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Blood pressure influences end-stage renal
disease of Cd7157 knockout mice

Norman Sachs,! Nike Claessen,?2 Jan Aten,2 Maaike Kreft,! Gwendoline J.D. Teske,?
Anneke Koeman,3 Coert J. Zuurbier,® Hans Janssen,’ and Arnoud Sonnenberg'

'Division of Cell Biology, The Netherlands Cancer Institute, Amsterdam, The Netherlands. 2Department of Pathology and *Department of Anesthesiology,
Academic Medical Center (AMC), University of Amsterdam, Amsterdam, The Netherlands.

Podocytes of the kidney adhere tightly to the underlying glomerular basement membrane (GBM) in order
to maintain a functional filtration barrier. The clinical importance of podocyte binding to the GBM via an
integrin-laminin-actin axis has been illustrated in models with altered function of 031 integrin, integrin-
linked kinase, laminin-521, and o-actinin 4. Here we expanded on the podocyte-GBM binding model by show-
ing that the main podocyte adhesion receptor, integrin 0381, interacts with the tetraspanin CD151 in situ in
humans. Deletion of Cd151 in mouse glomerular epithelial cells led to reduced adhesive strength to laminin
by redistributing 0301 at the cell-matrix interface. Moreover, in vivo podocyte-specific deletion of Cd151 led
to glomerular nephropathy. Although global Cd151-null B6 mice were not susceptible to renal disease, as has
been shown previously, increasing blood and transcapillary filtration pressure induced nephropathy in these
mice. Importantly, blocking the angiotensin-converting enzyme in renal disease-susceptible global Cd151-null
FVB mice prolonged their median life span. Together, these results establish CD151 as a crucial modifier of
integrin-mediated adhesion of podocytes to the GBM and show that blood pressure is an important factor in

the initiation and progression of Cd151 knockout-induced nephropathy.

Introduction

The human kidney produces approximately 180 I of filtrate per
day, forced through the glomerular filtration barrier along a
transcapillary pressure gradient. Podocytes, which line the outer
aspects of the glomerular basement membrane (GBM), are there-
fore exposed to considerable mechanical stress. In order to main-
tain a functional filtration barrier, podocytes must counteract
(pathological) pressure gradients by adhering strongly to the GBM
(1). Podocyte adhesion is primarily mediated by the extracellular
engagement of heterodimeric integrin a3f1 to the GBM compo-
nent laminin-521. Subsequent intracellular coupling to the actin
cytoskeleton provides mechanical reinforcement. The importance
of an intact GBM-integrin-actin axis is illustrated by glomerular
diseases in mice with podocyte-specific genetic ablation of Itga3
(2), Irgbl (3, 4), and integrin-linked kinase (5, 6) as well as Pier-
son syndrome and focal segmental glomerulosclerosis in humans,
which are caused by mutations in laminin-521 and a-actinin 4,
respectively (7, 8). In contrast, the contribution of dystroglycan
to podocyte adhesion seems minor, as podocyte-specific Dagl-
knockout mice do not display glomerular pathology or aggravate
the renal phenotype of Itga3-null animals (9). Mice deficient for
the tetraspanin Cd151 develop kidney abnormalities similar to,
albeit less severe than, those of mice with podocyte-specific Itga3
knockout (2, 10). Importantly, only mice bred onto certain genetic
backgrounds (e.g., FVB, 129P2/FVB) exhibit renal pathology in the
absence of Cd151, whereas other strains (e.g., 129Sv, C57BL/6) are
resistant, indicative of the presence of genetic modifiers (2, 10, 11).
Functionally, Cd151 has been suggested to alter a3B1-mediated
adhesion and/or to influence maturation of the GBM (2, 10). In
humans, a rare frameshift mutation in CD151 causes hereditary
nephritis in association with localized skin blistering, sensorineu-
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ral deafness, and B-thalassemia minor (12). Subcellularly, CD151
associates with the integrins a3 (13) and a6 (14), which both bind
laminin and are required for epithelial integrity (15-17). The
interaction with a3 1 is highly stoichiometric and depends on an
extracellular Gln-Arg-Asp (QRD) sequence in CD151 (13). CD151
is able to increase the laminin-511/521-binding activity of 0.3 in
liposome-binding assays in vitro (18). However, to our knowledge,
whether podocyte CD151 forms a functional complex with a3 and
alters integrin-mediated adhesion in vivo has not previously been
established. Here, we addressed these questions and showed that
kidney failure caused by the absence of Cd151 can be ameliorated
by decreasing mechanical stress imposed on podocytes.

Results
CD151 and a3 bind at the basal site of human podocytes in vivo. The
interaction between CD151 and a3 is well established in vitro,
and both proteins are strongly expressed in podocytes (13, 15, 19).
To investigate whether renal CD151 binds a3 in vivo, cryosections
of healthy human kidneys were subjected to immunofluorescence
analysis. CD151 strongly colocalized with 03 in the glomerular
epithelium (Figure 1A). Using an in situ proximity ligation assay
(PLA), we verified that the 2 proteins interacted in podocytes (Fig-
ure 1B). In fetal human kidneys, we found that CD151-a.3 com-
plex formation increased after the early capillary loop stage of
developing glomeruli, which correlated with increased expression
of the 2 molecules (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI58878DS1).
Using immunogold transmission electron microscopy, we found
CD151 to be distinctly enriched at the basal site of podocyte foot
processes that contact the GBM (Figure 1C).

