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ABSTRACT

Mutations of the LMX1B gene cause nail-patella syndrome, a rare autosomal-dominant disorder affecting the
development of the limbs, eyes, brain, and kidneys. The characterization of conventional Lmx1b knockout
mice has shown that LMX1B regulates the development of podocyte foot processes and slit diaphragms, but
studies using podocyte-specific Lmx1b knockout mice have yielded conflicting results regarding the impor-
tance of LMX1B for maintaining podocyte structures. In order to address this question, we generated in-
ducible podocyte-specific Lmx1b knockout mice. One week of Lmx1b inactivation in adult mice resulted in
proteinuria with only minimal foot process effacement. Notably, expression levels of slit diaphragm and
basement membrane proteins remained stable at this time point, and basement membrane charge properties
also did not change, suggesting that alternative mechanisms mediate the development of proteinuria in these
mice. Cell biological and biophysical experiments with primary podocytes isolated after 1 week of Lmx1b
inactivation indicated dysregulation of actin cytoskeleton organization, and time-resolved DNA microarray
analysis identified the genes encoding actin cytoskeleton-associated proteins, including Abra and Arl4c, as
putative LMX1B targets. Chromatin immunoprecipitation experiments in conditionally immortalized human
podocytes and gel shift assays showed that LMX1B recognizes AT-rich binding sites (FLAT elements) in the
promoter regions of ABRA and ARL4C, and knockdown experiments in zebrafish support a model in which
LMX1B and ABRA act in a common pathway during pronephros development. Our report establishes the
importance of LMX1B in fully differentiated podocytes and argues that LMX1B is essential for the maintenance
of an appropriately structured actin cytoskeleton in podocytes.
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The analysis of several hereditary diseases has provided un-
equivocal evidence that podocytes assume a central role in the
formation of the glomerular filtration barrier in the kidney.
Every day, the kidney produces 180 L of primary filtrate, which
is free of high molecular weight proteins and blood cells. To
release only small molecules from the blood into the urine, the
glomeruli contain a filtration barrier composed of endothelial
cells, the glomerular basement membrane, and the podocytes.
Whereas the contribution of the glomerular endothelial cells to
the filtration properties is poorly understood, it is generally
acknowledged that the basement membrane and the podocytes
are essential components of the glomerular filter. In the case of
podocytes, the filtrate moves through the slit diaphragm, a
proteinaceous structure extending between neighboring foot
processes that contains proteins such as nephrin, podocin,
FAT1, CD2AP, Nck, and TRPC6. Despite the accumulating
knowledge on the slit diaphragm, comparatively little is known
on the genetic pathway responsible for podocyte development
and maintenance of the fully differentiated podocyte.!

Our studies focus on nail—patella syndrome, an autosomal-
dominant hereditary disorder that is characterized by dysplas-
tic nails, absent or hypoplastic patellae, open-angle glaucoma,
and chronic nephropathy.? In 1998, the first mutations in
LMX1B, a gene encoding a LIM homeodomain transcription
factor, were reported to be responsible for nail-patella syn-
drome.3—> With few exceptions,® the more than 100 mutations
described so far affect the protein binding LIM domains and
the DNA binding homeodomain.®” The clinical manifestation
shows a high variability in severity and penetrance,? which
may be caused by the nature of the mutation or the presence
of modifier genes. Ultrastructural analyses of the kidneys
revealed a markedly thickened glomerular basement mem-
brane with fibrillar inclusions and electron-lucent areas,
thus creating a moth-eaten appearance.®® For a better func-
tional understanding of LMXI1B, the creation of a knockout
mouse model was very helpful.1° It showed the importance of
LMX1B for the development of foot processes and slit dia-
phragms in podocytes, and it led to the hypothesis that
LMX1B regulates the synthesis of podocin and the a3 and
a4 chains of collagen IV,!1-13 three proteins playing an impor-
tant role in the formation of the renal filtration barrier. How-
ever, type IV collagen chains and podocin were still present in
biopsies from patients.!# This finding and the facts that (1)
Lmx1b null mice die within 24 hours after birth and (2) nail—
patella syndrome is inherited in an autosomal-dominant fash-
ion, whereas Lmx1b (+/—) mice do not develop a phenotype!3
emphasize the need for a better model system. It has been
speculated that human patients suffer from haploinsuffi-
ciency, but it has not been ruled out that some of the mutant
proteins acquire a new function or exert a dominant-negative
effect.

To determine whether the death of the conventional Lmx1b
knockout mice on the day of birth was caused by renal failure
and specifically, a podocyte defect, we generated constitutive
podocyte-specific LmxI1b knockout mice. Microdissection of
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individual nephron segments showed that Lmx1b was only
expressed in the glomerulus and no other nephron seg-
ment.!> Indeed, we observed that the podocyte-specific inac-
tivation of Lmx1b led to postnatal death around 14 days after
birth,!> thus confirming the essential role of LMX1B in podo-
cytes. Remarkably, the synthesis of podocin, the a4 chain of
collagen IV, and several other podocyte proteins was main-
tained in the constitutive podocyte-specific Lmx1b knockout
mice, which argues against them being direct target genes of
LMX1B. In addition, shortly after birth, no major structural
defects were detected in podocytes; rather, it seemed that po-
docytes elaborated foot processes and slit diaphragms and lost
them subsequent to the inactivation of Lmx1b.1> This finding
prompted us to develop and characterize inducible podocyte-
specific Lmx1b knockout mice to analyze the role of LMX1B in
maintaining the differentiation status of podocytes.

RESULTS

Inactivation of Lmx1b in Adult Mice Leads to Early
Proteinuria But Delayed Ultrastructural Changes and
Apoptosis

We generated mice containing two floxed Limx1b alleles together
with an NPHS2-dependent reverse tetracycline-dependent
transactivator (rtTA) and a tetO-dependent Cre expression cas-
sette (for short, triple transgenic mice). Because of the action of
the human NPHS2 promoter fragment, the rtTA protein is only
produced in podocytes.'® These mice represent a unique tool to
investigate whether Lmx1Db is necessary for the development of
podocytes and to maintain their differentiation status. Triple
transgenic mice with two floxed Lmx1b alleles showed no phe-
notype and were healthy without the induction of recombina-
tion. To determine the consequences resulting from the loss of
Lmxl1b in differentiated podocytes, doxycycline was admin-
istered to 3-month-old triple transgenic mice for 1, 2, and 4
weeks. Analysis of recombination at the Lmx1b locus by PCR
was detected from the earliest time point, thus confirming our
strategy (Figure 1A). None of the mice died in the first month
after induction, but they developed strong albuminuria
already after 1 week, which strongly suggested that the glo-
merular filtration barrier was affected on recombination of
the Lmx1b gene (Figure 1, B and C).

It is generally agreed that the glomerular filtration barrier
consists of the podocyte layer, the glomerular basement
membrane, and possibly, the fenestrated endothelium lining
the glomerular capillaries, although it is still a matter of debate
how much the individual components contribute. We, there-
fore, wanted to find out what ultrastructural changes might
underlie the proteinuria. Somewhat surprisingly, despite heavy
proteinuria already after the first week of induction, only very
occasional foot process effacement was observed by electron
microscopy (Figure 2, A and B). The disappearance of foot
processes became more pronounced at 2 weeks of induction
(Figure 2, C and D) and was dramatic another 2 weeks later,
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Figure 1. Podocyte-specific inactivation of LmxTb leads to pro-
teinuria. Mice of the indicated genotypes received doxycycline at
a concentration of 2 mg/ml in the drinking water for 1, 2, and 4
weeks. (A) Total kidney genomic DNA was isolated from two
animals each of the various mice. The Lmx1b allele after Cre-
mediated recombination is indicated by an arrow, and the nonre-
combined band is indicated by an arrowhead. C, triple transgenic
mouse not receiving doxycycline. (B) Urine (0.2 ul) from each of the
indicated mice was analyzed on a 10% denaturing polyacryl-
amide gel together with 1, 3, 10, and 30 pug BSA and then
stained with Coomassie Brilliant Blue R250. Only triple trans-
genic mice treated with doxycycline developed proteinuria, and
a triple transgenic mouse not receiving doxycycline served as
a negative control (C). (C) A histologic section stained with
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when podocytes had completely fallen off the capillaries (Fig-
ure 2E). Furthermore, erythrocytes had escaped into Bow-
man’s space (Figure 2F). However, intact podocytes were
found in all sections, even within glomeruli with severely mis-
shaped podocytes, which is likely due to variable recombina-
tion in podocytes. Regrettably, our attempts to visualize
Lmx1b by in situ hybridization and immunofluorescence
with various mono- and polyclonal anti-Lmx1b antibodies
failed. We were, therefore, not able to identify individual re-
combination events and correlate them with damaged podo-
cytes. One possible reason for the loss of podocytes could be
the induction of apoptosis. Indeed, by terminal deoxynucleo-
tidyl transferase-mediated digoxigenin-deoxyuridine nick-
end labeling (TUNEL) assay, we observed programmed cell
death in podocytes and tubular cells, which was highest at
weeks 1 and 2 (Figure 2H, and data not shown). The finding
of apoptotic tubular cells probably is a secondary effect caused
by the exposure of the tubular epithelium to the increased
intraluminal concentration of proteins,!” because LmxI1b is
not expressed in tubules.!> We wanted to confirm these in
vivo findings by investigating the apoptosis rate in primary
podocytes. However, no difference in the spontaneous apo-
ptosis rate between podocytes from control and Lmx1b knock-
out animals was observed. We, therefore, exposed the cells to
camptothecin, a drug known to induce apoptosis. Thisled to a
markedly higher apoptosis rate in primary podocytes from the
Lmx1b knockout mice (Supplemental Figure 1).

