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Abstract

Complex interactions of the branching ureteric bud (UB) and surrounding mesenchymal cells during metanephric kidney develop-
ment determine the final number of nephrons. Impaired nephron endowment predisposes to arterial hypertension and chronic kidney
disease. In the kidney, extracellular matrix (ECM) proteins are usually regarded as acellular scaffolds or as the common histological
end-point of chronic kidney diseases. Since only little is known about their physiological role in kidney development, we aimed
for analyzing the expression and role of fibronectin. In mouse, fibronectin was expressed during all stages of kidney development
with significant changes over time. At embryonic day (E) 12.5 and E13.5, fibronectin lined the UB epithelium, which became less
pronounced at E16.5 and then switched to a glomerular expression in the postnatal and adult kidneys. Similar results were obtained
in human kidneys. Deletion of fibronectin at E13.5 in cultured metanephric mouse kidneys resulted in reduced kidney sizes and
impaired glomerulogenesis following reduced cell proliferation and branching of the UB epithelium. Fibronectin colocalized with
alpha 8 integrin and fibronectin loss caused a reduction in alpha 8 integrin expression, release of glial-derived neurotrophic factor and
expression of Wntl1, both of which are promoters of UB branching. In conclusion, the ECM protein fibronectin acts as a regulator
of kidney development and is a determinant of the final nephron number.
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Introduction

Embryonic kidney development is a complex process, which
may explain why urinary tract malformations are among the
most common birth defects in humans [2, 27]. In humans,
the development of the final kidney, the metanephros, starts
at embryonic day (E) 35 with reciprocal signaling between
the Wolffian duct and the adjacent metanephric mesen-
chyme (MM) [32]. Nephrogenesis significantly depends
on the formation of the ureteric bud (UB) and the nephron
endowment at the branching UB tips [9]. In mouse, kidney
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development begins at E10.5 with the outgrowth of the UB
from the Wolffian duct, which then invades the MM [9]. The
UB, which later becomes the collecting duct system, begins
to branch dichotomously and induces the MM to condense
and undergo mesenchymal-to-epithelial transformation [20].
The condensed MM then forms renal vesicles, followed
by comma- and s-shaped bodies, which later turn into the
nephrons [20]. The inductive signaling is an essential step in
kidney development as it induces UB outgrowth and subse-
quent UB branching. The glial-derived neurotrophic factor
(GDNF) is produced by the MM cells and plays a key role
in UB branching [29]. GDNF promotes UB cell proliferation
and regulates the expression of the extracellular signaling
molecule WNT11 in the UB tips, which in turn increases
GDNF expression in a positive feedback loop [17]. GDNF
deletion in mice results in significant defects in UB out-
growth and consequently renal agenesis [29].

Integrins are cell adhesion receptors which interact with sev-
eral proteins of the extracellular matrix (ECM) and are involved
in embryonic kidney development [22]. Integrins consist of
the subunits a and p and are divided into three groups called
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laminin-, collagen-, and arginyl-glycyl-aspartic acid (RGD)-
binding integrins [22]. The RGD-binding integrins are linked
to several ECM ligands [22]. The RGD-binding integrin a8p1
(ITGAS) is expressed by MM cells and stimulation of ITGAS
significantly contributes to GDNF induction [24]. Similar to
GDNF deletion, loss of ITGAS in mouse leads to impaired UB
outgrowth in the MM and results in renal agenesis [24, 29]. In
addition, mutations of ITGAS have been described as a genetic
cause of bilateral renal agenesis in humans [15].

Next to the detrimental phenotypes provided by loss of
GDNF or ITGAS, alterations in kidney development do not
always have to result in renal agenesis but can affect the final
kidney size and number of nephrons and glomeruli. In humans,
nephron number between individuals varies from roughly
200,000 up to 2,000,000 nephrons, which exceeds the struc-
tural variability of most other organs [14]. Low nephron number
increases the risk for chronic kidney disease (CKD) due to lower
functional reserve and continuous hyperfiltration [6]. In addition,
low nephron number also predisposes to arterial hypertension
[5, 21]. Despite the significant impact of nephron endowment
for health, the determinants of nephron number remain incom-
pletely understood.

ECM proteins such as collagens, fibronectin, and laminins
are often regarded as scaffolding proteins in the kidney provid-
ing structural stability or as an irrefutable histological sign of
progressive CKD [7, 18]. However, ECM proteins are largely
involved in signal transduction and therefore may affect kid-
ney development as recently shown for the ECM protein
nephronectin [3, 19]. Recently, fibronectin has been shown to
mediate branching morphogenesis of mouse embryonic salivary
glands and additionally was detected at early stages of mouse
metanephric kidney development [28]. Fibronectin is a gly-
coprotein which exists as a dimer linked by a pair of disulfide
bonds and exists in two types [26]. The soluble form which
is secreted by cells and the insoluble species which occurs in
fibrillar extracellular structures [26]. Fibronectin is ubiquitously
expressed and involved in wound healing processes, cell adhe-
sion, migration, growth, and differentiation [26].