Podocyte-specific CD151 knockout mice develop kidney abnormali-
ties. To further elucidate the role of podocyte CD151, we gener-
ated mice with podocyte-specific conditional knockout of Cd151
(referred to herein as Cd151" mice; Supplemental Figure 2) and
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crossed them with mice expressing the Cre recombinase under
control of the human podocin promoter (2.5P-Cre mice; ref. 20),
generating Cd15172.5P-Cre* and Cd1517/;2.5P-Cre- mice on an
FVB (N6) background. Urine analysis of 4- to 14-week old mice by
SDS-PAGE and albumin ELISA revealed albuminuria only in the
Cd15177;2 5P-Cre* mice (Figure 2A), indicative of a dysfunctional
filcration barrier. As shown in Figure 2B, we regularly observed
ultrastructural defects in Cd151-deficient podocytes (abnormally
broad foot processes) as well as in the adjacent GBM (focally
thick and irregular) of 7-week-old animals. These conditions were
similar to those previously observed in Cd1517/~ mice (2). The
morphological kidney abnormalities in Cd151%//;2.5P-Cre* mice
progressively worsened: whereas 5-week-old mice displayed GBM
irregularities in few glomeruli, at 23 weeks of age, most glomeruli
were affected, and first proteinaceous casts were present. At 11-12
months of age, glomerulosclerosis and dilated tubuli containing
proteinaceous casts were present throughout the entire kidney
cortex, and mice had to be sacrificed due to excessive loss of body
weight and/or peritoneal edema. In contrast, Cd151#%;2.5P-Cre- lit-
termates were without pathological findings for up to 16 months.
(Supplemental Figure 3 and Figure 2C). Cell-matrix anomalies in
Cd151f;2.5P-Cre* mice were confirmed by the altered distribu-
tion of nidogen and podocin (Figure 2D). Loss of podocytes by
detachment seemingly did not precede the development of glo-
merulosclerosis in Cd151%/;2.5P-Cre* mice, as has been observed
elsewhere (1, 21). However, podocyte numbers were significantly
decreased in older Cd1517/;2.5P-Cre* mice, coinciding with the
appearance of sclerosed glomeruli (Supplemental Figure 4).
Another CD151-binding integrin that has previously been sug-
gested to maintain the filtration barrier is a6p4 (14, 22). However,
podocyte-specific deletion of Itgh4 did not cause kidney defects in
mice (Supplemental Figure 5). We conclude that the kidney abnor-
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Figure 1

CD151 binds to a3 at the cell-matrix inter-
action site of human podocytes in vivo. (A)
Colocalization of CD151 and integrin a3
in a glomerulus of a human kidney cryo-
section, shown by immunofluorescence.
(B) Strongly positive in situ PLA of CD151
and a3 in a human glomerulus along with
positive (a3/p1) and negative controls
(a3 and CD151 with appropriate control
1gGs). (C) Transmission electron micro-
graph showing immunogold-labeled
CD151 enriched at the basal membrane
of podocyte foot processes (FP) in con-
tact with the GBM. Scale bars: 50 um (A
and B), 500 nm (C).

a3/p1

malities observed in Cd1517~ FVB mice were mainly caused by the
absence of Cd151 in podocytes. We furthermore noted thatlack of
a6p4 in podocytes (unlike a3f1) did not result in kidney failure.
CD151 strengthens a.3-mediated adbesion of glomerular epithelial cells
in vitro. Cd151-positive glomerular epithelial cells (GECs) were
isolated from a Cd151%%;Trp53*~ mouse by Dynabead perfusion
(23), and floxed Cd151 alleles were recombined to generate the
Cd151-deficient GEC line (Figure 3, A-D). Expression of CD151 in
Cd151-negative GECs was rescued with human wild-type CD151
and human CD151 in which the integrin-binding sequence QRD
at position 194-196 was mutated to INF (Figure 3E and ref. 24).
Cell surface expression of the integrin subunits a2, a3, a6, f1,and
4 was equal in all cell lines (Supplemental Table 1). To elucidate
how CD151 regulates adhesion at a cellular level, we performed
spreading and short-term adhesion assays. Neither the percentage
nor the area of spread cells on a laminin-332-rich matrix differed
significantly between Cd151-positive and -negative GECs (Figure
4A). Additionally, the number of cells adhering to this matrix after
15 minutes was similar for all 4 GEC lines (~10% of cells spread;
Figure 4B). Because podocytes in vivo are fully spread and must
withstand transcapillary filtration pressure, we next applied shear
stress to GECs with or without Cd151 spread on a laminin-332-
rich matrix and quantified cellular detachment. Cd151-negative
GECs showed a substantially reduced tolerance to shear stress
compared with Cd151-positive GECs. The human wild-type res-
cue construct, but not the mutated integrin-binding sequence,
conferred shear stress tolerance to Cd151-negative GECs similar
to that observed for Cd151-positive GECs (Figure 4C). Thus, we
concluded that adhesion strengthening depends on the integrin-
binding function of CD151. As shown in Figure 4D, the adhesion
benefit of CD151 on GECs was matrix specific, because no differ-
ence was observed in 50% detachment (tso) of Cd151-positive ver-
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Figure 2

Cd151%M:2 5 P-Cre+ mice develop glomerulosclerosis. (A) Massive albuminuria in 4- to 14-week-old Cd157%,2. 5P-Cre* mice, but not in wild-type
littermates. Shown is Coomassie blue—stained protein gel of 1 ul urine/lane and ELISA for murine albumin present in 24-hour urine collections. (B)
Transmission electron micrograph showing the filtration barriers of 7-week-old wild-type and Cd151%#,2 5P-Cre* littermates. Ultrastructural abnor-
malities in the latter included abnormally broad foot processes (arrowheads) and an irregularly thickened GBM (asterisks). (C) PasD staining of
the kidney cortex of a 51-week-old Cd157%;2 5P-Cre* mouse, but not of a 71-week-old wild-type mouse, revealed widespread glomerulosclerosis
(arrowheads) and dilated tubuli containing proteinaceous casts (asterisks). Massive depositioning of GBM material was demonstrated by Jones
silver staining. (D) Cryosections of glomeruli stained for nidogen and podocin to visualize GBM and podocyte abnormalities in Cd157#,2 5P-Cre*
mice. Scale bars: 1 um (B), 500 um (C, top; insets enlarged x2.5), 50 um (C, bottom), 20 um (D), 5 um (insets of C, bottom, and D).