Onset of Proteinuria Cannot Be Explained by the
Downregulaton of Podocin and Collagen IV

In conventional Lmx1b knockout mice, the structural changes
in podocytes and the glomerular basement membrane were
proposed to be caused by the downregulation of collagen IV!!
and the slit diaphragm protein podocin.'?13 We, therefore,
investigated whether podocin and collagen IV were also down-
regulated by the time proteinuria was observed in the triple
transgenic mice. Remarkably, although pronounced protein-
uria had developed after 1 week of doxycycline administration
in the inducible Lmx1b knockout mice, it took another week
for the downregulation of podocin, nephrin (another slit di-
aphragm protein), and the Wilms tumor protein 1 (Wtl) (a
transcription factor mutated in several hereditary podocyte
diseases) as determined by immunofluorescence (Figure
3A). It is, therefore, unlikely that proteinuria is caused by
the loss of these proteins. In addition, the a4 chain of collagen
IV was present during the whole time course (Figure 3A),
which indicated that its synthesis was not affected as much
or its turnover rate was lower than the turnover rate of the
other proteins. The immunofluorescence data were confirmed
by quantitative PCR, where we saw no statistically significant

hematoxylin/eosin shows the accumulation of proteins casts in the
kidney of a triple transgenic mouse subjected for 4 weeks to
doxycycline. Scale bars, 200 um.
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Figure 2. Ultrastructural changes and apoptosis after podocyte-specific inactivation of
Lmx1b. Triple transgenic and control mice received doxycycline at a concentration of
2 mg/ml in the drinking water for the indicated times before they were perfusion-fixed
and their kidneys were analyzed by transmission electron microscopy. (A and B)
Glomerulus of a triple transgenic mouse exposed to doxycycline for 1 week. Foot
process effacement was only detected in some capillary loops. (C and D) Triple
transgenic mice exposed to doxycycline for 2 weeks lost foot processes over wide
areas of the glomerular basement membrane. (E and F) Four weeks into the admin-
istration of doxycycline, (arrows in E) a completely denuded outer aspect of the
basement membrane and (F) an erythrocyte outside of capillaries were seen. (G) A
capillary loop of a Cre-negative control mouse receiving doxycycline for 4 weeks
shows numerous foot processes. (H) TUNEL staining with FITC-labeled dUTP reveals
apoptotic figures (arrows) in triple transgenic mice exposed to doxycycline for 1 week,
and the differential interference contrast (DIC) picture shows their location at the
periphery of the glomerular tuft. BS, Bowman'’s space; C, capillary; E, erythrocyte.
Scale bars, 20 um in A, C, and H; 5 um in B; 2 um in D-G.

difference for Nphsl, Nphs2, Cd2ap, and Wtl mRNA levels
(Figure 3B).

Because we could not rule out that additional basement
membrane components, which we were not able to examine by
immunofluorescence, could be affected by the inactivation of
Lmx1b, we also investigated the charge composition of the
glomerular basement membrane. It has been argued that
not only the pore size but also the anionic charge of the base-
ment membrane are responsible for its filter properties.!8 Pol-
yethyleneimine is a multicationic polymer that has been used
to label anionic sites in the glomerular basement membrane.!®
We induced the inactivation of LmxIb and labeled the glomer-
ular basement membrane with polyethyleneimine as soon as
we noticed proteinuria (7 days of doxycycline administration).
The anionic charge density was not different at this time be-
tween the proteinuric and nonproteinuric mice (Figure 3C),
and therefore, the loss of anionic sites is unlikely to be respon-
sible for the proteinuria.
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the time that proteinuria had developed
after the inactivation of Lmx1b, we next
turned our attention to cell-matrix con-
tacts and the actin cytoskeleton. The inac-
tivation of the genes encoding a3- and
B1l-integrin leads to podocyte foot process
effacement,?9-22 and integrins, just as slit
diaphragm proteins, are connected to the
actin cytoskeleton. Furthermore, mutations
in the actin bundling protein «-actinin-423
and the inverted formin 2 (INF2)2425 Jead
to hereditary FSGS, and inactivation of the
actin-associated proteins synaptopodin?®
and cofilin-1?7 makes mice more suscepti-
ble to podocyte injury. Because of the fact
that conditionally immortalized murine
and human podocyte cell lines produce
much reduced levels of Lmx1b/LMX1B
compared with freshly isolated glomeruli,
which was shown by Western blot analysis
and real-time RT-PCR (data not shown),
these cell lines were not suitable for addi-
tional analysis.

Preliminary experiments using stably
transfected HeLa cells inducibly producing
LMX1B, indeed, provided evidence that
LMX1B influenced the migratory and ad-
hesive behavior of these cells (data not
shown). This result encouraged us to es-
tablish primary podocyte cultures of triple
transgenic and control mice to look for
defects in cell migration. These experi-

ments had to be performed soon after the isolation of the
glomeruli, because the podocytes switched off the expression of
LmxI1b in the course of cultivation (data not shown). Glomer-
uli were freshly isolated on the onset of proteinuria (7 or 8 days
of induction) in the triple transgenic mice and seeded onto
fibronectin-coated coverslips. When the outgrowth of podo-
cytes was monitored 3 and 4 days after seeding of the glomer-
uli, it became clear that fewer glomeruli of the control mice
had attached to the coverslip in the first place (data not
shown). Furthermore, fewer podocytes per glomerulus grew
out in the case of the control mice (Figure 4A). Quantitative
real-time PCR confirmed that the cells growing out of the glo-
meruli in which Cre recombinase was induced synthesized less
Lmx1b (Figure 4B). Additional experiments were carried out to
determine whether primary podocytes adhere more strongly to
the substratum in the presence of Lmx1b. Thirty minutes after
replating, primary podocytes adhered more efficiently to laminin
in the absence of Lmx1b (Figure 4C). These results prompted

us to use a spectrum of cell biologic and biophysical techniques

Evidence for the Regulation of the Actin Cytoskeleton
by Lmx1b

Because we were not able to identify any changes in slit
diaphragm proteins or the glomerular basement membrane by
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to obtain better insight how cell matrix contacts and the cyto-
skeleton are affected by the inactivation of Lmx1b.

