss and the
ensuing development of ESKD. Here, we show that ablation of the podocyte death-promoting protein
dendrin delays the onset of ESKD, thereby expanding the life span of mice lacking the adapter protein
CD2AP. Ablation of dendrin delays onset and severity of proteinuria and podocyte loss. In addition,
dendrin ablation ameliorates mesangial volume expansion and up-regulation of mesangial fibronectin
expression, which is mediated by a podocyte-secreted factor. In conclusion, onset of ESKD and death
can be markedly delayed by blocking the function of dendrin. (Am J Pathol 2015, 185: 2143e2157;
http://dx.doi.org/10.1016/j.ajpath.2015.04.011)
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(1S10RR23057) and the California NanoSystems Institute at the University
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Podocytes are highly specialized cells that constitute a central
component of the kidney filtration barrier. Disruption of podo-
cyte function damages the kidneyfilter, resulting in proteinuria.1

Primary and secondary podocytopathies combined account for
about 90% of end-stage kidney disease (ESKD) at a cost of $20
billion per year in the United States alone.2 The health care
burden and economic impact is further enhanced by the fact that
proteinuria is a strong and independent risk factor for cardio-
vascular disease.3 Podocytes are terminally differentiated cells
that cannot regenerate in response to injury or loss. As a result,
podocyte loss causes glomerulosclerosis, inwhich a reduction in
podocyte number below a critical 40% threshold results in high-
level sustainedproteinuria anddecreased renal function.4,5Clear
clinical correlations between podocytopenia and proteinuria
have also been established. Podocyte loss contributes to the
progression of diabetic nephropathy in patients with type II
diabetes mellitus.6 Podocyte cell number is also decreased in
stigative Pathology.

.

patients of all ages with type I diabetes, where the reduction in
podocyte number correlateswith an increasedalbuminexcretion
rate.7,8 In IgA nephropathy, podocyte loss correlates closely
with the degree of proteinuria, glomerulosclerosis, and renal
dysfunction.9 Podocytopenia is also associated with disease
progression in membranous nephropathy, focal segmental glo-
merulosclerosis (FSGS), amyloidosis, and the aging kidney.10
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Weins et al
Despite remarkable advances in clarifying the details of
the molecular architecture of podocytes and their interdigi-
tating foot processes, mechanisms underlying podocyte
injury and loss remain poorly understood. This results in a
significant unmet clinical need. We previously identified
dendrin as a dual-compartment signaling molecule anchored
at the slit diaphragm under normal conditions.11 Dendrin
has no known homologous partners and an unclear role in
normal physiology. Under the influence of cell deathe
inducing high-dose transforming growth factor-b (TGF-b),
dendrin relocates to the podocyte nucleus and promotes
apoptosis, which is ameliorated after gene silencing of
dendrin.11 Of note, dendrin-mediated podocyte apoptosis is
inhibited by the prosurvival Yes associated protein (YAP).12

In rodents, nuclear dendrin has been observed in inflam-
matory glomerulonephritis, in CD2-associated protein
(Cd2ap)-deficient (Cd2ap�/�) mice and in adriamycin
(ADR) nephropathy.11,13,14 Nuclear dendrin has also been
found in biopsies from patients with FSGS, membranous
nephropathy, and class V lupus nephritis.14 Conversely,
dendrin-null (Ddn�/�) mice display no overt pathology;
they have a normal life span and do not develop proteinuria
or renal failure.15

Here, we tested the hypothesis that the ablation of dendrin
would improve renal survival in progressive glomerulo-
sclerosis. We deleted the dendrin gene in Cd2ap�/� mice
that develop podocyte injury with proteinuria at 2 to 3
weeks of age and die of renal failure at 8 to 9 weeks of
age.16 The phenotype of Cd2ap�/� mice was completely
reversed with podocyte-specific expression of CD2AP,17

confirming podocyte injury as the root cause of kidney
failure and death. Clinical evidence for the role of CD2AP
as an essential component of the glomerular filtration barrier
has been provided by the identification of patients with
FSGS-causing Cd2ap�/� gene mutations.18e20 Here, we
show that dendrin ablation delays the onset of proteinuria,
glomerulosclerosis, renal failure, and death in Cd2ap�/�

mice. These results implicate dendrin as a potential
podocyte-specific therapeutic target in slowing the pro-
gression from proteinuria to ESKD and death.
Materials and Methods

All studies involving mice were performed in accordance
with Icahn School of Medicine institutional guidelines
under an institutional animal care and use committeee
approved protocol.
Mice Strains and Genotyping

DNA for genotyping was extracted using a sodium
hydroxide extraction protocol from The Jackson Laboratory
(Bar Harbor, ME). Briefly, 2-mm tail was incubated with 25
mmol/L NaOH/0.2 mmol/L EDTA at 98�C for 1 hour in a
thermocycler with subsequent temperature reduction to
2144
15�C. After adding 40 mmol/L Tris-HCl (pH 5.5), the
mixture was centrifuged at 16,000 � g for 3 minutes and an
aliquot removed for PCR. The following primers were used
for genotyping Cd2ap in the mice: forward 50-GTTGAC-
TATATTGTGGAATATGACTATGA-30 and reverse 50-
CAGCAGGTTGCCAATCACAAATGTACCTATA-30 for
wild type; forward 50-CAAGTCTGTCATAGGTCACAC-
TCAAGAAG-30 and reverse 50-AGGTGCCACTCCCAC-
TGTCCTTTCCTAATAA-30 for knockout. The expected
sizes for wild type is around 300 bp and for knockout is
around 400 bp. The following primers were used for gen-
otyping dendrin in the mice: forward 50-GGAGGATCT-
CAGCGTCCATA-30 and reverse 50-AGGTTCAAGGC-
CTCTCCATT-30 for wild type; forward 50-AATTCCAT-
CAGACCTCGACCT-30 and reverse 50-AGGTTCAAG-
GCCTCTCCATT-30 for knockout. The expected size for
wild type is 574 bp and for knockout is 405 bp.

Measurement of Urine Albumin/Creatinine Ratios and
Serum Creatinine

Urine albumin was quantified by enzyme-linked immuno-
sorbent assay according to the manufacturer’s protocol
(Bethyl Laboratory, Montgomery, TX). Urine creatinine
levels were measured in the same samples using the creat-
inine assay kit (Cayman Chemical Company, Ann Arbor,
MI) according to the manufacturer’s protocol. Urine albu-
min excretion rate was expressed as the ratio of albumin to
creatinine. Serum creatinine measurements were performed
by liquid chromatography-tandem mass spectrometry at the
UAB-UCSD O’Brien Core Center for Acute Kidney Injury
Research (Birmingham, AL).