sus Cd151-negative GECs when cells were allowed to adhere onto
collagen I. Therefore, CD151 did not seem to influence adhesion
mediated by the collagen-binding integrin a2f1. To determine
whether the adhesion-strengthening function of CD151 on lam-
inin-332 is dependent on cell-cell junctions or on an intact actin
cytoskeleton, we pretreated the cells with EGTA or cytochalasin D,
respectively. In both cases, the absence of Cd151 resulted in
approximately 35% lower shear stress tolerance (Figure 4D), simi-
lar to the reduction seen in untreated cells. Pretreating GECs with
Mn?* to activate integrins (25) could not overcome the adhesion
defects of Cd151-negative GECs. Additionally, blocking the lam-
inin-binding function of integrins 061 and a6p4 in Cd151-posi-
tive GECs did not significantly decrease their adhesion strength
(Figure 4D). Having excluded integrin activation and a.6-medi-
ated podocyte adhesion as possible mechanisms for the action of
350
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Cd151 on adhesion strengthening in our model, we hypothesized
that the cell surface distribution of a3 might be altered. Indeed,
total internal reflection fluorescence (TIRF) microscopic analysis
of GECs with or without Cd151 seeded on laminin-332-rich matrix
showed that a3 was prominently present in large focal adhesions
in Cd151-negative GECs, whereas these adhesion structures were
devoid of a3 in Cd151-positive GECs (Figure 5A). Also in vivo, a3
localization was visibly impaired at the podocyte-GBM interface in
Cd1517f mice bred on a mixed B6/FVB background, which lacked
albuminuria and glomerulosclerosis (Figure 5B). Thus, we con-
cluded that Cd151 strengthens integrin a3-mediated adhesion of
GECs in vitro, most likely by changing the distribution of a3 at
the cell-matrix interface.

Deoxycorticosterone acetate/high-salt treatment of Cd151-null B6 mice
induces albuminuria. Whether Cd1517/- mice develop nephropathy
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Generation and characterization of GECs with or without Cd757. (A) GECs isolated from an adult Cd7151%;Trp53+- mouse. (B) Cell surface
expression of Cd151 was absent after Cre-mediated recombination in vitro, as shown by FACS. GEC+, Cd157-positive GECs; GEC-, Cd157-
negative GECs. (C) Immunofluorescent analysis of confluent Cd757-positive and -negative GEC monolayers showing similar cell size as well
as comparable actin, nephrin, podocin, and cadherin distribution. (D) Western blot analysis of whole cell lysates (WCL) showing absence of
Cd151 in the Cd157-negative GECs and CD151 being coimmunoprecipitated with a3 in Cd7157-positive, but not Cd757-negative, GECs. (E)
Western blot analysis of immunoprecipitations of a3 and FLAG-tagged human CD151 rescue constructs. CD151 coimmunoprecipitated with
a3 only when the QRD integrin-binding motif was intact. GEC-reWT, Cd7157-negative GECs rescued with human wild-type CD151; GEC-reQRP",
Cd151-negative GECs rescued with the mutated '**QRD-INF'9¢ sequence of human CD151. Scale bars: 100 um (A, top, and C, triple stain),

25 um (A, bottom, and C, single stains).

greatly depends on the genetic background: absence of Cd151
causes kidney failure in mice on a mixed 129P2/FVB or FVB con-
genic background (2, 10), whereas its absence in B6 mice does not
result in detectable kidney abnormalities (10, 11, 26). Since lack
of Cd151 resulted in reduced resistance to shear stress in vitro, we
hypothesized that mechanical forces imposed on podocytes in vivo
might differ between FVB and B6 mice. To test this further, car-
diac parameters were measured under pentobarbital anesthesia in
8-week-old wild-type B6 and FVB mice. As shown in Supplemental
Table 2, systolic blood pressure, heart rate, and dried heart weight
moderately decreased in B6 versus FVB mice. We predicted that
a systemic increase in the blood pressure of Cd151-null B6 mice
would considerably increase transcapillary filtration pressure,
leading to nephropathy. Thus, we next generated B6 congenic
Cd1517/- mice. In agreement with the findings from the groups
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of Ashman and Hemler (10, 11, 26), these mice were healthy for
10 months and did not display any kidney abnormalities (Supple-
mental Figure 6). We uninephrectomized 7-week-old Cd151** and
Cd1517- B6 mice and 2 weeks later implanted 60-day release pellets
carrying 150 mg deoxycorticosterone acetate (DOCA) subcutane-
ously in addition to offering saline for drinking water. No albu-
minuria was observed in either group after nephrectomy; however,
after DOCA/high-salt treatment, Cd1517/~ B6 mice developed sig-
nificant albuminuria, whereas Cd151%* B6 mice showed a modest
increase in urine albumin levels (Figure 6A). Histological analysis
of Cd151** B6 kidneys revealed partial tubular dilation as a con-
sequence of DOCA/high-salt treatment, but no signs of glomeru-
losclerosis or proteinuria. In contrast, proteinaceous casts were
regularly identified in the remaining Cd1517~ B6 kidneys after the
experiment (Figure 6B). Taken together, these data showed induc-
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Spreading and adhesion assays using GECs with or without Cd757. (A) No differences were observed between Cd157-positive and -negative
GECs with respect to percentage and area of spread cells on a laminin-332—rich matrix (analysis of approximately 150 cells of 2 independent
experiments). (B) The presence or absence of wild-type or mutant CD151 did not affect initial adhesion of GECs to a laminin-332—rich matrix
(averages of 6 independent experiments, 1-way ANOVA). (C) Adhesion strengthening assay as described by Boettiger (44). The detachment
profiles for GECs with or without Cd757 adhering to laminin-332-rich matrices were fitted to sigmoid curves to obtain the shear stress values
equivalent to tso. Deletion of Cd757 resulted in approximately 33% lower shear stress tolerance, which was rescued upon reexpression of
human wild-type CD151, but not upon expression of the integrin-binding mutant. Shown are detachment curves of a single representative
experiment and averaged ts values of 5 independent experiments (1-way ANOVA). (D) The difference in adhesion strength depended on the
extracellular matrix used, but not on the presence of cell-cell junctions, the actin cytoskeleton, or activated integrins. Whereas Cd7157-positive
and -negative GECs adhered equally strongly to 3 ug/ml collagen I, initially observed differences on laminin-332 were maintained after pre-
treatment with EGTA (w/o Ca?*; 5 mM for 2 hours), cytochalasin D (1 uM for 30 minutes), or Mn2+ (1 mM in TBS for 5 minutes). Pretreatment or
Cd151-positive GECs with integrin a6 blocking Ab GoH3 (2 ug/ml for 2 hours) only marginally decreases adhesion strength (averages of 3-5
discs per condition, Student’s t test). *P < 0.05; **P < 0.01.
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Cd151 influences localization of a3 in vitro and in vivo. (A) TIRF microscopy of GECs seeded on laminin-332 showed integrin a3 in large vinculin-
positive focal adhesions only in the absence of Cd151 (arrowheads). (B) Absence of Cd151 in podocytes of healthy 12-week-old B6/FVB mice
led to diffuse membranous distribution of a3. Recombination of the mT/mG reporter allele and subsequent expression of membrane-targeted
GFP was indicative of Cre activity and outlined podocyte membranes. Scale bar: 100 um (B, top row), 20 um (A and B, bottom rows).