Because potassium channels have been shown to play an
important part in cell migration,?® we first investigated
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Figure 3. Expression of disease-associated genes and distribution of negative charges
in the glomerular basement membrane after podocyte-specific inactivation of Lmx1b.
(A) Triple transgenic mice received doxycycline at a concentration of 2 mg/ml in the
drinking water for the indicated times before they were perfusion-fixed and their
kidneys were immunofluorescence stained with the various antibodies. Whereas po-
docin, nephrin, and Wt1 only disappear in triple transgenic mice exposed for 2 weeks
to doxycycline, the a4 chain of collagen is still present even after 4 weeks. (B) Total
RNA was isolated from the kidneys of animals receiving doxycycline for 7 days, and
the respective mRNAs were quantitated by real-time PCR. No statistically significant
difference was observed. (C) Mice were administered doxycycline for 7 days before
the kidneys were removed without fixation, incubated with polyethyleneimine, and
subjected to transmission electron microscopy. The polyethyleneimine-decorated
glomerular basement membrane shows electron-dense deposits at the inner and
outer aspects (the capillary lumen is located at the top and Bowman's space is located
at the bottom in C). As seen in the bar graph, the number of electron-dense grains per
micrometer glomerular basement membrane was not different between control and
knockout mice. Mice of the genotype Lmx1b'*/'°%; Nphs2:rtTA were used as controls.
Shown are the mean values and SDs. Scale bars, 20 um in A; 1 um in C.
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whether the effect of Lmx1b on cell motil-
ity was mediated through potassium chan-
nels. However, the membrane potential of
primary podocytes was not statistically dif-
ferent between the control and the induc-
ible knockout mice (Supplemental Figure
2). Similar results were obtained with po-
docytes still attached to freshly isolated glo-
meruli (data not shown). We then turned
to the question of how fast podocytes
spread on substrates after replating. Pri-
mary podocytes were seeded onto electro-
des coated with BSA and fibronectin. The
change of electrode capacitance during
spreading is correlated with the spreading
rate in a linear fashion, and the spreading
rate, in turn, is directly proportional to the
adhesion energy and inversely proportional
to the cortical tension of the plasma mem-
brane.?? Not surprisingly, the spreading rate
was much higher on fibronectin than BSA,
but we did not observe a difference between
podocytes with or without an inactivated
Lmx1b gene (Figure 5A). This observation
was consistent with the fact that the relative
focal contact area as visualized by staining
with an anti-paxillin antibody was the same
in both podocyte populations (Figure 5B).
Because we obtained no evidence that the
function of focal contacts themselves is al-
tered, we next asked whether the actin cy-
toskeleton is regulated by Lmx1b, which
was done by analyzing the mobility of in-
tegrin complexes. Primary podocytes were
incubated with fibronectin-coated nano-
beads, and the movement of those beads
was tracked by video microscopy. The beads
attached to primary podocytes in which
Lmx1b was deleted moved significantly
less than the beads that were attached to
primary podocytes with expression of
Lmx1b (Figure 5C), thus arguing for a stiffer
actin cytoskeleton. Such an assumption
was supported by the stronger phalloidin
staining of primary podocytes from LmxIb
knockout mice (Figure 5D). Furthermore,
we were able to show a different recovery
after destroying the actin cytoskeleton with
cytochalasin. Primary podocytes from
control animals recovered much faster af-
ter the removal of cytochalasin than the
podocytes from Lmx1b knockout mice
(Figure 5E).

These data show that Lmx1b regulates
the organization of the actin cytoskeleton.

J Am Soc Nephrol 24: 1830-1848, 2013
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Figure 4. Outgrowth and adhesiveness of podocytes from control and knockout mice.
Triple transgenic and Lmx1b'*"'%%; NPHS2:rtTA mice were administered 2 mg/ml
doxycycline in the drinking water over a period of 7 days. (A) Glomeruli were isolated
and cultured for 4 days to allow for the outgrowth of podocytes. More podocytes per
glomerulus had grown out of glomeruli in which Lmx1b was inactivated. A total of 195
glomeruli and 1,842 podocytes was counted in the case of the control mice, and
a total of 296 glomeruli and 5572 podocytes was counted in the case of the knockout
mice. (B) To make sure that the podocytes growing out of the glomeruli of the triple
transgenic mice indeed synthesized less Lmx1b mRNA, total RNA was isolated.
Quantitative real-time PCR analysis shows reduced Lmx1b mRNA levels in podocytes
cultured from Cre recombinase-positive mice. The data shown represent two in-
dependent experiments, in which two mice each (experiment 1) and six control mice
and four knockout mice (experiment 2) were included. (C) Primary podocytes were
trypsinized and replated into 96-well plates coated with BSA and laminin-111. Po-
docytes from knockout mice adhered better than those podocytes from control mice
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superfamily, syn. Fnl4, TWEAK receptor),
the protease Pamrl1, and Crctl, a protein of
unknown function. The two downregula-
ted genes encode dendrin and semaphorin-
3g. Transgelin is associated with the actin
cytoskeleton and stabilizes stress fibers,3°
Tnfrsf12a can be induced by RhoA and
ROCK,3! dendrin has been localized to
the slit diaphragm,32:33 and dendrin,33
Tnfrsfl12a34 and Gadd4583> are proapop-
totic proteins. Because these genes were
promising candidate target genes for
Lmx1b, we wanted to confirm the microarray
data by quantitative real-time PCR. Glomer-
uli were isolated immediately before the ad-
ministration of doxycycline and after 7 days
of continuously administering doxycycline in
the drinking water. Lmx1b mRNA levels had
dropped to 40% in the Cre-positive glomeruli
compared with the Cre-negative glomeruli
(Figure 7A). At the same time point, the
mRNA levels of transgelin had risen to
799%, those of Gadd458 had risen to
211%, and those of Tnfrsfl2a had risen to
318%, whereas dendrin mRNA levels had
fallen to 33% of control levels (Figure 7A).
The real-time PCR results, therefore, corrob-
orated the microarray data and encouraged
us to analyze additional genes that had not
fulfilled our stringent criteria completely, be-
cause their levels varied less than twofold in
the DNA microarray analysis. By quantitative
real-time PCR, we were able to show that the
mRNA levels of actin binding Rho-activating

on laminin. Shown are the mean values and SDs. *P<0.05.

To obtain molecular insight into the pathway(s) regulated by
LMX1B, we performed a microarray analysis of glomeruli
collected at various time points after the addition of doxycy-
cline. Mice without Cre but receiving doxycycline served as a
negative control. Potential candidate genes should fulfill the
following criteria: (1) they should not be regulated by doxy-
cycline (i.e., their level should not change in the Cre-negative
mice), (2) they should be increasingly regulated the longer the
administration of doxycycline lasted, because mild protein-
uria was observed after 5 days and pronounced proteinuria
was observed after 7 days (Figure 6, A and B), and (3) they
should be regulated at least twofold on day 7. Thus, we only
considered genes with differential mRNA expression on day 7
that required a false discovery rate of 1% for the detection of
differential expression. Altogether, only seven genes fulfilled
our criteria: five genes were upregulated, and two genes were
downregulated after the inactivation of Lmx1b (Figure 6, C-I).
The five upregulated genes encode transgelin (syn. SM22a),
Gadd45p8, Tnfrsfl2a (member 12a of the TNF receptor

J Am Soc Nephrol 24: 1830-1848, 2013

protein (Abra; syn. Stars) and Arl4c (syn.
Arl7) had risen to 519% and 578% of control
levels, respectively (Figure 7A). To determine the functional sig-
nificance of the putative target genes, we transiently transfected
primary podocytes with expression plasmids for Abra, Arl4c, and
Crctl. Subsequent staining with phalloidin revealed that the
transfected cells showed stronger fluorescence, which indicated
that those proteins led to the increased formation of F-actin (Fig-
ure 7B). Additional confirmation of the microarray data was
sought by immunofluorescence staining of kidney sections. Be-
cause the transgelin mRNA was induced strongest among the
mRNAs tested and suitable antibodies were available for the
transgelin protein, we chose to investigate transgelin. In the pres-
ence of Lmx1b, glomeruli did not stain positive, whereas after the
inactivation of Lmx1b, a strong signal for transgelin was seen.
Double staining for the podocyte marker synaptopodin con-
firmed that transgelin was induced in podocytes (Figure 7C).
LMXI1B has been shown to recognize adenine and thymine-rich
binding sites in the promoter region of its target genes, the Far-
linked AT-rich (FLAT) element.!1-13:36:37 To show that the genetic
changes observed in the inducible LmxIb knockout mice were
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Figure 5. Characterization of primary podocytes. Glomeruli were isolated from triple transgenic and Lmx1b'19%: NPHS2:rtTA mice that
had received 2 mg/ml doxycycline in the drinking water over a period of 7 days. Primary podocytes were used 5-6 days after the
isolation of glomeruli. (A) Primary podocytes were subjected to electric cell substrate impedance sensing. A statistically significant
difference in the spreading rate observed was not observed on either BSA or fibronectin. (B) Immunofluorescence staining with an
antipaxillin antibody was used to visualize cell matrix contacts. No difference can be seen between the focal contact area of podocytes
isolated from the triple transgenic mice and the area of podocytes from control mice. The numbers shown reflect measurements from
27 to 31 cells each of three knockout and three control mice. (C) The random movement of fibronectin-coated nanobeads attached to
the primary podocytes was tracked by video microscopy. Nanobeads moved significantly less on podocytes isolated from the knockout
mice as judged by the diffusion coefficient; 1805 particles were tracked in the podocytes of control mice, and 1863 particles were
tracked in the podocytes of knockout mice. (D) Primary podocytes were stained with fluorescently labeled phalloidin to visualize the
F-actin cytoskeleton. Cells isolated from knockout mice showed stronger phalloidin staining (a.u., arbitrary units). (E) F-actin was
destroyed by incubation with 5 ug/ml cytochalasin for 24 hours. The average cell size at this time point was taken as 100%. Then,
cytochalasin was removed, and pictures were taken every 60 seconds. Primary podocytes from control mice spread out much faster
after the removal of cytochalasin than the podocytes from knockout mice. Shown are the mean values and SDs, except for C, which
shows the geometric mean plus SEM. *P<<0.05.