Histology and Immunohistochemistry

Mice were perfused with filtered phosphate-buffered saline
containing 3% paraformaldehyde (Sigma-Aldrich, St. Louis,
MO) at a flow rate of 9 mL per minute for 3 minutes. After
perfusion, kidneys were harvested and further fixed in 2.5%
glutaraldehyde in 0.1 mol/L sodium cacodylate buffer (pH
7.4; Electron Microscopy Services, Hatfield, PA). Four-
micrometer paraffin-processed, formalin-fixed kidney sec-
tions were stained with periodic acid-Schiff or, after antigen
retrieval [pressure cooker or microwave in citrate buffer (pH
6)], with antibodies against synaptopodin (G1 mouse
monoclonal antibody, dilution 1:10; supplied by P.M.),
PAX2 (paired box protein Pax-2; rabbit polyclonal anti-
body, dilution 1:75; Invitrogen/Life Technologies, Carlsbad,
CA), WT1 (rabbit polyclonal antibody, dilution 1:50; Santa
Cruz Biotechnology, Dallas, TX), cleaved caspase 3 (dilu-
tion 1:20; Abcam, Cambridge, UK), cathepsin L (dilution
1:100; Sigma-Aldrich), and dendrin (dilution 1:50;
EMD Millipore, Billerica, MA), followed by horseradish
peroxidaseeconjugated secondary antibodies (Dako, Car-
pinteria, CA), and counterstained with hematoxylin. One-
micrometer sections of resin-embedded tissue were stained
ajp.amjpathol.org - The American Journal of Pathology
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Dendrin Ablation Improves Renal Survival
with toluidine blue. Images were taken with an Olympus
BX53 microscope with a DP72 camera (Olympus, Tokyo,
Japan) and processed using Adobe Photoshop software
(Adobe Systems, San Jose, CA). Histology of three to six
animals in each group was assessed. Periodic acid-Schiffe
and toluidine blueestained sections were analyzed in a
blinded fashion (A.W.).

Electron Microscopy

Ultra-thin 80-nm sections of resin-embedded kidney tissue
were mounted on copper grids, treated with uranyl acetate
and lead citrate, and examined by a pathologist (A.W.) in a
blinded fashion using a JEOL 1010 transmission electron
microscope (JEOL, Tokyo, Japan). Electron micrographs
were assessed in a blinded fashion (A.W.).

Morphometry

One-millimeter cubes of kidney cortex were fixed in
glutaraldehyde and embedded in EPON resin. One-
micrometer-thick sections were cut using an ultramicro-
tome fitted with a Histo Jumbo Diamond Knife (Diatome
US, Hatfield, PA). Serial sections were cut, and every tenth
section and the adjacent section were saved to a micro-
scope slide and stained with toluidine blue.21 A total of 20
pairs of sections were saved per kidney. Images were
obtained using the 100� objective lens (numerical
aperture Z 1.40) of an Olympus BX51 microscope fitted
with a DP71 digital camera and DP Controller software
DP-BSW-Ver3.2 (Olympus America, Center Valley, PA).
Images were observed using Photoshop (Adobe Systems)
on a 24-inch monitor at a window magnification of 100%.
Ten glomeruli per kidney were analyzed for all morpho-
metric parameters.

Podocyte Number
Podocytes were counted using the fractionator/disector prin-
ciple.22,23 Briefly, images of adjacent sections from throughout
a glomerulus were observed, and the number of profiles from
podocyte nuclei present in the second section of each pair, but
not present in the first section, was counted. The number of
podocyte nuclei was used as a surrogate for the number of
podocytes. It was assumed there was only one nucleus per
podocyte. The number of podocytes per glomerulus was
calculated using the equation NumberPodocyte Z 10 � SQ�,
where 10 is the reciprocal of the fraction of the glomerulus
sampled and SQ� is the sum of nuclei counted in the second
section, but not present in the first section, of each section pair.
An average of 137 Q� (range, 48 to 212) was counted per
animal.

Glomerular Volume
Glomerular volume was measured using the Cavalieri
principle.24 Briefly, using the Layers function of Photo-
shop, a counting grid was randomly placed over the image
The American Journal of Pathology - ajp.amjpathol.org
of the first section of each section pair from a glomerulus,
and the number of grid point falling on the glomerulus was
counted.21 Glomerular volume was calculated using the
equation: VolumeGlomerulus Z 10 � SP � ðd=magÞ2 mm3,
where 10 is the distance in micrometers between the
measured sections, SP is the sum of grid points falling on all
of the measured images from the glomerulus, d is the distance
in micrometers between points on the grid, and mag is the
image magnification. An average of 726 (range, 337 to 2721)
grid points on glomeruli were counted per animal.

Podocyte Numerical Density per Glomerulus
Podocyte numerical density was calculated by dividing
podocyte number by glomerular volume and expressed as
number per cubic micrometer.

Glomerular Component Volumes
First, glomerular component volume densities [Vv(Compo-
nent X/glomerulus)] were measured using electron micro-
scopy.25 Briefly, silver-gold sections were cut with an Ultra
Diamond Knife (Diatome US) placed on single-slot grids and
stained with uranyl acetate and lead citrate. Images were
obtained using a JEM-1200EX electron microscope (JEOL).
Images were used at a final magnification of�3200 and were
taken for the 3-, 4-, and 5-week-old animals. Measurements
were performed on five animals per group and 10 glomeruli
per animal. A glomerulus was defined as the area within a
minimal string polygon drawn around a glomerulus
including all of the podocytes. Only glomeruli with a com-
plete profile were used. Five components within the
glomerulus were defined: i) mesangium including mesangial
matrix, mesangial cell, and mesangial glomerular basement
membrane (GBM); ii) podocytes (excluding cysts); iii)
capillary lumen including endothelial cells and other cells
within the lumen; iv) cysts within the podocytes; and v)
remainder tissues, including Bowman’s space, GBM, and
nonresolvable tissue. Using the Layer function of Photoshop,
a grid of points was randomly placed over an image of the
complete glomerular profile, and the number of points falling
on each of the five glomerular components was counted. The
volume density for component X was calculated using the
equation: VvðComponent X=glomerulusÞ Z PComponent X=
SPFive components, where PComponent X is the number of
points falling on a component X (ie, mesangium) and
SPFive components is the number of points falling on all
five components. The volume of each component was
calculated by multiplying each appropriate volume density
by the glomerular volume. For example, for mesangial vol-
ume: VolumeMesangium Z VvðMesangium=glomerulusÞ �
VolumeGlomerulus mm3.

An average of 882 points (range, 388 to 1665) were
counted per animal. An average podocyte volume for the
mouse was calculated by dividing the total podocyte
volume within a glomerulus by the average number of
podocytes per glomerulus and was reported as cubic
micrometers.
2145
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Cell Culture

Conditionally immortalized murine podocytes26 were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Life Technologies) supplemented with 10% heat-inactivated
fetal bovine serum (Life Technologies) and 100 U/mL
penicillinestreptomycin (Life Technologies) on type I
collagen (Corning, Corning, NY) coated dishes or flasks.
Undifferentiated podocytes were maintained at 33�C in the
presence of 10 U/mL mouse g-interferon (Cell Sciences,
Canton, MA) to drive T-antigen expression. To induce
differentiation, podocytes were thermo-shifted to a 37�C
incubator and switched to medium lacking g-interferon.
Mouse mesangial cells (MMCs) were cultured in DMEM
containing 10% heat-inactivated fetal bovine serum and 100
U/mL penicillinestreptomycin.