Therefore, we investigated the expression of fibronectin
during mouse and human kidney development in more detail
and tested for its impact on nephrogenesis by deletion of
fibronectin in ex vivo cultured metanephric mouse kidneys.

Results

Fibronectin is expressed during kidney
development with significant changes of its
localization over time

First, we characterized the expression of fibronectin in wild-

type mouse kidneys using immunofluorescent stainings at
different time points of kidney development. Metanephric
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kidneys were harvested at E12.5, E13.5, E16.5, PO, P7,
and adulthood. Fibronectin expression was detected during
all stages of nephrogenesis. However, the localization of
fibronectin signal changed significantly over time. At E12.5
and E13.5, fibronectin primarily lined the UB branches and
tips (Fig. 1A and Supplemental Fig. 1A, B) in the nephro-
genic zone, but not limited to it, which corresponded to
previous studies [10, 28]. In embryonic kidneys at E16.5,
fibronectin was rarely detected around the ureteric bud epi-
thelium limited to the nephrogenic zone. Instead, fibronectin
was found in the primary interstitium, which was extended
by subtle expression within the (pre-) glomerular structures
(Fig. 1B and Supplemental Fig. 1C). At PO and P7, fibronec-
tin expression disappeared from the tubulo-interstitium and
changed to a glomerular staining pattern (Fig. 1C and Sup-
plemental Fig. 1D, E). In healthy adult kidneys, fibronec-
tin appeared almost exclusively in the glomerular matrix
(Supplemental Fig. 1F). Similar fibronectin expression pat-
terns were found in human fetal kidneys at week 10, 16,
21, and 35 of pregnancy using immunofluorescence staining
(Fig. ID-F and Supplemental Fig. 1G-J). In all those stages,
fibronectin expression was detected. Again, the pattern of
fibronectin changed from interstitial localization lining the
tubular structures at week 10 of pregnancy (Fig. 1D and
Supplemental Fig. 1G) to a more diffuse interstitial expres-
sion at week 16 of pregnancy (Fig. 1E and Supplemental
Fig. 1H). At week 21 and 35 of pregnancy, fibronectin stain-
ing was predominantly present within glomerular structures
(Fig. 1F and Supplemental Fig. 11, J). These findings reveal
that fibronectin is expressed during kidney development of
mouse and human. The striking localization along the UB
branches suggests that fibronectin may be involved in UB
branching morphogenesis of developing kidneys.

Tamoxifen-inducible deletion of fibronectin in ex vivo
cultured metanephric kidneys

Constitutive knockout of fibronectin leads to embryonic
death in mice due to defects in mesoderm, neural tube,
and vascular development [13]. In order to study the role
of fibronectin (FN) during embryonic kidney develop-
ment, CAGG-Cre-ER™:;EN" mice were generated allow-
ing tamoxifen-inducible deletion of fibronectin. Therefore,
metanephric kidneys were dissected at E13.5 and cultured
ex vivo on organotypic Millicell organotypic cell culture
inserts for 5 days. One kidney of the kidney pairs was geneti-
cally deleted for fibronectin by application of (Z)-4-hydroxy-
tamoxifen (HT) (500 nM) at day 1, whereas the contralateral
kidney served as control (Fig. 2A). Real-time PCR showed
significant reduction of fibronectin mRNA level 5 days after
application of HT compared to the contralateral control kid-
neys (Fig. 2B). Additional western blot analysis confirmed
these findings on protein level (Fig. 2C and Supplemental
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Fig. 2). Notably, significant reduction of fibronectin was
already visible 48 h after application of HT in kidney culture
indicating a short half-life in kidney development (Fig. 2D
and Supplemental Fig. 2).

Deletion of fibronectin resulted in reduced kidney
sizes, impaired branching, and lower number
of glomeruli

Metanephric kidney pairs were dissected at E13.5 and cul-
tured ex vivo for 5 days. One kidney was treated with HT to
induce fibronectin deletion (FN~'7) whereas the contralat-
eral kidney served as fibronectin-competent control (EN*),
To test for the role of fibronectin in nephrogenesis, whole
mount kidneys were stained for UB branches and glomeruli
and photographed at the end of day 5. Fibronectin-deleted
kidneys were significantly smaller than control kidneys
(Fig. 3A, E, I). Furthermore, UB branching morphogen-
esis was significantly impaired upon deletion of fibronec-
tin (Fig. 3B, F, J). UB branching was particularly reduced
within the nephrogenic zone (Fig. 3K). In addition, loss
of fibronectin resulted in a reduced number of glomeruli
(Fig. 3C, G, L) with a significant reduction of glomeruli
within the nephrogenic zone (Fig. 3M).