caused by a direct binding of LMX1B to the promoter regions of
the respective genes, chromatin immunoprecipitation (ChIP)

endogenous Lmx1b protein to the homologous FLAT ele-
ments of the murine Abra and Arl4c promoter regions. Re-

assays were carried out. Because we wanted to analyze up to
6,000 bp upstream of the transcriptional start site for functional
FLAT elements and freshly isolated glomeruli represented scarce
material, we first made use of stably transfected HeLa cells in-
ducibly producing human LMX1B to scan the promoter regions.
Although we were not able to identify a FLAT element recognized
by LMX1B in the promoter region of the TAGLN gene (the gene
encoding transgelin), we found two closely spaced FLAT ele-
ments for the ABRA gene and one FLAT element for the
ARL4C gene to which LMX1B was able to bind (Figure 8A).
This finding encouraged us to carry out ChIP experiments
with isolated mouse glomeruli to show binding of the

1836 Journal of the American Society of Nephrology

grettably, our ChIP assay was not sensitive enough to show
binding of Lmx1b to these FLAT elements in podocytes of
freshly isolated glomeruli. Therefore, we transiently trans-
fected conditionally immortalized human podocytes with
an expression plasmid for the human LMX1B protein and
subjected them to ChIP. Indeed, we were now able to show
binding of LMX1B to the respective FLAT elements in the
promoter regions of both the ABRA and ARL4C genes (Figure
8B). The results of the ChIP experiments were confirmed by
gel shift assays. Using recombinant human LMX1B protein,
we showed specific binding of LMX1B to these FLAT elements
(Figure 8C).
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Figure 6. DNA microarray analysis of glomeruli after inactivation of Lmx1b. (A) Triple transgenic and Lmx 16" NPHS2:rtTA mice
(three animals each) were administered 2 mg/ml doxycycline for 0, 1, 3, 5, and 7 days in the drinking water; 0.5 ul urine was loaded on
a protein gel, which was subsequently stained with Coomassie Brilliant Blue. It can be seen that mild albuminuria developed after 5
days and pronounced albuminuria developed after 7 days. Variable amounts (1, 3, 10, and 30 ug) of BSA served as a comparison. (B)
Urinary protein/creatinine ratio 7 days after the administration of doxycycline. (C-l) Glomeruli were isolated from the same animals
shown in A, and total RNA was isolated and subjected to DNA microarray analysis. Shown are the median fold changes of the
microarray data. *P<<0.05.
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Figure 7. Expression analysis and functional characterization of Lmx1b-regulated genes. (A) Total RNA was isolated from freshly
harvested glomeruli and subjected to quantitative real-time PCR. The following animals were used: five Lmx1b'®/'°%;, NPHS2:TA,; tetO:
Cre mice receiving no doxycycline (0d), five Lmx1b'%'°%; NPHS2:rtTA mice receiving 2 mg/ml doxycycline for 7 days (7d-), and five
Lmx1b'91°%: NPHS2:rtTA; tetO:Cre mice receiving 2 mg/ml doxycycline for 7 days (7d+). (B) Transfection of primary podocytes with
expression plasmids for Abra, Arl4c, and Crct1 results in the increased formation of F-actin, which was shown by staining with fluo-
rescently labeled phalloidin. (C) Lmx1b'91°%. NPHS2:1TA (control) and triple transgenic mice (knockout) were treated with 2 mg/ml
doxycycline for 7 days. Staining of kidney sections with antibodies against transgelin and synaptopodin reveals that the inactivation of
Lmx1b leads to the synthesis of transgelin in podocytes. Shown are the mean values and SDs. Scale bar, 20 um. *P<0.05.
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Figure 8. ChIP and gel shift experiments. (A) Stably transfected HeLa cells inducibly producing LMX1B were subjected to ChlP with the
polyclonal rabbit anti-LMX1B antiserum BMO8 («LMX1B). Regular rabbit IgG served as a negative control. Binding of LMX1B was
shown for FLAT elements located at positions —2731 and —2303 of the ABRA gene and a FLAT element located at position —5417 of
the ARL4C gene. (B) ChIP of conditionally immortalized human podocytes transiently transfected with an expression plasmid for human
LMX1B was carried out under the same conditions as for the stably transfected Hela cells. LMX1B recognizes the homologous FLAT
elements as in Hela cells. *P<<0.05. (C) Gel shift assays further support the binding of recombinant LMX1B protein to the indicated
FLAT elements. BSA served as a negative control. The respective unlabeled oligonucleotides served as specific competitors, and
a guanine and cytosine (GC)-rich region of the human NPHS2 gene served as a nonspecific inhibitor. Shifted oligonucleotides are
indicated by the bracket, and free probe is indicated by the arrow. Shown are the mean values and SDs, and the number of in-

dependent experiments is given in parentheses (A and B).

Knockdown of the Imx1b and abra Genes in Zebrafish
Leads to Kidney Defects

To determine the relevance of our findings in vivo, we turned to
the zebrafish as a model system. The zebrafish has been fre-
quently used for the functional studies of genes involved in

J Am Soc Nephrol 24: 1830-1848, 2013

renal development. Screening of the zebrafish genome (www.
ensembl.org) led to the identification of one ortholog for abra
and two orthologous genes for arl4c in zebrafish. All genes
were expressed during zebrafish development and in adult
tissues, although the individual expression patterns varied
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(Supplemental Figure 3). This finding encouraged us to knock
down the respective genes in zebrafish. Although strictly
speaking, this process only allowed us to investigate the role
of these genes during renal differentiation, we at least sought
to obtain evidence for an interaction between them. The in-
jection of antisense morpholinos against arl4c resulted in early
embryonic death (Supplemental Figure 4), and therefore,
these morpholinos were not included for additional analysis.
However, the injection of antisense morpholinos against
Imx1b and abra resulted in an increased body curvature, a
coiled tail, and severe cardiac and body edema similar to
what has been described when antisense morpholinos against
wtl were injected.?® The strength of the phenotypes varied in a
dose-dependent manner, which allowed us to combine anti-
sense morpholinos against Imx1b and abra to test for their
genetic interaction. We found that a combination of antisense
morpholinos resulted in a stronger gross morphologic phe-
notype than the injection of a single morpholino, again judged
by body curvature and edema (Supplemental Figure 4). We,
therefore, extended our experiments to the transgenic zebra-
fish line wt1b::GFP, which synthesizes GFP in the developing
glomerulus and pronephric tubule.?® Importantly, the com-
bined knockdown of Imx1b and abra led to a more severe
phenotype than the individual knockdown of Imx1b and
abra alone. At 48 hours postfertilization, the frequency of ze-
brafish embryos with pronephros defects increased from
~10% (10.5% in Imx1b morphants and 12.8% in abra mor-
phants) to 28.6% in combined Imx1b/abra morphants (Figure
9). The stronger effect observed after the combined knock-
down of Imx1b and abra in developing zebrafish embryos sup-
ports the notion that LMX1B and ABRA act in a common

normal class | class Il class Il

pathway in vivo and that ABRA is a target gene of LMX1B in
podocytes.