Gene Silencing and Conditioned Media Transfers

pLKO.1 lentiviral shRNA plasmids were purchased from
Addgene (Cambridge, MA) for scramble control and from
Sigma-Aldrich for CD2AP and dendrin. We used sequence
50-CCGGCAAACCTAAACCCAGATATTTCTCGAGAA-
ATATCTGGGTTTAGGTTTGTTTTTG-30 to target CD2AP.
We used sequence 50-CCGGGATTGAAGTGAAGACTA-
TTTCCTCGAGGAAATAGTCTTCACTTCAATCTTTTTG-
30 to target dendrin. The pLKO.1 plasmids, along with the
helper plasmids psPAX2 and pMD2.G, were transfected into
HEK293T cells at 70% confluence using FuGENE 6 Trans-
fection Reagent (Promega, Madison, WI). Medium was
replaced 16 to 18 hours after transfection. Virus was collected
at 48 hours and 72 hours post-transfection. Cell debris was
removed by passing the supernatant through a 0.45-m filter.
After podocytes were differentiated for 7 days, virus was
added to the differentiated podocytes in the presence of 4 mg/
mL Polybrene (Sigma-Aldrich) overnight. The medium was
changed the next day. After 4 days of infection, cells were
serum starved in DMEM medium containing 0.1% heat-
inactivated fetal bovine serum. Twenty-four hours after serum
starvation, the supernatant was collected and spun down to
remove cell debris. The collected supernatants (conditioned
podocyte medium) were then used to treat MMCs that were
themselves previously made quiescent by serum starvation.

MMC Viability and Proliferation Assay

MMCs (1000) in 100 mL of medium were plated into each
well of the opaque-bottom 96-well plate (Corning). Cells
were allowed to adhere overnight. The next day, the MMCs
were serum starved overnight in DMEM containing 0.1%
heat-inactivated fetal bovine serum. The following day, 100
mL of supernatant from serum-starved podocytes was used
to treat the MMCs. After 24 hours of incubation, cells were
allowed to equilibrate to room temperature for 30 minutes.
Cell viability was then measured by adding 100 mL of
CellTiter-Glo Luminescent Reagent (Promega) to each well,
2146
according to the manufacturer’s protocol. After 10 minutes
of incubation at room temperature, the luminescence of each
sample was measured in a plate-reading luminometer.

Quantification of Fibronectin Production

MMCs (40,000) were plated in each well of a 6-well plate.
Cells were then serum starved overnight in DMEM medium
containing 0.1% heat-inactivated fetal bovine serum. The
following day, serum-starved podocyte medium was added
to the MMCs. Conditioned media from experimental cul-
tures were collected 24 hours after treatment, spun down at
2300 � g for 5 minutes to remove cell debris, and analyzed
by Western immunoblot for fibronectin. Conditioned media
were also diluted 1:10 and quantified in duplicates using a
Fibronectin Mouse ELISA Kit (Abcam) according to the
manufacturer’s protocol.

Assessment of MMC Hypertrophy

MMCs (40,000) were plated in each well of a 6-well plate.
Cells were then serum starved overnight in DMEM medium
containing 0.1% heat-inactivated fetal bovine serum. The
following day, serum-starved podocyte mediumwas added to
the MMCs. MMCs were trypsinized, harvested, and counted
after 48 hours of treatment. An equal number of cells were
lysed with 100 mL of radioimmunoprecipitation assay buffer
by incubating on ice for 30 minutes. After 30 minutes, lysates
were spun down at 16,000 � g for 30 minutes. Supernatants
were transferred to a new tube and quantified using a Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford,
IL) according to the manufacturer’s protocol.

Statistics

Data are given as means � SD. Statistical analyses were
performed using analysis of variance to compare data among
groups and t-tests to determine differences between two
groups. P < 0.05 was considered statistically significant.

Results

Dendrin Ablation Prolongs Survival and Preservation of
Renal Function in Cd2ap�/� Mice

We reported previously the relocation of dendrin to the
podocyte nucleus in murine inflammatory glomerulone-
phritis.11 Now, we found nuclear redistribution of dendrin in
podocytes during disease progression in Cd2ap�/� mice
(Supplemental Figure S1), suggesting that nuclear dendrin
promotes podocyte injury and renal failure in the absence of
CD2AP. To directly test this hypothesis, we generated
Cd2ap-null mice with and without dendrin deletion:
Cd2ap�/�;Ddn�/� and Cd2ap�/�;Ddnþ/þ. Wild-type
littermates (Cd2apþ/þ;Ddnþ/þ) served as controls
(Supplemental Figure S2A). The deletion of dendrin in
ajp.amjpathol.org - The American Journal of Pathology
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Cd2ap�/� mice was confirmed by genotyping PCR
(Supplemental Figure S2B). Because Cd2ap�/� mice die
from renal failure,16 we determined the effect of dendrin
ablation on life span and found that Cd2ap�/�;Ddn�/� mice
survived significantly longer compared to Cd2ap�/�;Ddnþ/þ

littermates (mean life span: Cd2ap�/�;Ddnþ/þ: 8.83 � 0.28
weeks; Cd2ap�/�;Ddn�/�: 13.52 � 0.38; P < 0.001, t-test)
(Figure 1A). No wild-type littermate controls died during the
study period (Figure 1A). To test whether the improved
survival of Cd2ap�/�;Ddn�/� mice resulted from prolonged
preservation of renal function, we assessed serum creatinine
levels. At 3 weeks of age, when proteinuria develops in
Cd2ap�/� mice,16 serum creatinine values were comparable
betweenCd2ap�/�;Ddnþ/þ (0.78� 0.198 mg/mL),Cd2ap�/�;
Ddn�/� (0.72 � 0.086 mg/mL), and wild-type mice (NS,
analysis of variance) (Figure 1B). By contrast, at 6 weeks of
age, Cd2ap�/�;Ddnþ/þ mice had significantly higher mean
serum creatinine levels (4.3 � 0.552 mg/mL) compared to
Cd2ap�/�;Ddn�/� littermates (0.64 � 0.103 mg/mL;
P < 0.001, t-test) (Figure 2B). The simplest interpretation of
these results is that dendrin ablation increases the life span of
Cd2ap�/�mice by delaying the onset of chronic kidney disease
and renal failure.
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Figure 1 Dendrin ablation delays loss of renal function and death of
Cd2ap�/� mice. A: The life span of Cd2ap�/�;Ddn�/� mice is significantly
greater than Cd2ap�/�;Ddnþ/þ and Cd2apþ/þ;Ddnþ/þ littermates. B: At 3
weeks, serum creatinine levels were not different between the three ge-
notypes. At 6 weeks, Cd2ap�/�;Ddnþ/þ mice have significantly greater
mean serum creatinine than Cd2ap�/�;Ddn�/� and Cd2apþ/þ;Ddnþ/þ lit-
termates. C: Proteinuria in Cd2ap�/�;Ddnþ/þ mice commences at 3 weeks
and increases steadily through week 7. Cd2ap�/�;Ddn�/� mice develop
proteinuria at 5 weeks. Data are expressed as means � SD. ***P < 0.001,
analysis of variance.
Dendrin Ablation Delays Onset and Progression of
Proteinuria in Cd2ap�/� Mice

