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Introduction

In vertebrates, podocytes play a crucial role in the establish-
ment of the filtration barrier. A dysfunction of these cells 
consequently leads to renal failure. During kidney develop-
ment, podocytes acquire a highly specialized morphology, 
changing their shapes from columnar epithelial cells to an 
elaborated outstretched form with primary-, secondary-, and 
foot processes, which encompass the glomerular arterioles. 
Subsequently, the slit diaphragm, a highly organized struc-
ture composed of glycosylated transmembrane proteins and 
their intracellular adaptors, is established to regulate the fil-
tration slit between the foot processes.

Beside its core components of podocyte-specific proteins 
(most importantly, the immunoglobulin-domain proteins 
Nephrin and Neph1 and the adaptor protein Podocin [1]), 
assembly of the slit diaphragm has been reported to depend 
on several proteins which localize to the Tight junctions (TJ) 
in conventional epithelia [2], e.g., Zonula Occludens protein 
1 [3, 4], PARtitioning defective 3 [5], and atypical Protein 
Kinase C [5–9]. Thus, podocytes maintain their intrinsic 
apical–basal polarity while extending the apical domain 
[cell body and (foot) processes, facing the urinary space] 
and shrinking the basolateral plasma membrane (anchored 
on the glomerular basal membrane).

One key determinant of apical–basal polarity in many 
if not all epithelia is the transmembrane protein Crumbs 
(Crb). Drosophila Crb (DmCrb) functions together with 
PAR-3 (Bazooka in Drosophila) to determine the apical 
plasma membrane domain. Both complexes counterbal-
ance the activity of the basolateral determinants lethal giant 
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larvae (Lgl), discs large (Dlg), and scribble (Scrib) [10]. 
Apart from one described exception in boundary cells of the 
hindgut [11], DmCrb has to be stabilized at the TJ (or the TJ-
homologous region in Drosophila epithelia) by binding its 
adaptor protein Stardust (Sdt, Protein associated with Lin-7 
one, Pals-1, in mammals) [12–16]. The third member of the 
canonical Crb complex, PATJ (Pals1-associated TJ protein), 
is not essential for stabilization of Crb–Sdt in epithelial cells 
of the embryonic epidermis but in photoreceptor cells and in 
cultured mammalian cells [17–22]. Loss of DmCrb results 
in disturbed apical–basal polarity and defects in adherens 
junction (AJ) formation [23].

In contrast to Drosophila, three genes encode Crb proteins 
in mammals: Expression of Crb1 is restricted to the nervous 
system (and testis), whereas Crb2 is present in kidney, testis, 
placenta, and cerebral cortex. Finally, Crb3 can be detected 
in many if not all epithelia (the human protein atlas [24]) 
[25]. Loss of Crb3 in mice has been recently described to 
be postnatal lethal, but the described defects in apical–basal 
polarity in epithelia are not as strong as seen for its Dros-
ophila counterpart: For instance, the formation of TJ/AJ in 
the tubular system of the kidney is largely unaffected [26]. 
Apart from its function in the retina [27], there is little infor-
mation about the molecular function of Crb2, although it 
resembles DmCrb regarding its protein domain structure 
and is thus likely the direct homologue in certain tissues. 
In contrast, Crb3 virtually lacks the extracellular domain 
(Fig. 1a). Crb2-deficient mice die in embryonic stages, dis-
playing gastrulation defects [28]. Interestingly, mutations 
in Crb2 are found in patients suffering from nephrotic syn-
drome [29] or congenital nephrosis [30]. Moreover, loss of 
Crb2 in zebrafish results in defects in foot-process develop-
ment and slit-diaphragm assembly [29, 31].

To further explore the function of Crb in podocytes, we 
used Drosophila nephrocytes as model system. Nephro-
cytes have been recently identified as podocyte-homologous 
cells exhibiting a striking similarity in morphology, protein 
expression, and function [32–35]: nephrocytes are more or 
less round, mono- (pericardial) or di- (garland) nucleated 
cells. They are floating in the larval and adult stage hemo-
lymph in two populations: Garland nephrocytes surrounding 
the foregut and pericardial nephrocytes lining up on both 
sides of the heart tube. One hallmark of these cells is the 
formation of elongated infoldings of their plasma membrane. 
These structures resemble podocyte foot processes and are 
connected by a nephrocyte diaphragm at the most exterior 
part (Fig. 2g). Narrow lacunae are formed between the foot 
processes and the nephrocyte diaphragms seal this micro-
compartment towards the extracellular space. The nephro-
cyte diaphragm has been shown to be composed of similar 
proteins as the slit diaphragm in mammals (e.g., Nephrin, 
NEPH1, Podocin), exhibiting a size-selective barrier [32, 
33]. Upon filtration of certain substances, presumably toxins 

and metabolic wastes, from the hemolymph, these compo-
nents are endocytosed and intracellularly stored.