UB branching depends on cell proliferation [1, 23]. There-
fore, kidneys were stained for the proliferation marker ki67
5 days after induction of fibronectin deletion. Ki67 signals were
significantly reduced after deletion of fibronectin and normal-
ized to the whole kidney tissue (Fig. 4A, B). The effect was
largely driven by a reduction of ki67-positive cells within the
UB branches in the nephrogenic zone shown by selective analy-
ses of epithelial cells within UB branches and normalized to the
total number of UB cells (Fig. 4A, C). A significant, reduction
in cell proliferation was additionally found analyzing exclusively
the UB tips in the nephrogenic zone (Fig. 4D). Similar results
were obtained by the use of the proliferation marker PCNA
(Supplemental Fig. 3). These findings indicate that fibronectin
is necessary to induce proliferation of UB branching cells which
consequently affects kidney size and nephron endowment.

Fibronectin colocalizes with ITGA8 in metanephric
kidneys and affects ITGA8-dependent signaling

ITGAS is involved in kidney development by promoting
GDNF-mediated UB cell proliferation [4, 24]. Recently,
the ECM protein nephronectin has been discovered as an
important ligand to ITGAS8 in kidney development [19].
Fibronectin has also been suggested as a ligand to ITGAS,
however with a much lower affinity [30]. We next performed
colocalization studies of fibronectin and ITGAS8 and found
significant colocalization of fibronectin and ITGAS along
the UB branches in metanephric mouse kidneys harvested
at E13.5 predominantly in the nephrogenic zone (Fig. SA

and Supplemental Fig. 4A). Fibronectin deletion resulted
in a significant reduction of ITGAS8 signals in the nephro-
genic zone (Fig. 5SA and Supplemental Fig. 4B). Since
ITGAS stimulation results in GDNF release, we next stained
for GDNF and again found significant colocalization of
fibronectin and GDNF in E13.5 metanephric mouse kidneys
(Fig. 5B and Supplemental Fig. 5A). Loss of fibronectin led
to a strong reduction of GDNF signals (Fig. 5B and Supple-
mental Fig. 5B). In line with the reduction of ITGAS stain-
ing pattern around the UB branches in the nephrogenic zone,
ITGA8 mRNA was significantly reduced in whole mount
kidney specimens after deletion of fibronectin (Fig. 5C).
In addition, fibronectin deletion also resulted in a signifi-
cantly reduced expression of GDNF mRNA (Fig. 5D). Next,
we used ELISA assays to test for GDNF release into the
medium over time after induction of fibronectin deletion
compared to control kidneys. In line with the previous find-
ings, loss of fibronectin led to a significantly reduced release
of GDNF into the medium (Fig. 5SE). Furthermore, deletion
of fibronectin also resulted in significantly reduced mRNA
levels of Wntl1 (Fig. 5F) which correlated with GDNF
expression (Fig. 5G).

Next, we wondered if the reduction of GDNF (and sub-
sequently Wntl1) may simply be explained by the structural
loss of metanephric mesenchymal cells surrounding the UB
epithelium in the nephrogenic zone. Therefore, we addition-
ally performed in situ hybridization for GDNF (Fig. 5H),
which on the one hand confirmed significant reduction of
GDNF within the interstitial space of the nephrogenic zone
in fibronectin-deleted kidneys (Fig. 5I) and on the other hand
showed that the cell number within the analyzed areas was
identical in fibronectin-competent and fibronectin-deficient
kidneys (Fig. 5J). Furthermore, ultrastructural analyses by
the use of electron microscopy revealed similar appearance
of the interstitial cells surrounding the UB epithelial cells in
the nephrogenic zone (Fig. SK). These data rather support a
lack of ITGAS8-dependent signaling than structural defects
or loss of MM cells upon deletion of fibronectin.

In summary, our data suggest that during kidney devel-
opment fibronectin stimulates ITGAS8 in MM cells which
leads to activation of GDNF. GDNF then promotes UB cell
proliferation and release of Wntl1.

Discussion

Our study shows that the ECM protein fibronectin is
expressed during kidney development and promotes UB
branching. Therefore, fibronectin qualifies as a determinant
of the final number of nephrons and glomeruli in the mature
kidney.

Fibronectin is an ubiquitously expressed protein
and involved in cell adhesion, growth, migration, and
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«Fig. 1 Expression and localization of fibronectin in kidney develop-
ment. Fibronectin (magenta), dolichos biflorus agglutinin (DBA;
green), as a marker for UB cells and collecting ducts, nuclei (DAPI;
blue), and Wilms tumor protein (WT1; cyan) representing (pre-) glo-
merular structures (A—C) were stained at different stages of kidney
development. A—C shows sections of mouse kidneys from embry-
onic day E13.5, E16.5 and postnatal day PO which represent the
change of fibronectin expression obtained from E12.5 until adulthood
(extended in supplemental Fig. 1). Numbers (1-6) show magnifica-
tions indicated by squares in A—C. (1) Fibronectin lining ureteric bud
epithelial cells (tips and trunks) indicated by arrowheads within the
nephrogenic zone at E13.5 (and E12.5). (2) At the time from E12.5
to E13.5, fibronectin also lines ureteric bud cells that are not situ-
ated exclusively in the nephrogenic zone. (3) At E16.5, fibronectin
can only rarely be found lining ureteric buds limited to the nephro-
genic zone but becomes present in the primary interstitium (asterisk).
(4) At E16.5, fibronectin is no longer detectable lining ureteric bud
cells outside the nephrogenic zone. (5) At E16.5, fibronectin cannot
only be detected within the primary interstitium (asterisk) but also
becomes present within pre-glomerular structures (arrow). (6) At PO
(and adulthood), fibronectin is predominantly expressed in glomeruli.
D-F show representative stainings of fetal human kidney sections
at week 10 (D), 16 (E), and 35 (F) of pregnancy (PW). Arrowheads
indicate fibronectin lining ureteric bud epithelial cells, asterisk marks
interstitial fibronectin expression, and arrows indicate glomerular
staining pattern