tion of albuminuria in normally resistant Cd1517/~ B6 mice by sys-
temically increasing blood pressure.

Blocking the angiotensin-converting enzyme in Cd151-null FVB mice
prolongs survival. We next hypothesized that reducing blood and
intraglomerular pressure would diminish the mechanical stress
experienced by podocytes and possibly mitigate Cd151 knockout-
induced nephropathy. Blood pressure-lowering drugs, such as cal-
cium-channel blockers (e.g., verapamil) and angiotensin-convert-
ing enzyme (ACE) inhibitors (e.g., enalapril), have previously been
shown to successfully reduce renal injury in experimental models.
Although both classes of drugs systemically reduce blood pressure,
only ACE inhibitors reduce intraglomerular pressure (27, 28). Here,
we provided Cd1517/~ FVB mice verapamil or enalapril in mother’s
milk and drinking water and compared their kidney function with
that of untreated Cd1517/- FVB mice. Mice were sacrificed and ana-
lyzed after they had lost more than 15% of their body weight and/or
showed signs of intraperitoneal edema. The Kaplan-Meier curve in
Figure 6C shows that median survival did not significantly differ
between mice of the control and verapamil-treated groups (27 and
21 weeks, respectively). In contrast, median survival of enalapril-
treated Cd1517~ FVB mice was significantly prolonged (46 weeks;
P < 0.01, log-rank test). Histological analysis of kidneys from
nearly age-matched Cd1517~ FVB mice treated or not with enalapril
showed proteinaceous casts, tubular dilation, and severe glomeru-
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losclerosis without treatment and almost no abnormalities in the
enalapril-treated group (n = 2; Figure 6D). To test whether both
drugs affected blood pressure to the same extent, we measured
blood pressure in awake 5- to 7-week-old mice from the 3 groups.
Indeed, both enalapril and verapamil lowered the systemic blood
pressure of Cd1517/~ FVB mice approximately 10% compared with
untreated mice (Supplemental Table 3). These results showed that
lowering the blood pressure of susceptible Cd1517~ FVB mice can
systematically delay nephropathy and increase median survival by
70% when a drug is used that also affects intraglomerular pressure
(e.g., the ACE inhibitor enalapril).

Discussion
Previous studies have shown that humans with mutated CD151
and mice lacking Cd151 in all tissues develop renal failure (2, 10,
12). However, several questions regarding cell type and the mecha-
nism responsible for the underlying pathology, as well as possible
therapeutic intervention, have remained unanswered. The results
of the present study showed that in human podocytes, CD151
bound integrin a3f1 in vivo after the early capillary loop stage.
CD151 was not obviously enriched in cell-cell junctions, as has
been observed previously in several cell lines (29-31), but instead
was localized ultrastructurally at the podocyte-GBM interface.
Even though renal expression of CD151 was strongest in podo-
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Figure 6

Altering blood and intraglomerular pressure of mouse strains susceptible (FVB) or not (B6) to Cd757 knockout—induced nephropathy greatly
influences renal pathology. (A) Uninephrectomized Cd757-- B6 mice with DOCA/high-salt-induced hypertension developed albuminuria, where-
as (apart from 1 outlier) Cd7157++ B6 mice did not, as quantified by ELISA (P < 0.001 vs. P = 0.051, Mann-Whitney U test). Symbols are as
in the experimental schematic above. (B) PasD-stained wild-type and Cd757-- B6 kidney cortices before and after DOCA pellet implantation
and high-salt diet. Proteinaceous casts (arrowheads) were present exclusively in tubuli of the remaining Cd757-- B6 kidney. (C) Decreasing
blood pressure of susceptible Cd7157-- FVB mice by lifelong oral administration of verapamil (20 mg/l) did not significantly alter median survival
(27 weeks vs. 21 weeks in untreated mice; P = 0.52, log-rank test). In contrast, decreasing blood and intraglomerular pressure by lifelong oral
administration of enalapril (20 mg/l) prolonged median survival significantly (46 weeks; P = 0.0068 vs. untreated, log-rank test). (D) Renal
histopathology of a 19-week-old untreated and an 18-week-old enalapril-treated mouse. At this age, untreated mice showed signs of massive
proteinuria (arrowheads), tubular dilation (asterisks), and glomerulosclerosis (arrow), whereas treated mice displayed occasional proteinaceous
casts (arrowhead). Scale bars: 200 um (B and D, left), 100 um (D, right). **P < 0.01.