In humans, proteinuria is a risk factor for cardiovascular
disease, kidney failure, and death.3,27e30 Therefore, we
tested whether the beneficial effect of dendrin deletion on
renal function and survival was associated with differences
in the onset, severity, and progression of proteinuria.
Consistent with previous reports,16,31 we first detected
proteinuria at 3 weeks of age in Cd2ap�/�;Ddnþ/þ mice, but
not in Cd2ap�/�;Ddn�/� or wild-type littermate controls
[mean albumin/creatinine ratio (ACR): Cd2ap�/�;Ddnþ/þ,
13.31 � 7.49 mg/mg; Cd2ap�/�;Ddn�/�, 0.126 � 0.085
mg/mg; P < 0.001, analysis of variance] (Figure 1C). By
contrast, in Cd2ap�/�;Ddn�/� mice, we first detected pro-
teinuria at 5 weeks (mean ACR 6.39 � 4.7 mg/mg)
(Figure 1C). Of note, initial ACR in Cd2ap�/�;Ddn�/�

mice was significantly lower when compared to initial ACR
in Cd2ap�/�;Ddnþ/þ or wild-type littermate control at 3
weeks of age (P < 0.05, analysis of variance). Proteinuria
increased steadily in Cd2ap�/�;Ddnþ/þ and Cd2ap�/�;
Ddn�/� mice over time, but mean ACR levels remained
significantly higher at all times in Cd2ap�/�;Ddnþ/þ mice
(5 weeks: Cd2ap�/�;Ddnþ/þ, 104.67 � 21.63 mg/mg;
Cd2ap�/�;Ddn�/�, 6.39 � 4.71 mg/mg; P < 0.001, anal-
ysis of variance) (Figure 1C). In Cd2ap�/�;Ddnþ/þ mice,
proteinuria peaked at 8 weeks (mean ACR, 51.29 � 15.069
mg/mg) compared to 10 weeks in Cd2ap�/�;Ddn�/� mice
(mean ACR, 51.29 � 15.069 mg/mg) (Supplemental
Figure S3A); at this time point, all animals in the Cd2ap�/�;
Ddnþ/þ cohort had already died. These data reveal that
The American Journal of Pathology - ajp.amjpathol.org
genetic deletion of dendrin delays the onset, severity, and
progression of proteinuria in mice lacking CD2AP.
Dendrin Ablation Delays the Development of
Glomerulosclerosis in Cd2ap�/� Mice

Because podocyte injury and loss are central to the patho-
genesis of renal failure and death in Cd2ap�/� mice,17 we
conducted a detailed comparative analysis of renal pathology
in Cd2ap�/�;Ddnþ/þ, Cd2ap�/�;Ddn�/�, and wild-type
littermate control mice. To uncover dendrin-dependent
changes in glomerular disease progression, we assessed
changes in kidney morphology by light microscopy. At 3
weeks of age, glomeruli of Cd2ap�/�;Ddnþ/þ and Cd2ap�/�;
Ddn�/�, but not of wild-type mice, showed mild mesangial
expansion, but no other acute or structural changes
2147

http://ajp.amjpathol.org


Figure 2 Genetic ablation of dendrin delays severity of glomerular and tubulointerstitial injury in Cd2ap�/� mice. A: At 3 weeks of age, Cd2ap�/�;Ddnþ/þ

mice develop mesangial expansion, which is milder in Cd2ap�/�;Ddn�/� mice. By 4 weeks of age, Cd2ap�/�;Ddnþ/þ mice develop segmental glomerulo-
sclerosis, and global glomerulosclerosis and focal collapsing lesions at 5 weeks of age. By contrast, hardly any glomerular lesions are found in Cd2ap�/�;Ddn�/�

mice at 5 weeks. By 6 weeks of age, Cd2ap�/�;Ddnþ/þ mice show extensive chronic changes affecting most glomeruli, whereas Cd2ap�/�;Ddn�/� animals have
significantly fewer glomerular lesions. B: Quantitative analysis of histological changes. Cd2ap�/�;Ddn�/� mice (gray bars) show fewer segmental and global
glomerulosclerosis than Cd2ap�/�;Ddnþ/þ mice (black bars) by 4 and 5 weeks of age; the differences reach statistical significance by 6 weeks. Fewer collapsing
lesions are also seen in 5- and 6-week-old Cd2ap�/�;Ddn�/� mice compared to age-matched Cd2ap�/�;Ddnþ/þ littermates. No interstitial fibrosis and tubular
atrophy (IFTA) is seen in animals at 4 weeks, whereas IFTA is significantly more widespread in Cd2ap�/�;Ddnþ/þ mice at 5 and 6 weeks. Data are expressed as
means � SD. *P < 0.05, **P < 0.01. Scale bar Z 20 mm.
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(Figure 2A). However, starting at 4 weeks of age, non-
sclerosed glomeruli of Cd2ap�/�;Ddnþ/þ mice showed more
mesangial expansion than those of Cd2ap�/�;Ddn�/� mice,
which became even more obvious at 5 weeks of age
(Figure 2A). By 6 weeks of age, the majority of glomeruli in
Cd2ap�/�;Ddnþ/þ kidneys showed chronic glomerular
2148
lesions with advanced chronic tubulointerstitial disease,
whereas most glomeruli in Cd2ap�/�;Ddn�/� kidneys
displayed mesangial expansion, but only a few glomerular
lesions (Figure 2A). By 8 to 12 weeks of age, glomeruli of
Cd2ap�/�;Ddn�/� mice showed chronic glomerular
changes and advanced kidney disease comparable to
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Figure 3 Dendrin ablation ameliorates podocyte injury in Cd2ap�/� mice.
A:At3weeks, Cd2ap�/�;Ddnþ/þmice showwidespread foot process broadening
(FPB), segmental foot process effacement (FPE), microvillous transformation of
the podocyte cell membrane, and focal vacuolization of podocytes. By contrast,
Cd2ap�/�;Ddn�/� mice show only mild FPB at 3 weeks. B: Although Cd2ap�/�;
Ddnþ/þ mice show widespread FPE at 4 weeks, podocyte foot processes are still
mostly preserved with very focal FPE and FPB in Cd2ap�/�;Ddn�/�mice. C: At 5
weeks, podocytes of Cd2ap�/�;Ddnþ/þ mice show diffuse FPE, widespread
microvillous transformationof their cellmembrane, and features of hypertrophy,
characterized by thin and long processes (arrows). In addition, an expanded
mesangial matrix infiltrates the area between the endothelium and the GBM
(asterisk). The glomerular endothelium shows mild loss of fenestrations.
By contrast, there is only segmental FPE and extensive FPB in 5-week-old
Cd2ap�/�;Ddn�/� animals. D: At 6 weeks, both Cd2ap�/�;Ddnþ/þ and
Cd2ap�/�;Ddn�/�mice showwidespread FPE;however, in theCd2ap�/�;Ddnþ/þ

mice, areas of denuded GBM are frequently identified. Scale barZ 2 mm.
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6-week-old Cd2ap�/�;Ddnþ/þ littermates (Supplemental
Figure S3B).

We quantified the light microscopic changes at 4, 5, and 6
weeks of age (Figure 2B). At 4 and 5 weeks, Cd2ap�/�;
Ddn�/� mice showed a lower number of glomeruli with
segmental glomerulosclerosis when compared to Cd2ap�/�

Ddnþ/þ mice, (4 weeks: Cd2ap�/�;Ddn�/�, n Z 3,
0.27% � 0.27%; Cd2ap�/�;Ddnþ/þ, nZ 5, 4.20% � 1.77%,
NS; 5 weeks: Cd2ap�/�;Ddn�/�, n Z 3, 0.69% � 0.37%;
Cd2ap�/�;Ddnþ/þ, nZ 3, 19.15% � 6.16%; NS, t-test). The
Cd2ap�/�;Ddn�/� mice also showed a lower number of
glomeruli with global glomerulosclerosis (4 weeks:
Cd2ap�/�;Ddn�/�, n Z 3, 0% global glomerulosclerosis;
Cd2ap�/�;Ddnþ/þ, n Z 6, 1.97% � 1.6%; NS; 5 weeks:
Cd2ap�/�;Ddnþ/þ, n Z 3, 0%; Cd2ap�/�;Ddnþ/þ, n Z 6,
3.80% � 1.5%; NS, t-test). The differences reached statistical
significance in 6-week-old animals (FSGS:Cd2ap�/�;Ddn�/�,
n Z 3, 11.95% � 7.62%; Cd2ap�/�;Ddnþ/þ, n Z 3,
36.05% � 3.93%; P < 0.05; global glomerulosclerosis:
Cd2ap�/�;Ddn�/�, nZ 3, 2.6%� 2.6%; Cd2ap�/�;Ddn�/�,
n Z 3, 18.96% � 1.96%; P < 0.01, t-test) (Figure 2B).
Although the difference was not statistically significant, we
also counted a lower number of glomeruli with collapsing
lesions in 5- and 6-week-old Cd2ap�/�;Ddn�/� mice, but not
in glomeruli of Cd2ap�/�;Ddnþ/þ littermates of the same ages
(5 weeks: 0%, n Z 3 versus 3.56% � 1.29%, n Z 6; NS; 6
weeks: 2.63% � 1.31%, n Z 3 versus 5.18% � 0.23%; NS,
t-test). Although chronic tubulointerstitial changes were absent
in both groups at 4 weeks, interstitial fibrosis and tubular at-
rophy were significantly more widespread in Cd2ap�/�;
Ddnþ/þ mice at 5 and 6 weeks (5 weeks: 0%, n Z 6 versus
9% � 2.92%, nZ 5; PZ 0.0076; 6 weeks: 8.33% � 3.33%,
n Z 3 versus 33.33% � 3.33%; P < 0.01, t-test) (Figure 2B).

Dendrin Deficiency Delays the Onset of Podocyte Injury
in Cd2ap�/� Mice

Because podocyte injury is central to the pathogenesis of
FSGS,1 we performed a detailed analysis of podocyte
morphology by transmission electron microscopy
(Figure 3). At 3 weeks, podocytes in Cd2ap�/�;Ddnþ/þ

mice showed widespread foot process broadening (FPB),
segmental foot process effacement (FPE), microvillous
transformation of the cell membrane, and focal vacuoliza-
tion. By contrast, Cd2ap�/�;Ddn�/� mice showed only mild
FPB at 3 weeks (Figure 3). At 4 weeks, Cd2ap�/�;Ddnþ/þ

mice showed widespread FPE, whereas individual foot
processes were still mostly preserved in Cd2ap�/�;Ddn�/�

littermates (Figure 3). At 5 weeks, podocytes of Cd2ap�/�;
Ddnþ/þ mice showed diffuse FPE and widespread micro-
villous transformation of their cell membrane, as well as
features of podocyte hypertrophy, which was reflected by
the presence of long, thin extensions of the cell bodies
(Figure 3). In addition, an expanded mesangial matrix
infiltrated the space between the glomerular endothelium
and the GBM (Figure 3). The glomerular endothelium
The American Journal of Pathology - ajp.amjpathol.org
showed mild degenerative changes with loss of fenestra-
tions. By contrast, there was only segmental FPE and FPB
in 5-week-old Cd2ap�/�;Ddn�/� animals. At 6 weeks, both
Cd2ap�/�;Ddnþ/þ and Cd2ap�/�;Ddn�/� mice showed
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Figure 4 Dendrin ablation protects against filter barrier damage in
Cd2ap�/�mice.A: Extensive foot process effacement (FPE) is seen in Cd2ap�/�;
Ddnþ/þ mice as early as 4 weeks of age, progressing to diffuse FPE by 5
weeks. By contrast, Cd2ap�/�;Ddn�/� mice show extensive foot process
broadening, but not diffuse FPE, by 6 weeks of age. B: Semiquantitative
analysis of FPE in Cd2ap�/�;Ddnþ/þ (black bars) and Cd2ap�/�;Ddn�/�

mice (gray bars). 0, no FPE; 1, mild FPE; 2, moderate FPE; 3, extensive
FPE; 4, diffuse FPE. Data are expressed as means � SD. *P < 0.05,
**P < 0.01, and ***P < 0.001. Scale bar Z 2 mm.
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widespread FPE, but only in the Cd2ap�/�;Ddnþ/þ mice
could areas of denuded GBM be frequently identified
(Figure 3). Semiquantitative analysis of the degree of FPE
on a scale from 0 (no FPE) to 4 (diffuse FPE) (Figure 4A)
showed significant differences at all time points analyzed (3
weeks: Cd2ap�/�;Ddnþ/þ, n Z 4, 2.63 � 0.24; Cd2ap�/�;
Ddn�/�, n Z 4, 1.625 � 0.13; P < 0.05; 4 weeks:
Cd2ap�/�;Ddnþ/þ: n Z 4, 2.75 � 0.25; Cd2ap�/�;Ddn�/�,
n Z 4, 1.38 � 0.24; P < 0.01; 5 weeks: Cd2ap�/�;Ddnþ/þ,
n Z 6, 4 � 0; Cd2ap�/�;Ddn�/�, n Z 4, 1.75 � 0.43;
P < 0.0005; 6 weeks: Cd2ap�/�;Ddnþ/þ, n Z 5, 4 � 0;
Cd2ap�/�;Ddn�/�, n Z 5, 2.4 � 0.4; P < 0.005, t-test)
(Figure 4B).

Podocyte Loss in Cd2ap�/� Mice Triggers a Parietal
Epithelial Cell Response, Which Is Delayed in
Cd2ap�/�;Ddn�/� Mice

Podocyte loss triggers a parietal epithelial cell (PEC) reac-
tion in ADR nephropathy32 and in membrane-associated
guanylate kinase, WW and PDZ domain-containing pro-
tein (MAGI)-2edeficient mice.33 Therefore, we tested
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whether PEC activation also occurs in Cd2ap�/� mice and
whether it was delayed in Cd2ap�/�;Ddn�/� mice. We
analyzed the expression of the podocyte marker synapto-
podin and the PEC marker PAX2 at 4, 5, and 6 weeks in
kidneys of wild-type, Cd2ap�/�;Ddnþ/þ, and Cd2ap�/�;
Ddn�/� mice (Figure 5). At 4 weeks, wild-type mice
showed typical distribution of synaptopodin staining along
the GBM throughout the glomerulus, which appeared
weaker but mostly preserved in glomeruli of Cd2ap�/�;
Ddn�/� mice. PAX2 staining was limited to the nuclei of
PECs lining Bowman’s capsule. By contrast, most
glomeruli in Cd2ap�/�;Ddnþ/þ mice showed a strong
reduction in synaptopodin staining, which was confined to
the periphery of the glomerulus (Figure 5A); PAX2 staining
was exclusively present in the parietal epithelium lining
Bowman’s capsule (Figure 5A). At 5 weeks, synaptopodin
staining was severely diminished in Cd2ap�/�;Ddnþ/þ

mice, with complete disruption in areas of segmental glo-
merulosclerosis. By contrast, synaptopodin staining was
preserved in Cd2ap�/�;Ddn�/� mice (Figure 5B).
Concomitantly, PAX2-positive cells consistent with visc-
eralized PECs (vPECs)32 were present on the tuft in areas of
synaptopodin loss in Cd2ap�/�;Ddnþ/þ mice, whereas
PAX2 staining remained confined to PECs lining Bowman’s
capsule in Cd2ap�/�;Ddn�/� mice (Figure 5B). At 6 weeks
of age, similar to observations in ADR nephropathy,32