differentiation [26]. Two types of fibronectin are present in
vertebrates: soluble fibronectin, which is produced in the
liver and representing a major protein component of blood
plasma, and insoluble cellular fibronectin, which is a major
component of the ECM [26]. The latter is secreted by vari-
ous cells as a soluble protein dimer and later on is assem-
bled into an insoluble matrix [12]. Since we analyzed the

kidneys ex vivo and therefore isolated from blood flow, the
observed phenotypes were clearly driven by endogenous
fibronectin. Although the ex vivo culture of metanephric
kidneys is artificial, it provides additional advantages: (i) it
allows to overcome the issue with embryonic lethality of the
constitutive knockout and (ii) it allows direct comparison of
the kidney pairs.

The strong fibronectin signal lining the UB branches
suggests the UB branching epithelial cells as the source of
fibronectin with it being secreted from the UB cells as dis-
cussed by other groups before [28, 35]. However, we can-
not exclude that other cells than UB cells or other cells in
addition to UB cells may secrete fibronectin in metanephric
kidneys. A similar expression pattern of fibronectin was
observed in fetal human kidneys. The human sample sizes
were small and we cannot rule out that unknown underlying
genetic defects or other alterations, which led to the sponta-
neous abortions may have affected fibronectin expression in
these kidneys. However, given the high analogy to the mouse
samples, the findings indicate that the expression patterns
may be representative.

Recently, the ECM protein nephronectin has been
shown to promote UB branching by stimulation of ITGAS8
and downstream-mediated release of GDNF [19]. Knock-
out of nephronectin frequently resulted in renal agenesis
[19] whereas in our study deletion of fibronectin, which
likely acts on the same signaling pathway, resulted in
smaller kidneys with apparently intact architecture but
reduced nephrons. There are several explanations for
this discrepancy: Linton et al. used mice with a complete
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Fig.2 Fibronectin deletion in ex vivo cultured metanephric mouse
kidneys. E13.5 metanephric kidney pairs (n=11) were cultured
ex vivo for 5 days. (Z)-4-hydroxytamoxifen (HT) was applied and
the contralateral kidneys were maintained under control condition
(illustrated in A). Application of HT resulted in a significant loss
of fibronectin (EN~") 4 days later (day 5 of experiments) as indi-
cated by real-time PCR (B) and western blot analysis (C). C Left

shows representative western blot; right shows statistical analy-
sis of fibronectin expression normalized for vinculin with FN**
set=100%. +/+represents control kidneys (not induced with
HT); —/—represents contralateral kidneys that were induced with
HT to delete fibronectin. D Significant reduction of fibronectin was
already noticed 48 h after application of HT by western blot analysis
(n=>5 kidney pairs). *Significant compared to FN*/*
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Fig.3 Loss of fibronectin resulted in reduced kidney size, impaired
UB branching, and lower number of glomeruli. E13.5 metanephric
kidney pairs (n=11) were cultured ex vivo for 5 days. Deletion of
fibronectin was induced at day 1 (FN™") and compared with con-
tralateral kidneys cultured under control conditions (EN**) after
5 days of culture. Thereafter, kidney size, UB branches, and glomer-
uli were visualized by the use of extended depth of field images of
whole mount kidneys in combination with bright-field microscopy

knockout of nephronectin [19], which therefore may
affect kidney development much earlier than in our model
where we deleted fibronectin at E13.5. Induced deletion
was necessary since complete lack of fibronectin leads
to embryonic death in mouse before E10.5 [13]. There-
fore, loss of fibronectin at an earlier stage may be more
deleterious. In addition, induced deletion means that the
protein has been generated until the time point of inter-
vention and the following effects depend on the half-life
of the protein. However, we show that already 48 h after
induction, fibronectin expression was largely reduced.
Affinity of a ligand to its receptor is of course also note-
worthy. Although fibronectin and nephronectin are both
ligands of ITGAS, the affinity of fibronectin to ITGAS is
approximately 100-fold lower than that of nephronectin
[30]. This could mean that fibronectin may rather act as
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(A, E), DBA staining (green) (B, F), and staining for Wilms tumor
protein (WT1; red) (C, G), respectively. D and H show segmented
images of the whole mount kidneys of A—C and E-G. I-M show
quantification of kidney sizes (I), number of branches within the total
kidney (J), number of branches within the nephrogenic zone (K),
number of glomeruli within the total kidney (L), and number of glo-
meruli within the nephrogenic zone (M). *Significant compared to
FN+/+