cytes, one cannot formally attribute the renal failure of Cd151-null
mice to these cells exclusively, because CD151 is also present in the
glomerular endothelium as well as the tubular epithelium (19).

podocytes only (2, 15). The latter phenotype is largely identical
to that of Cd1517/;2.5P-Cre* mice and shows that Cd151-a331
complexes are functionally relevant during and after podocyte

We therefore generated podocyte-specific Cd151-knockout mice
(Cd1517#;2.5P-Cre*), which showed the same phenotype as Cd1517/~
mice. We conclude that the presence of Cd151 in podocytes is
critically important for renal homeostasis after the S-shape body
stage, during which podocytes start to differentiate and 2.5P-Cre
expression is driven (20). In contrast, there were different kidney
phenotypes in the corresponding mouse models lacking a.3: total
Itga3-null animals showed developmental defects in glomeruli,
proximal tubules, and collecting ducts, whereas podocyte-specific
Itga3-knockout mice displayed abnormalities in the GBM and
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differentiation. In situ PLA on fetal human kidneys revealed that
the expression of CD151-a3p1 complexes dramatically increased
during the capillary loop stage. It is therefore tempting to specu-
late that strong adhesion mediated by CD151-03p1 complexes is
required only during later stages of glomerulogenesis, when dif-
ferentiated podocytes have to withstand transcapillary filtration
pressure. Deletion of Itgh4 in podocytes did not result in glomer-
ular abnormalities, as has been suggested previously for a focal
segmental glomerulosclerosis patient carrying a homozygous
missense mutation in ITGB4 (22). Although we cannot rule out
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that 4 expression prior to Cre-mediated excision during S-shape
body stage has a certain function, these mouse models suggest
that the interaction of Cd151 with a3f1, rather than with a6p4,
is essential for podocyte function. However, a6 can also associate
with B1, and, even though the expression of a6p1 has previously
been shown to be restricted to tubuli (32), the results of podocyte-
specific deletion of Itga6 will be necessary to formally exclude 0.6
as a podocyte adhesion receptor in vivo.

To investigate whether and how Cd151 influences a3p1-medi-
ated adhesion, we generated GECs with or without Cd151. Whereas
initial adhesion to the a3f1 ligand laminin-332 was independent of
Cd151, the strength of adhesion was significantly weaker in Cd151-
negative GECs. The fact that adhesion strengthening by Cd151
occurred on laminin-332, but not on collagen I (021 ligand), is in
line with the prior observation that CD151 mainly interacts with
laminin-binding integrins (32). Importantly, we were able to res-
cue the defect in adhesion strengthening of Cd151-deficient GECs
with wild-type CD151, but not with a CD151 mutant incapable of
binding a3. The contribution of a6 to podocyte adhesion seems
minor, as pretreatment of GECs with the function-blocking Ab
GoH3 barely reduced adhesion strengthening. Although it has
previously been suggested that CD151 alters the affinity of a3p1
(18, 32), this does not seem to be the case in our system, because
spreading and initial adhesion on laminin-332 was not different
in GECs with or without Cd151. We were furthermore unable to
rescue the weaker adhesion strength of Cd151-negative GECs to
laminin by activating integrins with 1 mM Mn?*. In addition, we
ruled out cell-cell junctions and the actin cytoskeleton as effectors
of the adhesion-strengthening function of CD151. However, we
observed varied distributions of a3 depending on the presence of
CD151. Because in the Cd151-positive GECs, a3f31 was not clus-
tered in focal adhesions, but diffusely distributed over the entire
basal cell surface, adhesions of these cells to the extracellular
matrix occurred over relatively large surface areas. This was in
contrast to Cd151-negative GECs, in which a.3B1 interacted with
the substratum solely through focal adhesions. Clustering of
a3P1 into focal adhesions in Cd151-positive GECs did not occur,
because its association with Cd151 most likely led to its incorpora-
tion into a tetraspanin web (33). We suggest that the much larger
surface area over which Cd151-positive GECs interacted with the
substratum is fundamental for the increased adhesion strength of
these cells compared with Cd151-negative GECs. In line with this
assumption, we also observed altered subcellular localization of 0.3
in vivo. While in the presence of CD151, the distribution of a3 was
essentially continuous with GBM, in its absence, the distribution
appeared to be more punctuated.

Importantly,loss of Cd151 did not necessarily lead to renal failure:
kidneys of Cd151-null mice on a B6 background were functionally
and histologically normal for up to 12 months of age, in agreement
with the literature (10). In contrast, Cd1517/~ FVB mice developed the
severe glomerular disease previously described by us and others (2,
10). In order to study the development and progression of nephrop-
athy in these mice, we altered the mechanical stress imposed on
podocytes experimentally. DOCA/high-salt-induced hypertension
in Cd151-null B6 mice caused proteinuria and proteinaceous casts,
whereas wild-type mice remained healthy. Decreasing blood as well
as glomerular filtration pressure in Cd151-null FVB mice with the
ACE inhibitor enalapril significantly prolonged their median life
span compared with that of untreated controls. Conversely, anti-
hypertensive treatment with the calcium entry blocker verapamil
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decreased blood pressure systemically, but did not affect glomer-
ular hypertension, probably as a result of increased plasma renin
levels and efferent arteriolar vasoconstriction (27). In line with our
model of Cd151-mediated adhesion strengthening in podocytes, we
did not observe a beneficial effect on survival of Cd1517~ FVB mice
treated with verapamil. We therefore established that Cd151 defi-
ciency-induced nephropathy cannot be modified by altering blood
pressure alone, but must target intraglomerular pressure.