affected glomeruli of Cd2ap�/�;Ddnþ/þ mice frequently
showed severe loss of synaptopodin staining and extensive
coverage of the glomerular tuft by PAX2-positive vPECs.
By contrast, only a few vPECs were present in focal areas of
synaptopodin loss in Cd2ap�/�;Ddn�/� mice (Figure 5C).
Similar to the ADR model, a transmission electron micro-
graph of a segmental collapsing lesion from a Cd2ap�/�;
Ddnþ/þ mouse demonstrated the attachment of multi-
vacuolated cells, morphologically resembling PECs and
originating from the parietal basement membrane, to areas
of GBM denudation, whereas the remainder of the GBM
was covered by residual, diffusely effaced podocytes with
condensed basal actin (Supplemental Figure S4). These re-
sults indicate that dendrin-induced loss of synaptopodin-
positive podocytes in Cd2ap�/� mice triggers a PEC
response reminiscent of that seen in ADR nephropathy,32

suggesting that tuft coverage by activated vPECs is a
conserved response to extensive podocyte loss. Of note,
genetic ablation of dendrin appeared to slow podocyte loss
and, as a result, delay the ensuing PEC activation in
Cd2ap�/� mice.

Dendrin Ablation Slows Mesangial Volume Expansion
and Podocyte Loss

Dendrin gene silencing reduces podocyte susceptibility to
apoptosis in vitro and Cd2ap�/� mice develop podocyte
apoptosis at the onset of albuminuria.11,31 We detected
podocyte apoptosis in Cd2ap�/�;Ddnþ/þ mice at 3 weeks
by nuclear blebbing and cleaved caspase 3 colocalization
ajp.amjpathol.org - The American Journal of Pathology
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with synaptopodin (Figure 6). No podocyte apoptosis was
detected in Cd2ap�/�;Ddn�/� or wild-type littermates
(Figure 6). Qualitatively by WT1 labeling, Cd2ap�/�;Ddnþ/þ

mice displayed a reduction in podocyte number that was
particularly noticeable at 5 to 6 weeks of age (Supplemental
Figure S5). Podocyte depletion was not detected in Cd2ap�/�;
Ddn�/� mice or wild-type littermates at these time points
(Supplemental Figure S5). Taken together, these findings
suggest that dendrin ablation reduces podocyte loss in
Cd2ap�/� mice by the inhibition of podocyte apoptosis.

To more accurately characterize the contribution of den-
drin to podocyte loss and glomerular disease progression in
an unbiased quantitative fashion, we performed detailed
morphometric analyses of glomerular compartment volumes
using stereological techniques in Cd2ap�/�;Ddnþ/þ and
Cd2ap�/�;Ddn�/� mice, as well as wild-type mice
(Figure 7). Glomerular volume, mesangial volume, podo-
cyte number, and podocyte volume were measured at 3, 4,
The American Journal of Pathology - ajp.amjpathol.org
5, and 6 weeks of age. At 3 weeks, we detected a significant
increase in mean glomerular volume in Cd2ap�/�;Ddnþ/þ

mice (mean, 151,804 � 44,463 mm3) compared to Cd2ap�/�;
Ddn�/� mice (107,831 � 13,648 mm3; P < 0.05, t-test),
which showed a similar mean glomerular volume as wild-type
littermates (90,307 � 17,906 mm3; NS, t-test) (Figure 7A). Of
note, the difference in glomerular volume coincided with a
significant increase in mean mesangial volume in Cd2ap�/�;
Ddnþ/þ mice (46,120� 14,368 mm3) compared to Cd2ap�/�;
Ddn�/� mice (27,297� 4180 mm3; P< 0.05, t-test) and wild-
type littermates (17,035 � 3453 mm3; P < 0.05, t-test)
(Figure 6B). Mean glomerular volume continued to increase
in Cd2ap�/�;Ddnþ/þ mice through 6 weeks, peaking at
252,704 � 51,348 mm3 (Figure 7A). Mesangial volume
continued to increase in all groups, although the increase in
volume for Cd2ap�/�/Ddnþ/þ mice was consistently greater
than in Cd2ap�/�;Ddn�/� littermates (Figure 7B). We also
counted podocyte numbers using the disector/fractionator
principle by which nuclei present in the second section of each
pair, but not present in the first section, were counted
(Supplemental Figure S6). In support of the results in Figure 5
and Supplemental Figure S5, we found a significantly reduced
podocyte number at 5 weeks in Cd2ap�/�;Ddnþ/þ mice
(n � 5: 46 � 20 podocyte nuclei/glomerulus) compared
to Cd2ap�/�;Ddn�/� mice (n� 5: 70� 6; P< 0.05, t-test) or
wild-type littermates (n � 5: 77 � 13; P < 0.05, t-test)
(Figure 6C). Podocyte depletion continued through the
6-week time point, with Cd2ap�/�;Ddnþ/þ mice having a
mean podocyte number of 27 � 6 versus 72 � 2 for
Cd2ap�/�;Ddn�/� mice and 70 � 4 for wild-type littermates
(n � 5; P < 0.01 and 0.004, respectively, t-test) (Figure 7C).
The reduction in podocyte number at 5 weeks was associated
with an increase in mean podocyte volume for remaining cells
in Cd2ap�/�;Ddnþ/þ (n � 5, 1072 � 397 mm3) mice when
compared to Cd2ap�/�;Ddn�/� mice (n > 5574 � 87;
P < 0.05, t-test) and wild-type littermates (n � 5, 463 � 111;
Figure 5 Dendrin deletion protects against podocyte loss-induced
tuft epithelialization by activated parietal cells. A: At 4 weeks, syn-
aptopodin (Synpo) staining is lost in the central part of the glomeruli in
Cd2ap�/�;Ddnþ/þ mice, but mostly preserved in glomeruli in Cd2ap�/�;
Ddn�/� mice, similar to the pattern seen in wild-type mice. PAX2
staining is limited to parietal along Bowman’s capsule in all glomeruli
shown. B: At 5 weeks, Cd2ap�/�;Ddnþ/þ mice show further loss of Synpo
staining with complete absence from areas of segmental sclerosis
(asterisk). In the sclerotic segments, PAX2-positive epithelial cells
[visceralized parietal epithelial cells (vPECs)] populate the tuft (ar-
rows). By contrast, Synpo expression is mostly preserved in Cd2ap�/�;
Ddn�/� glomeruli that are largely devoid of sclerosis. Correspondingly,
PAX2 staining is limited to the parietal epithelium of Bowman’s capsule,
indicating that vPECs are absent from the tuft. C: At 6 weeks of age,
Synpo staining is severely diminished in glomeruli of Cd2ap�/�;Ddnþ/þ