In this study, we investigated the function of Crb in mor-
phogenesis and function of nephrocytes. DmCrb localizes 
to the cell periphery and colocalizes with nephrocyte dia-
phragm markers. Knock-down of DmCrb results in a drastic 
decrease in filtration rate, disturbed morphology of foot pro-
cesses, and reduced nephrocyte diaphragms. These defects 
can be rescued by introduction of RNAi-resistant DmCrb 
as well as by expression of each of its human homologues, 
which are expressed in mouse podocytes, hCrb2 or hCrb3. 
Notably, knock-down of Crb disturbs the accumulation of 
early and late endosomes, which can partly be rescued by 
simultaneous overexpression of Moesin, which binds to the 
FERM-binding domain of Crb. In contrast, the assembly or 
maintenance of nephrocyte diaphragms does not depend on 
the interaction with Moesin but on the extracellular domain.

Materials and methods

Drosophila stocks and genetics

Fly stocks were cultured on the standard cornmeal 
agar food and maintained at 25  °C. For evalua-
tion of filtration efficiency, the nephrocyte-specific 
driver line sns::GAL4 [33] was recombined with 
mhc::ANP–RFP [36] and subsequently crossed to 
the responder lines UAS::mCherry–RNAi (#35778), 
UAS::Sdt–RNAi#1 (#37510), UAS::Crb–RNAi#1 
(#38373), UAS::PATJ–RNAi (#35747), UAS::Yrt–RNAi 
(#36118), UAS::Ex–RNAi (#34968) (Bloomington Stock 
Center, Bloomington, IL, USA), UAS::Sdt–RNAi#2 
(#15342R-2), UAS::PATJ–RNAi#2 (#12021R-4) (National 
Institute of Genetics, Shizuoka, Japan), UAS::Moesin–RNAi 
(#110654), and UAS::Crb–RNAi#2 (#22076) (Vienna 
Drosophila Resource Center, Austria). For rescue experi-
ments, sns::GAL4, mhc::ANP–RFP was recombined with 
UAS::Crb–RNAi#1. The 21 nucleotide targeting sequence 
of Crb–RNAi#1 is located in the 3′ UTR of Crb mRNA, 
and thus, expression of this shRNA downregulates endog-
enous Crb but not Crb expressed from UASt as all con-
structs used in this study lack the 3′ UTR. The following 
stocks were established in this study using Phi-C31-in-
tegrase system [37] with attP40 (25C) and attPVK00002 
(28E): UASt::DmCrb, UASt::DmCrbΔFERM [Y10A, 
E16A, 38], UASt::DmCrbΔERLI, UASt::DmCrbΔintra, 
U A S t : : D m C r b i n t r a ,  U A S t : : D m C r b i n t r a Δ E R L I , 
UA S t : : G F P – h C r b 2 ,  UA S t : : G F P – h C r b 2 Δ E R L I , 
UASt::GFP–hCrb2ΔFERM, UASt::GFP–hCrb2C620S, 
UASt::GFP–hCrb2C633W, UASt::GFP–hCrb2R1249Q, 
UASt : :GFP–hCrb3a ,  UASt : :GFP–hCrb3a ΔERLI, 
UASt::GFP–hCrb3b, and UASt::GFP–hCrb3bΔCLPI. For 
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GFP–hCrb2, the ORF of GFP was cloned into an endog-
enous SalI restriction site in hCrb2 pDONOR201 [39], 
placing the GFP 130aa upstream of the transmembrane 
domain. Cloning of GFP into the extracellular fragment of 
hCrb3a and hCrb3b was described elsewhere [40].

Generation of stick‑and‑stone antibody

The Sns antibody was generated by injecting chicken with 
recombinant GST–Snsintra protein purified from E. coli 
(Davids Biotechnology, Regensburg, Germany).