DISCUSSION

Approximately 40% of the patients suffering from nail-patella
syndrome develop nephrological symptoms, which result
from defects in the podocytes and the glomerular basement
membrane.? The identification of mutations in the LMXIB
gene3~> and the characterization of conventional LmxIb
knockout mice!%-13 strongly argued that the transcription fac-
tor LMXI1B is essential for the proper differentiation of podo-
cyte precursors. Podocyte development in the conventional
Lmx1b knockout mice arrests at the cuboidal stage without
elaboration of foot processes and slit diaphragms; further-
more, the glomerular basement membrane is split. Because
the a3 and @4 chains of collagen IV as well as the slit dia-
phragm protein podocin are absent in the glomeruli of con-
ventional Lmx1b knockout mice, the COL4A3, COL4A4, and
NPHS?2 genes have been considered promising target genes of
LMXI1B. However, these proteins are still present in the glo-
meruli of nail-patella syndrome patients,'* which argues
against COL4A3, COL4A4, and NPHS2 being direct targets
of LMXI1B.

The constitutive podocyte-specific inactivation of LmxI1b
has unequivocally shown the essential role of LMX1B in po-
docytes.!> It seemed, however, that in those mice the foot pro-
cesses and slit diaphragms disappeared after they had formed
and that LMXI1B, therefore, is necessary for podocytes to not
only acquire their highly differentiated phenotype but also to
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Figure 9. Knockdown of Imx1b and abra in zebrafish. (A) Representative images of normal and malformed pronephroi in transgenic
wt1b::GFP zebrafish at 48 hours postfertilization. The normal pronephros consists of one (fused) glomerulus (G) and the pronephric
tubule (PT). In Imx7b and abra morphants, three classes of phenotypes can be seen: symmetric cystic glomeruli (class [), asymmetric
cystic glomeruli (class 1), and pronephroi without a glomerulus (class I1l). Embryos are shown from a dorsal view, and the anterior end is
at the top. (B) Quantitation of abnormal pronephroi after the injection of antisense morpholinos against Imx1b and abra based on the
categories described in A. In the case of Imx1b, a combination of morpholinos against Imx1b.1 and Imx1b.2 was used, and each was at
a concentration of 0.0625 mM. Shown are the mean values and SDs of four independent experiments. For each experiment, 40-50
embryos per morpholino were included. *P<0.05.
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maintain it. The results presented here and in previous pub-
lications!213 clearly show that LMX1B serves both functions.
Not only is Lmx1b present in the podocytes of adult mice,!>
but the inducible inactivation of LmxIb in adult mice also
leads to the failure of the glomerular filtration barrier as evi-
denced by pronounced proteinuria. In both the constitutive!>
and the inducible podocyte-specific Lmx1b knockout mice,
various proteins of essential function for the glomerular fil-
tration barrier such as podocin, nephrin, Cd2ap, a-actinin-4,
Wt1, and the a3 and a4 chains of collagen IV, were still present
at the time that albuminuria was observed. Similar to the sit-
uation in the kidneys of nail-patella syndrome patients,'# the
leaky filtration barrier after the inactivation of Lmx1b cannot
be explained by the absence of these proteins. Together with
the facts that LMX1B failed to activate an NPHS2 promoter
fragment in reporter assays and that the endogenous NPHS2
gene was not upregulated in stably transfected HeLa cells in-
ducibly producing LMX1B,!3 this finding at least casts doubt
on the hypothesis that NPHS2 is a target gene of LMX1B.

The data presented here offer an alternative explanation for
the role of LMX1B in podocytes and possibly, other tissues as
well. We routinely observe pronounced proteinuria 7 days after
the administration of doxycycline. The elucidation of various
hereditary diseases has taught us that proteinuria results from
defects in the glomerular basement membrane, the slit di-
aphragm, and the actin cytoskeleton.3® Because in the induc-
ible Lmx1b knockout mice, collagen IV is still present 1 week
after the inactivation of Lmx1b and the charge density of the
glomerular basement membrane is the same with and without
Lmx1b, we consider it unlikely that a defect in the glomerular
basement membrane causes proteinuria. Furthermore, the
downregulation of slit diaphragm proteins, such as nephrin
and podocin, occurs after we observe pronounced protein-
uria, and therefore, the loss of these proteins also cannot ex-
plain the observed phenotype. Our data rather argue that
LMX1B regulates genes, which are associated with the actin
cytoskeleton.

We very consistently noticed that more podocytes grew out
of freshly isolated glomeruli after the inactivation of Lmx1b.
The outgrowth of podocytes is a complex process, because the
podocytes have to detach from the glomerular basement
membrane and concomitantly establish new cell-matrix con-
tacts on the culture dish. In a replating assay, we noticed a
higher adhesiveness of primary podocytes to laminin after
the inactivation of LmxIb. Because a similar behavior was
observed on additional substrates, such as poly-L-lysine, fi-
bronectin, and collagen I (data not shown), it is not possible
that a single integrin is responsible for this effect, because cell-
matrix contacts to the various substrates are mediated by dis-
tinct integrins. The fact that the focal contact area and the
spreading rate did not differ between podocytes without and
with inactivated Lmx1b also argues against an involvement of
integrins. Considering the decreased diffusion of integrins
shown by nanoscale particle tracking, the increased phalloidin
staining, and the delayed recovery after cytochalasin treatment
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in the absence of Lmx1b, we consider it more likely that
LMX1B regulates the actin cytoskeleton. On a molecular level,
the upregulation of transgelin, Abra, and Arl4c after the in-
activation of Lmx1b and the increased phalloidin staining in
primary podocytes after the expression of Abra, Arl4c, and
Crctl certainly support such a model. The synergistic effect
of suboptimal doses of antisense morpholinos against Imx1b
and abra during pronephros development in zebrafish argues
along the same lines. In contrast to the ABRA and ARL4C
genes, however, we found no binding sites for LMX1B in the
promoter region of the TAGLN gene that we analyzed.
Whether this finding indicates that the binding site for
LMX1B is outside of the promoter region under investigation
or that the TAGLN gene is nonspecifically activated because of
podocyte damage will be subject to additional experiments.

Transgelin is an actin binding protein that stabilizes actin
fibers.30 Abra also is associated with the actin cytoskeleton and
may stimulate F-actin formation and/or stabilize actin fibers.4°
Arl4c is poorly characterized so far, but it has been shown to
recruit cytohesin-2 (syn. ARNO) to the plasma membrane,*!
and cytohesin-2, in turn, interacts with the focal contact protein
paxillin.*?> We, therefore, argue that, in the absence of Lmx1b,
podocytes contain a stiffer actin cytoskeleton, which may make
the podocytes more vulnerable. A similar scenario has been pro-
posed for the mechanism underlying hereditary forms of FSGS
caused by mutations in ACTN4.23> ACTN4 encodes «-actinin-
4, a protein associated with stress fibers. Missense mutations in
a-actinin-4 result in a higher affinity of the mutant protein for
stress fibers and a stiffer actin network.4344 The importance of
an intact actin cytoskeleton for podocytes is further supported
by previous publications.?427-45-49

In addition to a dysregulated actin network, the down-
regulation of dendrin, a slit diaphragm-associated protein,3233
may also contribute to the development of proteinuria, al-
though the difference in expression levels between glomeruli
with and without Lmx1b was not high. It has to be kept in
mind, however, that Lmx1b mRNA levels only dropped to
40% after Cre-mediated recombination. In the original de-
scription of the P2.5-rtTA mice, Cre recombinase activity in
most, but not all, podocytes was reported,!® which is consis-
tent with our finding that Lmx1b mRNA levels had not drop-
ped to zero. Obviously, there will be podocyte-to-podocyte
variability in the mRNA levels of Lmx1b and in turn, its target
genes. The strong proteinuria that we consistently observed
after 7 days of doxycycline administration shows that intact
podocytes cannot substitute for those podocytes with absent
Lmx1b mRNA, which in turn, may also lose dendrin. Regret-
tably, we have not been able to detect Lmx1b in podocytes by
immunostaining of kidney sections using various mono- and
polyclonal anti-Lmx1b antibodies, and we, therefore, cannot
perform double staining for Lmx1b and its target genes. The
function of dendrin is poorly understood, but it is clear that an
intact slit diaphragm is necessary to maintain the glomerular
filtration barrier. It is noteworthy that, similar to the actin-
associated protein synaptopodin,®® dendrin is also present in
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the brain®! and that Lmx1b is necessary for both the proper
differentiation of podocytes and certain brain regions.>? The
upregulation of the proapoptotic proteins Gadd458 and
Tnfrsf12a certainly is consistent with the increased rate of
apoptotic events after the inactivation of Linx1b, but it remains
to be determined whether these genes are directly regulated by
LMX1B or are induced as part of the apoptotic process.