a modulator or fine tuner of ITGA8-dependent signaling.
The latter idea would fit to a model where fibronectin may
be a factor contributing to the determination of the final
nephron number and not necessarily resulting in renal
agenesis if its function is altered. The significant reduc-
tion of ITGAS staining patterns around the UB branches in
the nephrogenic zone upon deletion of fibronectin further
supports the idea that fibronectin acts via ITGAS signal-
ing pathways. ITGAS has been shown to be expressed by
nephron progenitor cells in the nephrogenic zone [16]. The
underlying mechanism that leads to reduced expression of
ITGAS upon loss of fibronectin in this specific compart-
ment remains unclear. Our data suggest that it is not due
to a simple loss of mesenchymal cells as the number of
interstitial cells was identical in fibronectin-competent and
-deficient kidneys. Therefore, progenitor cells could either
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Fig.4 Loss of fibronectin
resulted in reduced epithelial
cell proliferation. Metanephric
mouse kidneys (n =6 kidney
pairs) were harvested at E13.5
and cultured ex vivo +appli-
cation of HT for 5 days. A
Kidney sections were stained
for the proliferation marker
ki67 (green signals) and nuclei
(DAPI,; blue). Upper row shows
whole kidney sections; squares
indicate magnifications depicted
below with the correspond-

ing numbers. (1-4) The white
dotted lines illustrate repre-
sentative UB branches localized
within the nephrogenic zone

of EN** (1, 2) and FN™~ (3,
4) kidneys. B Quantification

of ki67-positive cells in rela-
tion to total kidney tissue area
and normalized to FN**. C
Quantification of ki67-positive
cells within UB branches (tips
and trunks) in the nephrogenic

FN ++

zone and normalized to the total B *
number of UB branching cells. 100+
D Quantification of ki67-posi- cxT s
tive cells within UB tips in the » © 804
. -_ O
nephrogenic zone and normal- R
ized to the total number of cells © >, 601
within the UB tips. *Significant 8 GC)
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©'© 207
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miss the signal that induces expression of ITGAS or they
fail to be recruited into the compartment and get replaced
by other cells. In either case, GDNF signaling would be
impaired and affect UB cell proliferation as shown in our
experiments. However, we cannot exclude that additional
signaling pathways may be involved.

Mutations in fibronectin have been linked to a particu-
lar renal disease, called glomerulopathy with fibronectin
deposits (GFND, OMIM: 601894). GFND is a rare autoso-
mal dominant disease characterized by proteinuria, micro-
scopic hematuria, hypertension, and massive fibronectin
deposits in the mesangium and subendothelial space, sub-
sequently leading to end-stage renal failure [33]. Recently,
mutations localized in the integrin-binding domain in
GFND patients have been detected [25]. Although the
disease is primarily regarded as being caused by massive
fibronectin deposits, it would be interesting (and challeng-
ing) to analyze if these patients also suffer from reduced
nephron mass.
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Low nephron number predisposes to arterial hypertension [5,
21]. Recently, in a genome-wide association study, a variant of
fibronectin was linked to arterial hypertension [34]. The underly-
ing mechanism remained elusive. It is intriguing to speculate if
this variant might impair kidney development and by this pre-
dispose to arterial hypertension. Given the ubiquitous expres-
sion and function of fibronectin, there are of course many other
potential explanations for this observation.

In kidney research, ECM proteins are often regarded as
acellular scaffolds that provide structural stability or as the
unfortunate common histological end-point of progressive,
chronic kidney diseases [7]. Here, we show that the ECM
protein fibronectin is significantly involved in metanephric
kidney development affecting ITGAS receptor-dependent
signaling. Therefore, fibronectin variants with reduced or
lacking binding affinity to ITGAS8 may lead to lower nephron
number and predispose to arterial hypertension and CKD.
The latter is speculative at this point but may deserve atten-
tion in future research projects.
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Methods
Human fetal kidneys

Formalin-fixed paraffin embedded sections of human fetal
kidneys of week 10, 16, 21, and 35 of pregnancy were ana-
lyzed with permission provided by the local Ethics com-
mittee (reference number 4415). The causes for intrauterine
death or abortion can only partially be provided. Three out

@ Springer

of four cases were spontaneous abortions of unclear origin.
In the fetus of week 35 of pregnancy, fetal death occurred
due to hemorrhagic shock of the mother with subsequent
severe fetal anemia.