In conclusion, we present evidence that podocyte CD151 binds
integrin 03 in situ and increases its adhesion strength to laminin
through predicted changes in subcellular localization. We fur-
ther suggest that Cd151-null nephropathy is caused by the lack of
Cd151 in podocytes and can be treated by blocking ACE.

Methods
Abs. Mouse mAbs used were 11B1.G4 against CD151 (34), TS2/16 against
integrin B1 (35), 29A3 against a3A (36), and hVIN-1 against vinculin
(V9131; Sigma-Aldrich). Rat mAbs used were MAB1556 against mouse
podocalyxin (clone 192703), MAB4609 against mouse Cd151 (R&D Sys-
tems Inc.), GoH3 against a6 (37), MB1.2 against 31 (38), 346-11A against
B4 (BD), and 390 against Cd31 (gift from C. Buck, Wistar Institute, Phila-
delphia, Pennsylvania, USA; ref. 39). Rabbit polyclonal Abs used were
141742 against 03A (2), 140190 against Cd151 (2), anti-mouse nidogen
(gift from T. Sasaki, Max Planck Institute for Biochemistry, Miinchen,
Germany), anti-mouse podocin (gift from C. Antignac, Cochin Biomedi-
cal Research Institute, Paris, France), anti-nephrin and anti-podocin
(both gifts from H. Holthofer, University of Helsinki, Helsinki, Finland),
anti-pan-cadherin (C3678; Sigma-Aldrich), and D-8 against FLAG (sc-807;
Santa Cruz Biotechnology Inc.). Goat Abs used were N20 against WT1
(sc-15421; Santa Cruz Biotechnology Inc.) and AF2787 against mouse 0.3
(R&D Systems Inc.). Hamster anti-mouse a2 (Hma2) was from BD. Sec-
ondary Abs coupled to FITC, Texas Red, CyS5, and horseradish peroxidase
were obtained from Jackson ImmunoResearch Laboratories.
Immunofluorescent and in situ PLA analysis. Adult and fetal (17-23 weeks
gestational age) human kidneys were studied. 4-um-thick cryostat sections
were cut, dried, and acetone fixed. For immunofluorescence analysis, we
used primary Abs 11B1.G4 (anti-CD151, diluted 1:500) and 141742 (anti-
a3A, diluted 1:200) diluted in normal Ab diluent (Immunologic; Klinipath)
in overnight incubations. IgG-specific secondary Abs coupled to FITC or
Texas Red were diluted 1:200 and incubated for 1 hour. Sections were
mounted in Vectashield containing DAPI (Vector Laboratories). In situ PLA
(Duolink PLA; Olink Bioscience) was performed according to the manu-
facturer’s instructions. Primary Abs were 11B1.G4, 141742, TS2/16, or the
respective IgG control; secondary Abs conjugated with oligonucleotides
were DuoLink anti-rabbit PLUS and DuoLink anti-mouse MINUS; and
the detection kit was either DuoLink 613 or Duolink II Brightfield, with
DuoLink Mounting Medium containing Hoechst or Pertex, respectively.
Epifluorescence imaging was performed using a Leica DM5000B micro-
scope with PL FLUOTAR 40x/1.00-0.50 and HCX PL APO 63x/1.40-0.60
oil immersion objectives. Images were recorded using a Leica DFC 500 cam-
era and Leica Application Suite Imaging software (Leica Microsystems). In
addition, analysis of multiple stained slides was performed with spectral
imaging using a Nuance N-MSI-420-20 camera with Nuance 3.0.0 software
(Cambridge Research and Instrumentation). Data sets were acquired from
440 to 500 nm for A4, from 500 to 720 nm for K3, and from 580 to 720 nm
for N2.1 filter blocks, each at 10-nm intervals. Spectral libraries either for
single-DAPI/-FITC/-Texas Red or for single-Hoechst 33342/-DuoLink 613
were used to split the triple or double staining signals into the individual
channels and to separate them from autofluorescence. Nuance software was
used to construct composite images.
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Mouse kidneys were excised and embedded in cryoprotectant (Tissue-
Tek O.C.T.; Sakura Finetek Europe). Cryosections were prepared, fixed in
ice-cold acetone, and blocked with 2% BSA in PBS. Cells were fixed for 10
minutes in 2% PFA, permeabilized with 0.05% Triton X-100, and blocked
with 2% BSA in PBS. Primary Abs were incubated for 60 minutes at 1:100
(anti-podocin, anti-nephrin), 1:200 (anti-vinculin, anti-pan-cadherin), and
1:500 (anti-nidogen) dilutions in 2% BSA in PBS, followed by incubation
with secondary Abs diluted 1:200 for 60 minutes. Samples were analyzed
at 37°C using either a 63x/1.4 HCX PL APO CS oil objective on a TCS SP2
AOBS confocal microscope (Leica Microsystems GmbH) or a 63x/1.4 PL
APO DIC ACR oil objective on a Zeiss Axio Observer Z1 TIRF microscope
(Carl Zeiss Microlmaging Inc.). Images were acquired using LCS 2.61 (Leica
Microsystems GmbH) or a cooled Hamamatsu ORCA R2 black and white
CCD camera with AxioVision 4.8.1 software (Carl Zeiss MicroImaging Inc.)
and processed using Adobe Photoshop CS4 or Image].