Considering the facts that nail-patella syndrome patients
suffer from a variety of symptoms—dysmorphic finger and
toe nails, dysplastic or absent patellae, renal abnormalities,
and glaucoma?—and that the conventional LmxIb knockout
mice develop defects in multiple tissues, 1-53-3> one has to
wonder how LMXI1B performs its task in tissues as diverse
as the kidneys, the eyes, and the brain. It may well be that
LMX1B interacts with different cofactors and accordingly, reg-
ulates distinct target genes in several cell types.3” This inter-
pretation is supported by the analysis of the gene expression
pattern in the limb buds of Lmx1b knockout mice,>®57 because
we see no overlap with our array data when we set a limit of at
least a twofold up- or downregulation. One has to be cautious,
however, to compare the data from different microarray ex-
periments. Obviously, a more careful expression analysis is
necessary to determine whether the target genes of LMX1B
are distinct in various tissues. It is, therefore, also conceivable
that LMX1B regulates more general cellular functions, such as
actin-associated cell motility and cell matrix contacts, that are
important in different cellular contexts. Such a scenario could
readily explain the podocyte phenotypes observed in the dif-
ferent Lmx1b knockout mice, such as the cuboidal shape and
the lack of foot processes and slit diaphragms in the conven-
tional Lmx1b knockout mice.!2:13 In this model, the absence of
podocin and the a3 and a4 chains of collagen IV in the con-
ventional Lmx1b knockout mice would be caused by the fact
that the podocytes do not reach a certain (permissive) stage in
development after which other genes are turned on; it is not
because NPHS2, COL4A3, and COL4A4 are direct target genes
of LMXI1B.

CONCISE METHODS

Mouse Strains, Genotyping, and Recombination
Analysis

All mouse lines were maintained on a C57Bl/6 background. Mice
with a floxed Lmx1b allele (provided by Randy Johnson) were gener-
ated by introducing loxP sites upstream and downstream of exons 4
and 6, respectively.!> LC-1 mice (provided by Hermann Bujard)
contain a Cre recombinase and luciferase expression cassette under

Table 1. Oligonucleotides for PCR from genomic DNA

control of the tet-operator,®® and the P2.5-rtTA mice produce the
rtTA protein under control of a Nphs2 promoter fragment.'® Synthe-
sis of Cre (and luciferase) was induced through the administration of
2 mg/ml doxycycline in the drinking water of triple transgenic mice.>®
The presence of the rtTA cassette was identified by Southern blot
analysis. Presence of the Cre cassette and the floxed LmxIb allele
and recombination of the Lmx1b gene were determined by PCR using
the primers given in Table 1.

Perfusion Fixation and Light and Electron Microscopy
Mice were fixed by perfusion through the distal abdominal aorta with

4% paraformaldehyde and 1X PBS for 3 minutes. Subsequently, kid-
ney slices were fixed overnight in 4% paraformaldehyde and 1X PBS
for paraffin embedding, and 2% glutaraldehyde and 1X PBS for elec-
tron microscopy. The latter specimens were incubated with cacody-
late-buffered 1% OsO, for 2-3 hours before being embedded in
Epon. Ultrathin sections were stained with uranyl acetate and lead
citrate and then visualized in a transmission electron microscope
(Zeiss EM 902) equipped with a cooled CCD digital camera (TRS
Trondle Restlichtverstirkersysteme).

The distribution of negatively charged molecules in the glomerular
basement membrane was determined by incubating small pieces of
freshly removed renal cortex for 30 minutes at room temperature in
0.5% polyethyleneimine and 0.9% NaCl (pH 7.3). The tissue was then
washed three times for 10 minutes each in 50 mM sodium cacodylate
(pH 7.3) before being fixed for 1 hour in 0.1% glutaraldehyde and 2%
phosphotungstic acid. After again washing three times for 10 minutes
each with 50 mM cacodylate buffer, the tissue was incubated for 2
hours at 4°C in 25 mM cacodylate buffer and 1% OsO, before being
embedded in Epon. Ultrathin sections were stained with uranyl ace-
tate and lead citrate and then visualized in the transmission electron
microscope. Polyethyleneimine was obtained from Sigma (P3143),
and phosphotungstic acid was from Fluka (79690).

Immunofluorescence Staining and Staining for
Apoptotic Cells

Immunofluorescence staining of kidney sections for podocin, neph-
rin, Wtl, transgelin, synaptopodin, and the a4 chain of collagen IV
was performed as described previously.!> Briefly, sections were de-
paraffinized, subjected to antigen retrieval treatment, and blocked
overnight in 2% BSA and 1X PBS before the primary antibodies
were applied. The following antibodies were used: the polyclonal
rabbit anti-podocin antibody P35 (diluted 1:1,000),°° a polyclonal
rabbit anti-nephrin antibody (diluted 1:1,000),%! a polyclonal rabbit
anti-WT1 antibody (diluted 1:500; sc-192; Santa Cruz
Biotechnology), a polyclonal rabbit anti-transgelin antibody (diluted
1:1,000; ab 14106; Abcam), and the monoclonal mouse anti-synap-
topodin antibody G1 (diluted 1:10).92 After three washes, the sections

Target Forward Primer (5'-3’) Reverse Primer (5'-3’)
Cre CCTGGAAAATGCTTCTGTCCG CAGGGTGTTATAAGCAATCCC
Floxed Lmx1b AGGCTCCATCCATTCTTCTC CCACAATAAGCAAGAGGCAC
Recombined Lmx1b GTACCTCCTGTGAGGATGCC ACAGGGCAGAGGGAAAGTG
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were stained with a Cy3-conjugated goat anti-rabbit IgG antibody
(diluted 1:300; 111-165-045; Dianova) or a Alexa 488-conjugated
goat anti-mouse IgG antibody (diluted 1:600; A11029; Invitrogen)
for 1 hour at room temperature. For staining with a polyclonal rabbit
anti-collagen IV a4 antibody (diluted 1:800),%% 7-um-thick cryosec-
tions of snap-frozen kidneys were fixed in ethanol for 10 minutes at
—20°C and then air-dried. After incubation for 1 hour with 6 M urea
and 0.1 M glycine (pH 3.5) at room temperature, the sections were
blocked overnight with 5% nonfat dry milk solution. The next day,
sections were washed with 1X PBS and stained overnight with the
anti-collagen IV a4 primary antibody.

TUNEL staining was performed on 7-um-thick paraffin sections.
After deparaffinization, the sections were first treated for 15 minutes
with 20 ug/ml proteinase K and then blocked for 30 minutes with 5%
BSA, 20% FCS, and 1X PBS before the TUNEL reaction mixture
(Roche Applied Science) was added for 1 hour at 37°C. Stained sec-
tions were visualized on a confocal scanning microscope (Zeiss LSM
510 Meta). To visualize apoptotic events in primary podocytes, cells
were fixed with 3% paraformaldehyde and 1X PBS for 20 minutes at
4°C. After blocking and permeabilization with 3% BSA, 0.1% Triton
X-100, and 1X PBS, the podocytes were incubated overnight with a
primary rabbit antibody directed against cleaved caspase-3 (diluted
1:100; 9661; Cell Signaling Technology). Specific staining was visu-
alized with a secondary Alexa Fluor 468-conjugated donkey anti-rabbit
antibody (diluted 1:600; A10042; Invitrogen).

Isolation of Primary Podocytes
Glomeruli were isolated from the kidneys of adult mice essentially as

described in a previous publication.®* Briefly, after mice were anaes-
thetized, the abdominal cavity and thorax were opened. Then, a sy-
ringe containing 40 ml magnetic bead suspension at a concentration
of 2X 10° beads/ml (140.11; Invitrogen Dynal) was inserted into the
left ventricle, the abdominal aorta was cut open below the renal ar-
teries, and the suspension was administered at a constant pressure of
60 mm Hg. The kidneys were taken out, decapsulated, and cut into
small pieces, which were subsequently digested for 30 minutes at 37°C
with 1 mg/ml collagenase A (103578; Roche Diagnostics). Subse-
quently, the digested kidney was pushed through a 100-um cell
strainer (352360; Becton-Dickenson) to remove larger pieces of tis-
sue, and the filtrate was washed extensively using a magnet. Finally,
the pure glomeruli were plated in DMEM/F-12 medium containing
10% FCS, 100 U penicillin/ml, 100 pg streptomycin/ml, and 1X insulin/
transferrin/selenium (F01510-0881; PAA) to allow outgrowth of
podocytes.