Animals

Animal experiments were approved by the local institutional
review board and all animal experiments complied with the
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«Fig.5 Fibronectin affects ITGAS8-dependent signaling. Metanephric
mouse kidneys (n=5 kidney pairs) were harvested at E13.5 and
cultured ex vivoxHT for 5 days. A Fibronectin-competent kidneys
(FN*"*) were stained for fibronectin (FN; magenta), ITGA8 (red),
and nuclei (DAPI; blue). Both, fibronectin and ITGAS staining lined
the UB branches and showed significant colocalization (white sig-
nals). No fibronectin, but also no significant ITGAS8 signal could be
detected in the nephrogenic zone of FN-deficient kidneys (FN~"). B
Fibronectin-competent kidneys (FN*/*) were stained for fibronectin
(FN; magenta), GDNF (red), and nuclei (DAPI; blue). Fibronectin
and GDNF stainings lined the UB branches and were significantly
colocalized (white signals). No fibronectin, but also no significant
GDNEF signal could be detected in FN-deficient kidneys (ENM). C
ITGA8 mRNA level was significantly reduced in fibronectin-deleted
kidneys (FN™7) (FN** set=100%; n=5 kidney pairs). D GDNF
mRNA level was significantly reduced in fibronectin-deficient kid-
neys (EN~7) (EN** set=100%; n=6 kidney pairs). E ELISA assays
performed after 24 h, 72 h, and 120 h of kidney culture revealed
reduced concentration of GDNF in the medium of FN™'~ kidneys
(EN** set=100%; n=6 kidney pairs). F Wnt11 mRNA expression
was significantly reduced in FN~'~ kidneys (FN** set=100%; n=6
kidney pairs). G Correlation of GDNF and Wnt11 mRNA expression
(n=5 identical FN~"~ kidneys in D and F). H In situ hybridization
of GDNF (n=7 kidney pairs) was performed. Regions of interest
(ROIs) covering the interstitial space between UB branches within
the nephrogenic zone of each kidney were analyzed for GDNF sig-
nals and the number of nuclei. The square (black line) illustrates one
exemplary ROI. Yellow dotted lines indicate UB branches. I FN~/~
kidneys showed a significantly lower expression of GDNF normal-
ized to cell number. Each dot represents the mean value of all ROIs
of one kidney. J The cell number (number of nuclei) was identical in
FN*"* and FN~'~ kidneys. Each dot represents the mean value of all
ROIs of one kidney. K Electron microscopy images revealed a similar
appearance of mesenchymal cells in FN** and FN~'~ kidneys sur-
rounding UB epithelial cells. Small photos on the right illustrate the
structures displayed in the EM photo on the left. Gray: metanephric
mesenchymal cells; green: UB epithelial branch; red: glomerular
structure. *Significant compared to FN*/*

United Kingdom Animals Act, 1986, and associated guide-
lines, EU Directive 2010/63/EU for animal experiments.
Experiments were approved by the local Ethics Committee
of the Government of Unterfranken/Wuerzburg (TS-2/2022
MedIV). Mice carrying the loxP-flanked conditional alleles
of fibronectin (FN™™) were kindly provided by Prof. Rein-
hard Fissler (Max Planck Institute of Biochemistry, Martin-
sried, Germany). Mice were crossed with CAGG-Cre-ER™
mice on a C57BL/6 background from Jacksons Laboratory
that express Cre-recombinase after tamoxifen treatment
in order to receive homozygous CAGG-Cre-ER™;FN™/f
mice. Cre-negative littermates were used for the fibronec-
tin expression characterization of wild-type mice and non-
tamoxifen induced mice served as control in the embryonic
kidney culture experiments.

Immunohistochemistry and antibodies
Whole mount kidneys were stained with FITC-conjugated

dolichos biflorus agglutinin (DBA; 1:500, Vector Laboratories,
USA) and polyclonal rabbit anti-Wilms tumor protein (WT1;