Histological analyses. Mouse kidneys were excised, fixed for 1 day in form-
aldehyde, embedded in paraffin, sectioned, and stained with PAS-D, H&E,
or Jones methenamine silver. Images were taken with PL APO objectives
(10x/0.25 NA, 40x/0.95 NA, and 63x/1.4 NA oil) on an Axiovert S100/
AxioCam HR color system using AxioVision 4 software (Carl Zeiss Micro-
Imaging Inc.) or with a 20x/0.75 NA PL APO objective with or without a 2x
optical mag changer on a ScanScope XT system using ImageScope version
10 software (Aperio Technologies Inc.).

Ultrastructural analyses. After fixation in Karnovsky buffer for 48 hours,
mouse kidneys were postfixed with 1% osmiumtetroxide, block-stained
with 1% uranyl acetate, dehydrated in ethanol series, and embedded in
epoxyresin Embed-812 (Agar Scientific Ltd). Tissue sections were stained
with uranyl acetate and lead oxide, then examined using a transmission
electron microscope (Philips CM10; FEI). Human kidney for immunoelec-
tron microscopy was fixed overnight in 1% PFA in 0.1 M PHEM buffer (60
mM PIPES, 25 mM HEPES, 2 mM MgCl,, 10 mM EGTA, pH 6.9). 50-nm
cryosections were cut at -115°C using diamond knives in a cryoultramicro-
tome (Leica AG) and transferred with a mixture of sucrose and methylcel-
lulose onto formvar-coated copper grids. The grids were placed on 35-mm
Petri dishes containing 2% gelatin. Ultrathin frozen sections were incubated
at room temperature with 11B1.G4 (anti-CD151, diluted 1:100) followed by
a rabbit anti-mouse bridging Ab and then incubated with 10-nm protein A-
conjugated colloidal gold (EM Lab, Utrecht University, Utrecht, The Neth-
erlands). After immunolabeling, the sections were embedded in a mixture
of methylcellulose and uranyl acetate and examined with a Philips CM10
electron microscope (FEI Co.).

Animal experiments. All mice used in this study were housed at 1-5 animals
per cage in aroom with a 12-hour/12-hour artificial light cycle (7:00 am to 7:00
pm), a temperature of 21°C + 1°C, and humidity of 55% + 5%. The animals had
free access to standard chow and drinking water throughout the experiment.

Cd1S17% mice were generated in parallel to Cd1517/ mice described pre-
viously (2), without Cre-mediated recombination of loxP sites in targeted
embryonic stem cells. Mice were backcrossed onto an FVB background for
more than 10 generations and crossed with 2.5P-Cre FVB (N6) mice (20) to
generate Cd151"/52.5P-Cre* mice. Conditional Itgh4 knockout and mT/mG
reporter mice have been previously described (40, 41) and were backcrossed
onto FVB for 8 and 4 generations, respectively, before intercrossing them
with 2.5P-Cre mice. Cd1517~ mice on a mixed 129P2/FVB background (2)
were backcrossed 16 and 9 times to FVB and B6 to generate FVB.129P2-
Cd151<tm1Son>/A and B6.129P2-Cd151<tm1Son>/A, respectively.

To induce hypertension in B6 mice, the anesthetized animals underwent
right unilateral nephrectomy at 7 weeks of age followed by subcutaneous
implantation of a 60-day release pellet containing 150 mg DOCA (IRA), and
drinking water was switched from tap to saline 2 weeks later. To decrease
blood pressure in Cd1517/- FVB mice, pregnant Cd151%~ mothers were treated
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with 20 mg/l enalapril maleate or 80 mg/l verapamil hydrochloride from
E17 on (Sigma-Aldrich). Pups older than 3 weeks were offered drinking
water supplemented with 20 mg/l enalapril maleate or 20 mg/l verapamil
hydrochloride until termination of the experiment. For urine analysis,
mice were placed in metabolic cages for 24 hours, and urine samples were
analyzed by SDS-PAGE, followed by Coomassie Brilliant blue staining or
by competitive albumin ELISA (Exocell). Blood pressure measurements of’
wild-type B6 and FVB mice were carried out on pentobarbital-anesthetized
(60 mg/kg) mice using a murine tail-cuff system (ADInstruments). Systolic
blood pressure and heart rate were averaged from 6 consecutive measure-
ments during a 10-minute period. Blood pressure measurements of awake
Cd1517~ FVB mice treated or not with enalapril or verapamil were carried
out on a CODA 2 system for noninvasive blood pressure measurements for
mice and rats (emka technologies). 5- to 7-week-old mice were measured by
averaging at least 5 consecutive measurements in a 20-minute period.

Glomeruli were isolated from an adult anesthetized Cd1517%;TrpS37/~
mouse as previously described using dynabead perfusion (23).

Generation of GECs. GECs grew out of isolated glomeruli in keratinocyte
serum-free medium (17005; Gibco, Invitrogen) and were sorted 3 times by
fluorescence-activated cell sorting (FACS) for strong expression of podo-
calyxin, followed by 1 negative sort for Cd31. Adeno-Cre (obtained from
F. Graham, McMaster University, Hamilton, Ontario, Canada; ref. 42) was
used to delete Cd151 and generate the Cd151-negative GEC line. Absence
of Cd151 on the cell surface was confirmed by FACS. Retroviral expression
constructs carrying wild-type and *QRD-INF!?¢ CD151, used to rescue
expression of CD151 in Cd151-negative GECs, were from M. Hemler (Dana-
Farber Cancer Institute, Boston, Massachusetts, USA; ref. 24). Cells were
FACS sorted for equal cell surface expression of CD151 using 11B1.G4.