Adhesion Assays with Primary Podocytes
Primary podocytes were detached with trypsin-EDTA or Accutase

(L11-007; PAA) and resuspended in serum-free medium at a con-
centration of 450,000 cells/ml; 100 wl cell suspension was seeded in
triplicate into the wells of a 96-well plate coated with different sub-
strates. After incubating for 30 minutes at 37°C, the wells were
washed with 1X PBS, and a 50 ul substrate solution containing
3.75 mM 4-nitrophenyl N-acetyl-B-D-glucosaminide (N9376;
Sigma), 50 mM sodium citrate (pH 5.0), and 0.25% Triton X-100
was added. The reaction was incubated overnight at 37°C and stopped
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with 75 ul 50 mM glycine and 5 mM EDTA (pH 10.4), and the
absorbance was measured at 405 nm. The experimental values were
normalized to those values obtained when the washing step was omit-
ted and the cells were allowed to attach overnight.

Electrophysiological Characterization of Podocytes
Patch-clamp experiments were performed on freshly isolated glomeruli

and primary podocytes 12 days after plating. The patch membrane was
perforated with nystatin (100 mg/ml; added to the pipette solution) to
determine the membrane potential. Recordings were performed using a
custom-made EPC-7-like amplifier (U. Frébe, Institute of Physiology,
Freiburg, Germany). The patch pipette solution contained 95 mM
K-gluconate, 30 mM KCl, 4.8 mM Na,HPO,, 1.2 mM NaH,PO,,
5 mM glucose, 2.38 mM MgCl,, 0.726 mM CaCl,, 3 mM ATP, and 1
mM EGTA (pH 7.2). The solution for whole-cell experiments con-
tained 145 mM NaCl, 1.6 mM K,HPO,, 0.4 mM KH,PO,, 1.3 mM Ca-
gluconate, 1 mM MgCl,, 5 mM glucose, and 5 mM Hepes.

Electric Cell Substrate Impedance Sensing
Electric cell substrate impedance sensing (ECIS)®® was used to quan-

titate the kinetics of podocyte spreading on different extracellular
matrix proteins. Cells were seeded on the surface of small gold-film
electrodes deposited on the bottom of eight-well cell culture dishes.
The ECIS instrumentation reads the electrode capacitance with non-
invasive electric fields at an alternating current (AC) frequency of
32 kHz. When cells attach and spread on the electrode surface, the
electrode capacitance drops from starting values of a cell-free electrode
to those values of a cell-covered electrode, which correspond to a fully
established cell layer. The drop in electrode capacitance is directly
proportional to the fractional surface coverage of the electrode.
Thus, the time course of the electrode capacitance mirrors the time
course of cell spreading when a suspension of cells is seeded in the
well.

To characterize the spreading of podocytes, electrodes (8w2e
micro; Applied BioPhysics Inc., Troy, NY) were coated with either
fibronectin or BSA (100 wg/ml) for 1 hour at room temperature. The
commercial 8w2e micro electrodes were modified such that the work-
ing volume was reduced down to 30 ul. Glomeruli were isolated from
triple transgenic and control mice, which had received 2 mg/ml doxy-
cycline in the drinking water for 8 days. Five days after the glomeruli
had been plated, primary podocytes were harvested in serum-free
medium and plated in the wells of the electrode array (50,000 cells/
well). Cell spreading was continuously monitored by reading the
capacitance at 32 kHz using the ECIS 1600R device (Applied Bio-
Physics Inc.). To extract the rate of cell spreading, the individual
datasets were differentiated in time. The spreading rates given in
Figure 5A correspond to the maximum change in capacitance ob-
served within the first 2 hours of the experiment.

Measurement of Focal Contact Area
Primary podocytes were harvested 5 days after the plating of

glomeruli. The cells were plated onto coverslips coated for 1 hour
with fibronectin at a concentration of 50 wg/ml. Podocytes were al-
lowed to adhere overnight, and then the cells were fixed with 4%
paraformaldehyde and 1X PBS for 15 minutes at room temperature.
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Focal contacts were visualized by staining with a primary mouse
monoclonal anti-paxillin antibody (diluted 1:300; 610052; BD Trans-
duction Laboratories) and a secondary FITC-coupled goat anti-
mouse IgG antibody (diluted 1:200; 55493; ICN Biomedicals). Total
cell area was determined by staining the actin cytoskeleton with rho-
damine phalloidin (diluted 1:300; PHDR1; Cytoskeleton). Digital
pictures of the green and red channels were quantitated using the
Image] software package.®® Focal contact area was expressed by re-
lating the FITC-positive to the rhodamine-positive area.

Nanoscale Particle Tracking
Primary podocytes were harvested with Accutase 5 days after the

isolation of glomeruli; 30,000 cells each were plated onto 35-mm Petri
dishes and allowed to attach overnight. The next morning, cells were
incubated with fibronectin-coated nanobeads for 30 minutes at 37°C
before the movement of the beads was tracked for 5 minutes. Beads
moved spontaneously with a mean square displacement (MSD) that
followed a power law with time: MSD =D X (t/ty)® + c. The evolution
of the MSD over time, t, can be described by an apparent diffusivity,
D, and the persistence of motion can be described by the power law
exponent, 3. The term c reflects the random noise from thermal and
nonthermal sources, such as single myosin motors, and t, was arbi-
trarily set to 1 second. All parameters were determined by a least-
squares fit.®” Measurements of the spontaneous bead movements
were performed after at least 30 minutes of incubation, which is suffi-
cient to connect the beads to the cytoskeleton.®® The specifics of the
bead—cell connection matter little and do not influence the bead motion
after the beads are firmly connected to the cytoskeleton.®”

Cytochalasin Treatment and Phalloidin Staining
Primary podocytes were exposed to 5 ug/ml cytochalasin D (A 7641;

AppliChem) for 24 hours. Then, the cells were washed two times with
fresh medium and allowed to recover at 37°C and 5% CO, in a Zeiss
LSM 710 laser scanning microscope. Pictures were taken every 60
seconds, and cell size was determined with the Image J software

Table 2. Oligonucleotides for quantitative RT-PCR

package. To visualize the F-actin cytoskeleton, cells were fixed over-
night at 4°C with 4% paraformaldehyde and 1X PBS. Then, the po-
docytes were washed two times with 1X PBS and stained for 1 hour
with Acti-stain 555 (diluted 1:400; PHDH]1; Cytoskeleton).

DNA Microarray Analysis
Fourteen-week-old female triple transgenic and Lmx15'""'**; NPHS2:

rtTA mice were administered 2 mg/ml doxycycline for 0, 1, 3, 5,and 7
days (three animals each per group). Glomeruli were isolated with
magnetic beads, and total RNA was isolated with the PrepEase RNA
SVE Spin Kit (USB). Samples were processed for microarray analysis
by the regional German Affymetrix Service Provider and Microarray
Core Facility, KFB—Center of Excellence for Fluorescent Bioanalyt-
ics (Regensburg, Germany). Hybridizations were carried out on Af-
fymetrix Mouse Gene 1.0 ST Arrays in an Affymetrix Fluidics Station
FS450, and the fluorescent signals were measured with an Affymetrix
GeneChip Scanner 3000-7G. Gene expression profiles were back-
ground-corrected and normalized to probe level using the variance
stabilization method described previously’® as implemented in the
Bioconductor suite of life science-related extensions release 2.47! for
the statistical computing environment R version 2.9.2.”> Normalized
probe intensities were summarized into gene expression levels using
an additive model”? fitted by the median polish method.” Differen-
tial gene expression analysis was performed using linear models for
microarrays generated with the Bioconductor package limma.”>

Quantitative RT-PCR
Quantitative PCR was performed as previously described!® using

10 ng cDNA and the oligonucleotides listed in Table 2. Data were nor-
malized to S9 ribosomal (mouse) and Lamin A/C mRNA (human)
and expressed as relative mRNA levels.