1:500, abcam, Berlin, Germany) after 5 days of ex vivo culture.
As secondary antibody anti-rabbit IgG AlexaFluor® antibody
(1:1000; Thermo Fisher Scientific, Inc., Erlangen, Germany)
was used. For analyses of fibronectin expression and localiza-
tion at different time points during kidney development, mouse
kidneys from E12.5, E13.5, E16.5, PO, P7, and adulthood com-
prising n=5-8 kidneys per time point and human kidneys from
week 10, 16, 21, and 35 of pregnancy were used. Two-micron
thick kidney sections were stained with polyclonal rabbit anti-
fibronectin (1:2000, Dako, Denmark). Glomerular structures
were stained with monoclonal rabbit anti-Wilms tumor protein
(WT-1) (1:500, abcam, Berlin). Binding of the primary WT-1
antibody was visualized with secondary donkey anti-rabbit
antibody conjugated with AlexaFluor® 555 (1:1000, Molecu-
lar Probes, Invitrogen) and fibronectin was visualized by the
use of a secondary donkey anti-rabbit antibody conjugated
with AlexaFluor® 647 (1:1000, Molecular Probes, Invitro-
gen). UB branches and the collecting ducts were stained with
FITC-conjugated DBA (1:500, Vector Laboratories, USA) and
nuclei were visualized by the use of DAPI. Ki67 staining was
performed using monoclonal rabbit anti-Ki67 antibody (1:100,
Linaris, Dossenheim, Germany) and signals were amplified by
the use of the Vectastain Elite ABC Kit (Vector Laboratories,
Burlingame, CA) according to the manufacturer’s instructions.
PCNA was stained by the use of mouse monoclonal anti-PCNA
antibody (1:50; Dako) followed by the use of an ABC M.O.M.
kit (Vector). ITGA8 was stained by the use of polyclonal goat
anti-integrin alpha 8 antibody (1:50; R&D Systems, Minneapo-
lis) and GDNF was stained by the use of polyclonal rabbit anti-
GDNF antibody (1:100; Bioss antibodies, USA). Signals were
visualized using secondary donkey anti-goat conjugated with
AlexaFluor® 555 and secondary donkey anti-rabbit antibody
conjugated with AlexaFluor® 647 (both 1:1000, Molecular
Probes, Invitrogen). Signals were analyzed with a DM6000B
fluorescence microscope (Leica, Wetzlar, Germany), and pho-
tographs were taken with a Leica DFC 450C camera. Signifi-
cance of co-localization was analyzed and visualized by the use
of ImageJ (V.1.45) and the colocalization finder algorithm by
Christophe Laummonerie and Jerome Mutterer (Institut de Biol-
ogie Moleculaire des Plantes, Strasbourg, France) as described
previously [11]. For quantification of ki67 and PCNA, the color
deconvolution algorithm (ImageJ) was applied to dissect the dif-
ferent signals from n =6 kidney pairs, followed by binarization
and particle analysis to obtain the ratio of the number of all posi-
tive cells within the total kidney tissue area (normalized to mm?
tissue). In addition, all DBA-positive branches localized in the
nephrogenic zone were dissected by marking them as regions
of interest by the use of Imagel. All ki67 or PCNA-positive
cells within the branches then were quantified and set in ratio
to the total cell number of the branches. In summary, a total
number of n= 145 branches from n==6 individual kidney pairs
was analyzed. In addition, positive cells exclusively localized
within the tips of the UB branches in the nephrogenic zone were
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analyzed accordingly. ITGAS8, GDNF, and WNT11 signals were
quantified as described previously [8]. Briefly, fluorescent sig-
nals from n=>5-6 individual kidney pairs were turned into 8-bit
images after subtracting background (ImageJ) and a predefined
threshold was used for all images to capture the signals, which
then were set in ratio to the whole tissue area. All analyses were
performed in a blinded manner.

Embryonic kidney culture and morphometric
analysis

Metanephric kidneys were harvested from embryonic CAGG-
Cre-ER™;FEN™! mice at embryonic day E13.5. Therefore,
embryonic kidney pairs from n=11 individual mice were cul-
tured ex vivo on transparent Millicell organotypic cell culture
inserts (Merck Millipore, Billerica, MA, USA) and maintained
in a 37 °C humidified CO, incubator for 5 days. For fibronec-
tin deletion (FN™7), one metanephric kidney was treated with
(2)-4-hydroxytamoxifen (HT; 500 nM, Sigma-Aldrich) whereas
the contralateral kidney was treated with control medium only
and served as control (EN**). HT was diluted in DMEM cul-
ture medium, containing 2 mM L-glutamine, 10 mM HEPES,
10 mM insulin, 5.5 pg/ml transferrin, 6.7 ng/ml sodium selenite,
32 pg/ml triiodothyronine, 250 U/ml penicillin, 250 pg/ml strep-
tomycin, and 25 ng/ml prostaglandin E, and added below the
culture inserts. Medium was changed after 24 h and 72 h. After
5 days, whole kidneys were fixed in paraformaldehyde (4%)
and stained with FITC-conjugated dolichos biflorus agglutinin
(DBA) to illustrate branching morphogenesis and for Wilms
tumor protein (WT1) to depict glomerulogenesis. Metanephric
kidneys stained with FITC-DBA and for WT1 were photo-
graphed along the z-axis providing a series of 20 photos cover-
ing the kidney from top to bottom. Obtained photos then were
combined into a single extended depth of field image by the use
of the “full focus” algorithm of the BZ-9000 analyzer software
(V.2.1., Keyence, Japan). The resulting micrograph then was
further processed by the use of ImageJ (NIH, V.1.45) compris-
ing “subtraction of background,” “contrast enhancement,” “filter
mean” providing a blurred image and thereby reducing back-
ground noise, “‘conversion into 8-bit grayscale image,” “thresh-
old,” “removal of outliers” which in some cases was extended
by “manual excision” of outliers or artifacts always including
the ureter. The resulting photo then was converted into a skel-
etal representation of the branching architecture by the use of
“skeletonize” which then provided the number of branches by
the use of the “analyze skeleton” algorithm. Since WT1 does
not only stain for glomeruli but also for the cap mesenchyme,
an additional algorithm was applied for the count of glomeruli
by defining “circularity” values followed by the “particle analy-
sis” algorithm that separates glomeruli from other (non-circular)
structures as described previously [31]. In addition, bright field
depth of field images were captured along the z-axis to obtain

@ Springer

kidney sizes. Kidney sizes, number of branches, and glomeruli
were compared to the contralateral control kidney.