Fig. 1  Crb2 and Crb3 are expressed in human podocytes. a Scheme 
of Drosophila Crb and hCrb2 and hCrb3 proteins including a 
sequence alignment of the intracellular domain. PBM PDZ-binding 
motif, FERM 4.1-protein–Ezrin–Radixin–Moesin. b, c Immunostain-
ings of human kidney sections (cortex). Note that hCrb2 expression 
is prominent in glomeruli [podocytes (arrow head), endothelial cells 
(asterisk), and parietal cells (arrow) in b″ and c″] but only faint in 

tubules, whereas hCrb3 is strongly expressed in both glomeruli and 
tubules (c). d Mouse Crb3 colocalizes with mouse Nephrin in glo-
meruli of kidney sections of an adult mouse (3 months). e Magnifi-
cation of the arrow-marked area is shown in the right panels. Scale 
bars 100 µm in b and c, 50 µm in b′ and c′, 20 µm in b″, c″, and d, 
and 10 µm in e 
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ANP–RFP‑accumulation assay

Garland cell nephrocytes from wandering third instar lar-
vae were microdissected in HL3.1 saline [41], fixed in 4% 
PFA in PBS for 1 h, stained with DAPI for 20 min, washed 
with PBS, and mounted in mowiol. Samples were imaged 

using an LSM-510 confocal microscope (ZEISS, Jena, 
Germany) and ANP–RFP accumulation per nephrocyte 
area (CTCF = corrected total cell fluorescence) was subse-
quently analyzed and quantified with ImageJ after subtract-
ing the autofluorescent background of dissected larvae. For 
each genotype, at least 40 nephrocytes of five independent 

Fig. 2  DmCrb is essential for the function of nephrocytes. a, b 
DmCrb, Sdt, and PATJ are expressed in garland nephrocytes and 
colocalize at the cortex with the Nephrin homologue sticks and stones 
(Sns). c Accumulation of secreted RFP in garland nephrocytes was 
quantified. All RNAi lines were specifically expressed in nephro-
cytes using sns::GAL4. An RNAi line against mCherry was used as 
control. As PATJ null flies survive until pupal stages, filtration effi-
ciency was scored in larvae homozygous for PATJΔ1, which resulted 
in approximately the same filtration efficiency as the two RNAi lines 
used. d, e Nephrocytes with impaired Sdt expression (Sdt–RNAi#1) 
show loss of Crb, PATJ, and (to some extent) Sns from the cortical 
region (same settings in d and e). Note that increased imaging set-
tings give a cortical signal for Sns, but a rather cytosolic or vesicular 
signal for Crb and Sdt (e′). f Downregulation of DmCrb by DmCrb–
RNAi#1 does not impair localization of PATJ or Sdt, but results in 
weaker cortical Sns staining. g–i Transmission electron micrographs 

of garland nephrocytes. In wild-type (not shown) or control nephro-
cytes (g), long, regularly aligned foot processes compose a broad 
peripheral area of the cells, outlining parallel lacunae in between the 
foot processes, which are sealed with a slit diaphragm. h GFP–Crb 
expressed from its endogenous promoter [74] localizes at the nephro-
cyte diaphragms (black arrow) as well as along the peripheral outline 
of the lacunae (red arrows) and in vesicles close to the cell cortex 
(green arrows). Garland cells of wild-type flies incubated with GFP 
antibody were used as negative control (h′). In nephrocytes with 
impaired DmCrb expression (i), this peripheral area is severely dis-
turbed and surface area with nephrocyte diaphragms is drastically 
reduced (quantified in Fig.  3j). i′, i″ are higher magnifications from 
i taken from an area with irregular nephrocyte diaphragms (i′) or a 
nephrocyte diaphragm free area (i″). Scale bar 5 µm in a, b, and d–f, 
2 µm in g and i, 500 nm in g′, i′, and i″, and 200 nm in h 



4577Distinct functions of Crumbs regulating slit diaphragms and endocytosis in Drosophila…

1 3

larvae were quantified. Error bars indicate the standard error 
of the mean. Significance was determined by unequal two 
sample t test with unequal variances: ns > 0.05, *p < 0.05, 
**p < 0.01, ***p < 0.001.

Immunohistochemistry

Garland nephrocytes were dissected as described above and 
heat-fixed for 20 s in boiling heat fix saline (0.03% Triton-
X100). Subsequently, nephrocytes were washed three times 
in PBS + 0.1% Tween 20 and blocked with 1% BSA for 1 h, 
incubated over night with primary antibodies in PBS + 0.1% 
Tween 20 + 1% BSA, washed three times, and incubated for 
2 h with secondary antibodies. After three washing steps 
and DAPI staining, nephrocytes were mounted with Mow-
iol. For staining of F-actin, garland nephrocytes were fixed 
in 4% PFA in PBS and stained with Phalloidin-Alexa-568 
(Molecular Probes).