mice, with multifocal tuft adhesion and population of the tuft by PAX2-
positive vPECs (arrows). Although mesangial expansion becomes more
abundant in Cd2ap�/�;Ddn�/� mice, Synpo staining is notably dimin-
ished and absent in areas of segmental sclerosis (asterisk). The
segmentally sclerosed segment also shows focal population by PAX2-
positive vPECs (arrows). Scale bar Z 20 mm.
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Figure 6 Dendrin ablation inhibits podocyte apoptosis in Cd2ap�/� mice. Three-week-old Cd2ap�/�;Ddnþ/þ mice show podocyte apoptosis as detected by
nuclear blebbing and cleaved caspase 3 staining that colocalizes with synaptopodin. Apoptosis is not detected in the podocytes of wild-type and Cd2ap�/�;
Ddn�/� littermates. The insets show the boxed areas at higher magnification. Scale bar Z 50 mm.
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P < 0.05, t-test) (Figure 7D). Given the early increase in
glomerular volume and subsequent decrease in podocyte
number in Cd2ap�/�;Ddnþ/þ mice, we also determined
podocyte density during disease progression. The increase in
mean glomerular volumes at 3 weeks resulted in a lower
calculated podocyte density in Cd2ap�/�;Ddnþ/þ mice
(0.00058 � 0.00015 podocyte nuclei/mm3) compared to wild-
type littermates (0.00080 � 0.0009; P < 0.05, t-test) and
Cd2ap�/� Ddn�/� mice (0.00067 � 0.0015; NS, t-test)
(Figure 7E). At this time point, the decrease in podocyte
density was due to the aforementioned increase in mean
mesangial and glomerular volumes because mean podocyte
numbers were not significantly different (Figure 7, B and C).
Overall, Cd2ap�/�;Ddnþ/þ mice consistently had a lower
podocyte density than Cd2ap�/�;Ddn�/� and wild-type lit-
termates from week 3, with this difference reaching statistical
significance compared to Cd2ap�/�;Ddn�/� mice at week 4
(P < 0.005, analysis of variance) (Figure 7E). These findings
are important, because a reduction in podocyte density can
cause glomerular disease progression.34,35 It was also at 5
2152
weeks that the average podocyte volume forCd2ap�/�Ddnþ/þ

mice became significantly greater than that for wild-type
(P < 0.05, t-test) and Cd2ap�/�/Ddn�/� (P < 0.05, t-test)
littermates (Figure 7D). The simplest interpretation of these
results is that mesangial expansion precedes podocyte loss in
Cd2ap�/� mice, and that both processes are dendrin
dependent. Notably, mesangial and average podocyte
volumes could not be measured beyond week 5 for Cd2ap�/�/
Ddnþ/þ mice because severe sclerosis precluded accurate
demarcation of glomerular compartment boundaries.

Cathepsin L Is Not Expressed in Podocytes in Cd2ap�/�

Mice

It has been previously postulated that dendrin may be a
transcription factor driving cathepsin L expression in
Cd2ap�/� mice.13 To test this hypothesis, we analyzed
cathepsin L expression by immunohistochemistry in 5-week-
old Cd2ap�/�;Ddnþ/þ, Cd2ap�/�;Ddn�/�, and wild-type
littermate control mice. Cathepsin L staining was absent
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Stereological analysis confirms pro-
tection of dendrin ablation against glomerular hy-
pertrophy and podocyte loss. A: Glomerular volume is
consistently greater in Cd2ap�/�;Ddnþ/þ mice
compared to Cd2ap�/�;Ddn�/� and Cd2apþ/þ;
Ddnþ/þ littermates, as early as 3 weeks. B: Beginning
at 3 weeks, mesangial volume is significantly
increased in Cd2ap�/�;Ddnþ/þ mice. C: Podocyte
number decreases in Cd2ap�/�;Ddnþ/þ mice begin-
ning at week 5. D: Average podocyte volume in-
creases significantly in Cd2ap�/�;Ddnþ/þ mice at
week 5. E: Podocyte density is significantly decreased
in Cd2ap�/�;Ddnþ/þ mice beginning at week 4. Data
are expressed as means� SD. *P< 0.05, **P< 0.01,
and ***P < 0.001 comparing Cd2ap�/�;Ddnþ/þ

versus Cd2ap�/�;Ddn�/� or Cd2apþ/þ;Ddnþ/þ lit-
termates by analysis of variance.
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from podocytes in all three phenotypes (Supplemental
Figure S7). By contrast, we detected cathepsin L staining
in some proximal tubular cells in Cd2ap�/�;Ddnþ/þ, but
not in Cd2ap�/�;Ddn�/� mice or wild-type littermates
(Supplemental Figure S7). These data suggest cathepsin L in
podocytes does not contribute to glomerular disease pro-
gression in Cd2ap�/� mice.

A Dendrin-Regulated Soluble Factor Controls
Fibronectin Secretion by Mesangial Cells

Increased expression of the key mesangial matrix compo-
nent fibronectin has been described in mouse models of
glomerulosclerosis, including Cd2ap�/� mice.16,36 Because
ablation of dendrin in podocytes reduces mesangial expan-
sion (Figure 7B), we examined whether this was associated
with changes in mesangial fibronectin abundance by
immunohistochemistry. We found increased fibronectin
expression in the mesangial matrix in 4- and 5-week-old
Cd2ap�/�;Ddnþ/þ mice. This up-regulation of fibronectin
was dendrin dependent because it was absent in Cd2ap�/�;
Ddn�/� mice (Figure 8A). CD2AP and dendrin are
expressed in podocytes, but not in mesangial cells, hinting
that the observed effects of dendrin on mesangial volume
and fibronectin expression could be regulated by a
podocyte-secreted soluble factor. To directly test this hy-
pothesis, we analyzed the effect of conditioned medium
derived from CD2AP-depleted, dendrin-depleted, CD2AP
The American Journal of Pathology - ajp.amjpathol.org
and dendrineco-depleted podocytes, as well as nonsilencing
control shRNA-expressing podocytes (Figure 8B), on
fibronectin production by cultured MMCs. We found that
conditioned medium from dendrin-depleted or CD2AP and
dendrineco-depleted podocytes markedly reduced fibro-
nectin protein abundance in supernatants harvested from
MMCs (Figure 8C). Fibronectin expression was not detec-
ted in 0.1% fetal calf serum media harvested from untreated
MMCs (Figure 8C). The quantification by fold densitometry
relative to fetal calf serum media alone confirmed that
dendrin depletion or co-depletion of dendrin and CD2AP in
podocytes significantly reduced fibronectin production by
MMCs (6.36 � 1.96 and 4.57 � 0.94, respectively) when
compared to CD2AP-depleted (10.17 � 2.71) or non-
silencing shRNA (9.56 � 2.21) expressing podocytes (n Z
9; P < 0.05 for CD2AP-depleted compared to dendrin-
depleted or CD2AP and dendrineco-depleted studies,
t-test) (Figure 8D). We did not detect a significant difference
in MMC-derived fibronectin production between condi-
tioned media from dendrin-depleted and dendrin and
CD2APeco-depleted podocytes (n Z 9; NS, t-test). To
confirm these results with an independent quantitative
biochemical approach, we measured fibronectin protein
abundance in mesangial cell supernatants using a commer-
cial mouse fibronectin enzyme-linked immunosorbent assay
kit (Figure 8E). Consistent with the Western blot results
(Figure 8D), media from dendrin-depleted as well as den-
drin and CD2APeco-depleted podocytes induced
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Figure 8 A dendrin-regulated podocyte-secreted factor increases mesangial fibronectin production. A: Immunohistochemistry reveals increased mesangial
fibronectin expression in Cd2ap�/�;Ddnþ/þ mice compared to Cd2ap�/�;Ddn�/� and wild-type littermate controls. B: Western blot analysis shows the degree
of protein depletion in podocytes expressing shRNAs that target CD2AP or dendrin or both; C: Western blot analysis of fibronectin expression in mesangial cell
supernatant after incubation with fetal calf serum (FCS) or the indicated conditioned podocyte supernatants. D: Densitometry quantification of fibronectin
expression. E: Enzyme-linked immunosorbent assay quantification of fibronectin expression. Data are expressed as means � SD. *P < 0.05. Scale barZ 20 mm.
scr, nonsilencing control shRNA; WT, wild type.
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significantly less fibronectin production by MMCs
(3.78 � 1.50 and 3.96 � 1.15, respectively) when compared
to CD2AP-depleted (5.57 � 1.51) or nonsilencing shRNA
(5.32 � 1.25) expressing podocytes (n Z 4; P < 0.05 for
CD2AP-depleted compared to either dendrin-depleted or
CD2AP and dendrineco-depleted studies, t-test) (Figure 8E).
Of note, dendrin depletion or co-depletion of dendrin and
CD2AP did not affect MMC hypertrophy or proliferation
(Supplemental Figure S8, A and B). These results suggest that
dendrin drives the release of a soluble factor by podocytes that
increases fibronectin production in mesangial cells, thereby
altering the composition of the mesangial matrix in Cd2ap�/�

mice.
Discussion

Building on seminal studies by Rennke and colleagues,37

work from many groups over the last 25 years has pro-
vided compelling evidence that prolonged podocyte injury
is the driving force underlying the progression of proteinuric
kidney diseases toward ESKD.1 However, to date, little
progress has been made toward targeting injurious podocyte
2154
signaling to prevent glomerular disease progression. Here,
we show that podocyte protection by ablating dendrin
signaling is a valid strategy to delay ESKD and death.
Importantly, our proof-of-concept study raises the hope that
inhibition of pathogenic dendrin signaling in podocytes can
be harnessed to delay the loss of kidney function, and the
ensuing dialysis-related morbidity and mortality in patients.
More than a decade after the initial description of

Cd2ap�/� mice,16 the precise mechanisms of kidney disease
progression have not been revealed. Here, we show that
similar to ADR nephropathy32 and MAGI-2edeficient
mice,33 Cd2ap�/� mice develop light microscopically
detectable glomerular lesions by 5 weeks of age, with
recruitment of PAX2-positive vPECs to injured tuft seg-
ments devoid of synaptopodin expression. Importantly,
these changes can be delayed by dendrin ablation. Signifi-
cant attention has been recently directed toward under-
standing the pathogenesis and significance of PECs in
glomerular disease.38e40 There is evidence that they
contribute to the pathogenesis of cellular crescents in cres-
centic glomerulonephritis,41 pseudocrescents in collapsing
glomerulopathy,42 and sclerotic lesions in FSGS.43

Conversely, a subset of podocytes are derived from PECs
ajp.amjpathol.org - The American Journal of Pathology
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Figure 9 Dual role for dendrin in glomerular disease progression.
Genetic deletion of Cd2ap induces nuclear relocation of dendrin, which
leads to mesangial volume expansion and increased mesangial fibronectin
that is driven by a dendrin-regulated podocyte-secreted factor. Nuclear
dendrin also causes direct podocyte injury, leading to proteinuria and foot
process effacement (FPE) and, at a later stage, to podocyte loss, thereby
furthering the progression of glomerular disease to renal failure and death
of the animals.

Dendrin Ablation Improves Renal Survival
in juvenile mice, raising the possibility of a podocyte pro-
genitor role under disease conditions, although a functional
contribution of PEC-derived epithelial cells to glomerular
filtration has not been shown in the adult stage.44 Our results
do not clarify whether the PECs we identified are contrib-
uting to injury or serve in a regenerative capacity because
PAX2 labeling does not distinguish well-described PEC
subpopulations.39 Our finding that PAX2 expression in the
glomerular tuft coincided with the onset of podocyte
depletion in Cd2ap�/� mice suggests that PEC recruitment
to the glomerular tuft represents a general response to
podocyte loss, independent of the underlying cause of
podocyte injury.

Using detailed stereology, we were able to reveal the
temporal relationship of three distinct, dendrin-regulated,
The American Journal of Pathology - ajp.amjpathol.org
pathological changes (Figure 9): i) proteinuria with con-
current ultrastructural foot process changes; ii) mesangial
volume expansion; and iii) loss of podocytes with ensuing
hypertrophy of remaining podocytes. Glomerular volume
increase with mesangial expansion represents an early
structural change in Cd2ap�/� mice; it can be detected as
early as 3 weeks of age and coincides with the onset of
proteinuria and early podocyte foot process changes.
Importantly, at this stage, podocyte numbers are normal.
Significant podocyte depletion does not occur until 2 weeks
later (5 weeks of age) and is accompanied by hypertrophy of
the remaining podocytes. These pathogenic changes are
dendrin mediated because dendrin ablation significantly
slowed proteinuria, ultrastructural foot process changes,
mesangial volume expansion, podocyte depletion, devel-
opment of glomerulosclerosis, and renal failure, thereby
increasing the life span of Cd2ap�/� mice. A direct versus
mediated role for dendrin in these diverse and complex
pathogenic consequences will need to be carefully consid-
ered in future studies.

Nuclear relocation of dendrin promotes apoptosis of
podocytes in vitro,11 which can be blocked by dendrin
depletion or YAP-mediated inhibition of dendrin
signaling.12 Now, we find a beneficial effect of dendrin
ablation on podocyte survival in vivo, thereby confirming
the previous in vitro data and underscoring the in vivo
relevance of studying podocyte cell death mechanisms. Of
note, the observed triple effect of dendrin ablation on
podocyte loss as a late event, but also on proteinuria/
structural foot process changes and mesangial volume
expansion as early events preceding podocyte loss, suggests
that targeting pathogenic dendrin signaling should offer a
superior therapeutic benefit compared to targeting of cell
death mechanisms, eg, blocking apoptosis, which would be
expected to have undesired systemic side effects. This
notion is further supported by the observation that dendrin is
not an essential protein; dendrin deletion has no adverse
effect at baseline,15 making dendrin blockade an attractive
therapeutic target.

The identification of a dendrin-dependent podocyte to
mesangial cell signaling axis that increases fibronectin
production by mesangial cells offers a novel mechanism for
glomerular disease progression through intraglomerular
crosstalk between injured podocytes and mesangial cells,
similar to recently described podocyte glomerulare
endothelial cell crosstalk.45 The observed effect of dendrin
on mesangial volume and matrix composition raises the
intriguing possibility that mesangial matrix changes seen in
other renal diseases, most importantly diabetic nephropa-
thy46 or TGF-b transgenic mice,47 are also a consequence of
primary podocyte injury, further supporting the notion that
prevention of podocyte injury represents a key event in the
prevention of renal disease progression to ESKD. Future
studies will be required to test whether dendrin plays a
role in diabetic nephropathy. Additional studies will also
be necessary to reveal the molecular identity of the
2155
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podocyte-secreted factor(s) responsible for increasing
mesangial fibronectin secretion.

In conclusion, genetic ablation of dendrin significantly
prolongs preservation of kidney function, thereby increasing
the life span of Cd2ap�/� mice (Figure 9). In addition to
mediating proteinuria and podocyte loss, nuclear dendrin pro-
motes the release of podocyte-secreted factor(s) that induce
fibronectin secretion frommesangial cells, thereby contributing
to mesangial matrix expansion occurring in conjunction with
early structural podocyte changes. Our results suggest that in-
hibition of nuclear dendrin signaling or rerouting of dendrin
from the nucleus to the cytoplasm may be a promising starting
point for the development of podocyte-protective therapies
aimed at delaying the loss of renal function and the need for
renal replacement therapy, which is associated with high
mortality and tremendous financial costs.
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