Western blotting

Proteins were isolated from embryonic mouse kidneys using
a sample buffer containing 50 mM Tris—HCI, 150 mM NaCl,
10 mM EDTA, 1% sodium deoxycholate, 0.1% SDS, 1% pro-
tease inhibitor mixture (Roche, cOmplete, EDTA-free, Man-
nheim, Germany), and 1% Triton X-100. Proteins were sepa-
rated using NuPAGE 3-8% Tris—Acetate Protein Gels (Life
Technologies/Gibco®, Karlsruhe, Germany). For the detection
of fibronectin, proteins were blotted using an iBlot 2 Dry Blot-
ting System (Thermo Fisher Scientific, Inc., Erlangen, Ger-
many) to a polyvinylidene difluoride membrane (GE Healthcare
Europe GmbH, Munich, Germany). Membrane was then incu-
bated with primary anti-fibronectin (1:500; Dako, Santa Clara,
USA) overnight. Proteins were visualized using horseradish
peroxidase-conjugated secondary antibody and ECL detection.
Monoclonal anti-mouse vinculin (1:4000, Novus Biologicals,
USA) was used as loading control.

Real-time PCR

RNA from embryonic kidneys was extracted by the use of
the peqGold Total RNA-Kit (VWR International GmbH,
Darmstadt, Germany) according to the manufacturer’s
instructions. SYBR-Green-based real-time PCR was per-
formed using StepOnePlus (Applied Biosystems, Foster
City, CA, USA). Messenger RNA (mRNA) expression levels
were normalized to 18S using the AACt method. All primer
sequences are listed in Supplemental Table 1.

ELISA

For quantitative detection of mouse GDNF protein release into
the medium, enzyme-linked immunosorbent assay (ELISA)
was performed using the Mouse GDNF CLIA Kit (BIOZOL
Diagnostica Vertrieb GmbH, Eching, Germany) according to
the manufacturer’s instructions. For this analysis, metanephric
kidneys were harvested from embryonic CAGG-Cre-ER™;FN
'at E13.5 and cultured ex vivo on culture inserts for 5 days
(n=06 kidney pairs). One of the kidneys was exposed to HT to
induce fibronectin deletion (FN~'") and the other kidney served
as control (EN*"*). Medium was obtained after 24 h, 72 h, and
120 h and luminescence was measured using GloMax Micro-
plate Reader (Promega GmbH, Walldorf).

In situ hybridization

For detection of GDNF mRNA, in situ hybridization was per-
formed using the RNAscope 2.5 HD Detection Brown Kit (ACD
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322310, Advanced Cell Diagnostics ACD, Hayward, CA) and
a Mm-Gdnf-C1 probe (ACD 1081821-C1), according to the
manufacturer’s instructions. Tissue sections of 4 pum thickness
were kept at 60 °C for 1 h, deparaffinized in xylene, dehydrated
in ethanol, and blocked with peroxidase. Afterwards, the slides
were boiled in antigen retrieval buffer at 95 °C for 15 min and
digested with protease at 40 °C for 30 min. The target-specific
probe was than hybridized with the slides in the HybEZ oven
(ACD) at 40° for 2 h, followed by amplifications steps according
to the manufacturer’s instructions. Signals were detected using
3,3’-diaminobenzidine and the slides were mounted with Eco-
Mount mounting medium (EML897L, Biocare Medical). The
slides were photographed with a Leica DM6000B microscope
and a Leica DFC 450C camera. For quantification of GDNF sig-
nals, the interstitial space between UB branches in the nephro-
genic zone was subdivided into uniform squares serving as
regions of interests (ROIs) in order to obtain GDNF signals per
ROI by the use of Image J. Then, the mean value of all ROIs of
each kidney was determined. The same was done to obtain the
number of nuclei within the analyzed ROIs. Signals from n="7
kidney pairs (E13.5) were analyzed.

Electron microscopy

Metanephric kidneys were fixed in glutaraldehyde (2.5%)
and formalin (2.5%) buffered in 0.1 M PBS (pH 7.6). The
embryonic kidneys were washed with PBS, treated with
0Os0O, (1%) for 60 min, and stained with Uranyless (1%)
(Science services GmbH, Munich, Germany). After dehy-
dration, metanephric kidneys were embedded in epoxy
Araldite resin (Serva Electrophoresis GmbH, Heidelberg,
Germany). Ultrathin Sects. (80 nm) were performed with
an ultramicrotome (Leica, Wetzlar, Germany), transferred
to Formvar-coated cooper grids, and rinsed in lead citrate
buffer. Analysis was performed using a SIGMA scanning
electron microscope with STEM detector at 28 kV (Zeiss,
Oberkochen, Germany).

Statistical analysis

Data are expressed as mean+SEM. An unpaired #-test was
applied to compare the differences between two groups; a
paired -test was used for matched observations (kidney pairs).
Wilcoxon signed-rank test for columns statistics was used for
relative values. P <0.05 was considered statistically significant.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00424-024-02954-9.
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