Generation of Stably Transfected Hela Cells
An oligonucleotide encoding the Myc epitope NH,-EQKLISEEDL-

COOH was inserted at the 5" end of the human LMX1B cDNA in the

mRNA Forward Primer (5'-3’) Reverse Primer (5'-3’)
Abra (2) TGGGGGCAAAAAGGACATCGAG ATCCTCACTGAAGGGGTTCAGC
Arldc (m) TTTAAGAACCATAGGCAGAAATCA CAATCTTCTAAGGATCGGGTTTC
Arldc.1 (2) ACCGGCTTGAGGAAGCCAAAAC AGACCGTCAAGGATTTGGGGAG
Arldc.2 (2) GCTGAAAACCAAGGAACGCCAC TCACCTATGATGGCACAGGCTG
Crct1 (m) CCTACAGAGCTTCTCCGGAAC GCCGGTCCTTCCTGTTACTA
Dendrin (m) AATGGAGAGGCCTTGAACCT TCTCTGCCCAAAGTTCCTCT
Efla (2) AAGAGAACCATCGAGAAGTTCGA ACCCAGGCGTACTTGAAGGA
Gadd458 (m) CTGCCTCCTGGTCACGAA TTGCCTCTGCTCTCTTCACA
Lamin A/C (h) TGCGTACGGCTCTCATCAACT CTCGTCGTCCTCAACCACAGT
Lmx1b (h, m) GAGCAAAGATGAAGAAGCTGGC GGCCACGATCTGCTGCTG
Lmx1b.1 (2) AATGCGCCGTGTGTCAACAACC AGCGCCCGCATCACAAATTCTG
Lmx1b.2 (2) AGAGAGAAAGATCTCGCCAGCC GCTGTCATCACTGCCTTTTCCC
S9 (m) GCAAGATGAAGCTGGATTAC GGGATGTTCACCACCTG
Stars (m) AGGAGAGGCCTGAGCAAGA GAGTGTCTCAGAGTACCTGTTTGC
Tnfrsf12a (m) ATTCGGCTTGGTGTTGATG CCATGCACTTGTCGAGGTC
Transgelin (h) GGCCAAGGCTCTACTGTCTG CCCTTGTTGGCCATGTCT
Transgelin (m) GCAGTGTGGCCCTGATGTA TCACCAATTTGCTCAGAATCAC

z, zebrafish mRNA; m, murine mRNA; h, human mRNA.
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Target Forward Primer (5'-3’) Reverse Primer (5'-3’)
hAbra (—5164) GACACAATGGGGAAAGGGTA GAAATCCAACTTTCCCAGCA
hAbra (—4771) AACAAAACAAAAGGGCAACC TTTTAATGAAGTTATTTGTCTTTCTGC
hAbra (—2731) ATCTGCTGACATCCCCAAAC GATTTTCCTGCTTGCCTGTC
hAbra (—2303) TCAGATGCCGTTGAACTCTG GCCGCTATTCGTTTTTCATC
hAbra (—1694) GCTGAGCCCTGGACATTTT TGGAAAGACAAGCATGTGGA
hAbra (—682/—636) AAAATTTTGACTCCCTTTTTGTATT GCCCAGATACGAGAAAGACC
hAbra (—372) GGAATAAAAGGAGGCACACG AGCAGCCCTCAGTACAGCTC
hAbra (—275) CTGGGGTTTAAGTGGGAACA CCAAGTGCCAGAGTGGAAAT
hArldc (—5417) TCCCTGCTGCACTGTAGAAA TGCAGGTGAACTGAAATGCT
hArl4c (—2688/—2678) CACCTGGTGAGTGAAATTAGCA ACCATGATGGGGTTTAGCAA

context of the expression plasmid pUHD 10-3. HeLa cells expressing
the tetracycline-dependent transactivator’® were transfected with
8 ug expression plasmids pUHD 10-3/mycLMX1B together with
0.8 ug selection plasmid. Positive clones were identified by Western
blot analysis with the monoclonal anti-Myc epitope antibody 9E10.37

Transient Transfection of Primary Podocytes and

Conditionally Immortalized Human Podocytes
Primary podocytes were plated at a density of 20,000 cells on 10-mm

coverslips. The next morning, cells were transfected with 1 ug plasmid
and 2 ul Lipofectamine 2000 (Invitrogen) in a total volume of 100 ul.
Four hours later, the transfection mixture was removed, and new
medium was added.

A conditionally immortalized human podocyte cell line”” was grown in
RPMI 1640, 10% FCS, and 1% insulin-transferrin-selenite (ITS) (41400—
045; Gibco). One day after plating, the cells were transfected with an
expression plasmid encoding the Myc epitope-tagged LMX1B protein.
Forty-eight hours after transfection, the cells were subjected to ChIP.

ChiIP

ChIP assays were performed as described previously.>” Briefly, cells were
fixed for 10 minutes at room temperature with 1% formaldehyde and
DMEM. After rinsing with 1X PBS, the remaining formaldehyde was
blocked by incubating for 5 minutes at room temperature with 125 mM
glycine and 1X PBS. The cells were washed again with 1X PBS, scraped
off the Petri dish, and centrifuged for 5 minutes at 860 X gand 4°C. The
cell pellet was resuspended in 100 mM NaCl, 50 mM Tris (pH 8.0),
5 mM EDTA, 0.5% SDS, 0.001% aprotinin, 0.001% leupeptin, and
1 mM PMSF and then sonicated 10 times for 30 seconds each with
30-second pauses in between (30% output level; sonicator Bandelin
Sonoplus GM 2070). Immunoprecipitation was carried out with the
rabbit polyclonal anti-LMX1B antiserum BMOS8!> and rabbit IgG as a
negative control. After reversing the crosslinking, the immunoprecipi-
tated genomic DNA fragments were characterized by quantitative real-
time PCR using the primers listed in Table 3.

Gel Shift Assay

Gel shift assays were performed essentially according to standard
protocols.”® Histidine-tagged full-length human LMXI1B protein was
produced in the Escherichia coli strain Rosetta (DE3) pLysS; 250 ng
recombinant LMX1B protein was incubated with **P-labeled double-
stranded oligonucleotides and then run on a 5% polyacrylamide gel.
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The following oligonucleotides were used: human ABRA (—2303),
5'-AGA TTA AGT ATT AAATCA CTT C-3" and 5'-GAA GTG ATT
TAATAC TTA ATC T-3'; human ARL4C (—5417),5'-AGT AAG CTT
AAT TAA ATG AAA A-3" and 5'-TTT TCATTT AAT TAA GCT TAC
T-3"); and human NPHS2 (—287), 5'-CCT GCC CGG GGC CGG
CTCTCC CAC-3" and 5'-GTG GGA GAG CCG GCC CCG GGC AGG-
3'. Nonlabeled double-stranded oligonucleotides served as competitors.

Zebrafish Experiments
Zebrafish embryos were collected from the wild-type TuiAB strain or a

transgenic line containing the wr1b::GFP cassette.® Staging of the em-
bryos was done according to standard procedures.”® Antisense morpho-
lino-oligonucleotides (GeneTools) were directed against an exon-splice
donor site (abra) or the translational start site (arl4c). Morpholinos
against Imx1b were described previously.® A morpholino targeting
the A113 isoform of p53, which is not expressed before 48 hours post-
fertilization, served as a negative control®! (sequences are shown in
Table 4). All morpholinos were dissolved in Danieu’s buffer at a stock
concentration of 2 mM. Dose-response experiments were carried out
by injecting one- to four-cell embryos with ~5 nl diluted morpholinos;
24, 48, and 72 hours postfertilization, injected embryos were treated
with 0.016% tricaine (Sigma) before being evaluated for morphologic
defects using the epifluorescence microscope Zeiss Stereo Discovery V8.
On determination of the lowest morpholino concentration required to
induce morphologic defects, combined injections were performed. Im-
ages were generated using the AxioVision software (Zeiss).
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Morpholino (5'-3’)
cagaactcacCCAGGAACAGAGGAC
TATGATGAATATATAACGATCGATA
TGATGTCCTCGTTTGCAGGGGTTAT
CTTCGATTTTTATACCGTCCAACAT
CCTCAATTTTGATTCCGTCCAGCAT
GCGCCATTGCTTTGCAAGAATTG

Target

abra elilspl MO
arl4c.1 ATG MO
arl4c.2 ATG MO
Imx1b.1 ATG MO
Imx1b.2ATG MO
p53 ATG MO
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