FACS. Cells were trypsinized, washed with 2% FCS in PBS, and stained
with primary Abs against podocalyxin and f4 (diluted 1:200); Cd151, a2,
and a3 (diluted 1:100); and Cd31, a6, and B1 (undiluted) for 60 minutes on
ice. After washing, secondary anti-rat, -goat, and -hamster Abs coupled to
FITC were used at 1:200 dilution for 60 minutes on ice. Cells were strained
and analyzed on a 1998 BD FACSCalibur (BD) using a 488 nm laser and a
530/30 FL1 filter configuration.

Immunoblotting and immunoprecipitations. For biochemical assays, cells
were lysed in 1% (vol/vol) Nonidet P-40; 20 mM Tris-HCI, pH 7.6; 4 mM
EDTA; and 100 mM NaCl supplemented with a cocktail of protease inhib-
itors (P8340; Sigma-Aldrich). Lysates were cleared by centrifugation for 20
minutes at 20,000 gat 4°C, followed by separation of proteins on 4%-12%
polyacrylamide gels under nonreducing conditions (NuPage; Invitrogen)
and transfer to Immobilon PVDF membranes (EMD Millipore). For
immunoprecipitations, lysates were incubated overnight with mAb 29A3
coupled to y-bind sepharose (GE Healthcare) or mAb M2-coupled agarose
(A2220; Sigma-Aldrich). Beads were spun down at 500 g, washed with lysis
buffer and PBS, and processed by SDS-PAGE as described above. After
Western blotting, membranes were blocked, and blots were developed
with the indicated Abs using an ECL detection kit (GE Healthcare) accord-
ing to the manufacturer’s protocol.

Spreading and adbesion assays. Matrices used for adhesion assays were col-
lagen I (30 minutes coating at 37°C using 3 ug/ml rat tail collagen I in PBS;
Inamed Biomaterials) and a laminin-332-rich matrix deposited by Rac11-P
cells (43). Briefly, cells were grown to confluency overnight; detached in
20 mM EDTA, 0.05% sodium azide, and 0.1% protease inhibitor cocktail
(P8340; Sigma-Aldrich) in PBS; and blocked with 0.5% BSA in PBS.

For cell spreading assays, Cd151-positive and -negative GEC lines were incu-
bated with green and orange CellTracker (C2925 and C2927; Invitrogen),
washed extensively, harvested by trypsinization, allowed to recover for 30
minutes at 37°C in IMDM (Sigma-Aldrich) containing 0.35% BSA, mixed in
a 1:1 ratio, and seeded onto coated 24-well plates at 20,000 cells/well. Spread-
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ing was observed at 37°C on a temperature-controlled Zeiss Axiovert 200 M
inverted microscope using a 10x/0.25 Achroplan Ph1 objective in combi-
nation with a 1.6x Optovar. Images were acquired every 15 minutes using
an AxioCam MRm Rev.2 black and white camera and AxioVision Rel. 4.7.2
(Carl Zeiss Microlmaging Inc.) and quantified using Image].

For short-term adhesion assays, cells were trypsinized, allowed to recover
for 30 minutes at 37°C in IMDM supplemented with 0.35% BSA, and seeded
onto coated 96-well plates at 10° cells/well in triplicate. After 15 minutes
of incubation at 37°C, medium and nonadherent cells were discarded by
vigorous tapping of the inverted plate. Adherent cells were fixed in 2%
PFA and stained with S mg/ml crystal violet in 2% ethanol (C3886; Sigma-
Aldrich). Absorbance was quantified at 655 nm using an iMark microplate
reader (Bio-Rad Laboratories).

Adhesion strengthening assays were carried out on a home-built spin-
ning disc machine as described by Boettiger (44). 106 cells were seeded onto
coated 30-mm glass coverslips; 20 hours later, these were subjected to a vary-
ing range of shear stresses in (Dulbecco) PBS or TBS for 5-10 minutes at
room temperature. When necessary, 2.5% 500-MDa dextran (Sigma-Aldrich)
was added to increase viscosity. When required, cells were pretreated for
2 hours with 5 mM EGTA, for 30 minutes with 1 uM cytochalasin D (Sigma-
Aldrich), or for S minutes with 1 mM MnCl,. Adherent cells were fixed in 2%
PFA, stained with DAPI dihydrochloride (Sigma-Aldrich), and imaged on an
automated AxioObserver Z1 inverted microscope using a 5x/0.15 Plan-Neo-
fluar objective, a Hamamatsu ORCA-ER black and white CCD camera, and
AxioVision Rel. 4.7.2 (Carl Zeiss). Image] was used to quantify the propor-
tion of detached cells per microscopic field. Sigmoidal detachment curves
for determination of Tso were generated using SigmaPlot 11 (Systat).

Statistics. When comparing 2 groups, statistical significance was deter-
mined using 2-tailed Student’s ¢ test or Mann-Whitney U test as indicated
(SPSS 16). The statistical significance of experiments involving more than
2 groups was determined by 1-way ANOVA followed by Bonferroni post-

hoc multiple-comparison tests (SPSS 16). Survival analysis was carried out
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using the log-rank test (Prism 5; GraphPad). P values less than 0.05 were
considered statistically significant.

Study approval. Subjects or their relatives approved the use of remaining
body material for education or research purposes after completion of its
use for diagnostic purposes. Because material was anonymized and coded,
specific informed consent was not required. Studies using human tissue
were conducted according to the Code for Proper Secondary Use of Human
Tissues of the Dutch Federation of Medical Research Associations (www.
federa.org) and the AMC Research Code and were not subject to approval
of the Medische Ethische Toetsings Commissie of AMC. All mouse experi-
ments were approved by the Animal Experiments Review Board of The
Netherlands Cancer Institute, in compliance with Dutch legislation for
the care and use of laboratory animals.
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