Primary antibodies used were as follows: mouse anti-Crb 
(Cq4, 1:50, Development Study Hybridoma Bank, DSHB), 
rabbit anti-GFP (1:500, sc-8334, Santa Cruz), guinea pig 
anti-PATJ (1:500 [17]), rabbit anti-Sdt (1:1000, Koch et al., 
in revision), mouse anti-Sdt (1:20 [42]), and chicken anti-
Sns (1:1000, this study). Guinea pig anti-Rab5 (1:2000), rab-
bit anti-Rab7 (1:2000), and rabbit anti-Rab11 (1:2000) were 
kindly provided by A. Nakamura [43]. Rabbit anti-Moesin 
(1:2000) was kindly provided by D. Kiehart [44]. Second-
ary antibodies conjugated with Alexa 488, Alexa 568, and 
Alexa 647 (Life technologies) were used at 1:400. Images 
were taken on a Zeiss LSM 710 Meta confocal microscope 
and processed using Adobe Photoshop.

Sections of paraffin-embedded human kidney specimen 
were stained using rabbit anti-Crb2 (1:50, HPA043674, 
SIGMA) and rabbit anti-Crb3 (1:50, HPA013835, SIGMA). 
For co-staining of Crb3 with Nephrin, Cryo-sections of 
mouse kidneys were stained using the following antibodies: 
rabbit anti-Crb3 (1:50, HPA13835, Sigma) and guinea pig 
anti-Nephrin (1:50, Acris, #BP5030).

Transmission electron microscopy

Garland nephrocytes of the third instar larvae were microdis-
sected in HL3.1 saline, high-pressure frozen (EM-PACT2, 
Leica, Wetzlar, Germany), freeze-substituted in acetone/2% 
OsO4/5%  H2O/0.25% uranyl acetate (AFS2, Leica, Wetzlar, 
Germany), and embedded in Epon. For transmission elec-
tron microscopy, 70-nm-thick sections were cut using an 
ultramicrotome (Leica UC6 or UC7, Wetzlar, Germany). For 
immunostainings of ultrathin sections, freeze substitution 
was performed in acetone/0.2%  OsO4/5%  H2O/0.25% uranyl 
acetate and also embedded in Epon. The GFP-fusion protein 
was stained on 70-nm sections using goat anti-GFP (1:20, 
600-101-215, Rockland) and a secondary 6-nm gold-coupled 

rabbit-α-goat IgG (dilution 1:20). All samples were imaged 
with a TEM-902 transmission electron microscope (ZEISS, 
Jena, Germany).

Results

Crb2 and Crb3 are expressed in mammalian podocytes

To study the function of Crb in podocytes development and 
slit-diaphragm assembly, we aimed to identify the expres-
sion pattern of Crb proteins in this cell type. In contrast 
to Drosophila, mammalian genomes contain three genes 
encoding Crb proteins: CRB1, CRB2, and CRB3 (Fig. 1a). 
As expression of Crb1 is restricted to neuronal tissues (and 
testis), we focused on immunostainings of Crb2 and Crb3 
on sections of human kidney tissue. As depicted in Fig. 1b, 
Crb2 is highly expressed in human podocytes (the visceral 
layer of Bowman’s capsule, arrow head in Fig. 1b″ as well 
as in endothelial cells surrounding the capillaries (asterisk 
in Fig. 1b″) and in the squamous epithelial cells of the pari-
etal layer (arrow in Fig. 1b″), whereas epithelial cells of the 
tubular system are only slightly stained (Fig. 1b), as reported 
before [29]. In contrast, Crb3 is present in the glomeruli 
(endothelial cells, podocytes and parietal cells, Fig. 1c″) as 
well as in tubular epithelial cells (Fig. 1c) and colocalizes 
with the slit-diaphragm component Nephrin (murine kidney 
sections, Fig. 1d, e). Loss of Crb3 in mice results in kidney 
cysts, which emerge from tubular segments of the nephron, 
whereas most glomeruli seem to be intact [26]. On the other 
hand, dysfunction of Crb2 has recently been reported to 
impair slit-diaphragm/foot-process maintenance in zebrafish 
and mutations in human CRB2 are associated with congen-
ital nephrosis or nephrotic syndrome in patients [29–31]. 
However, the strong expression of two Crb variants with 
high similarity of its intracellular domain in podocytes sug-
gests the possibility that these two proteins function (partly) 
in redundancy. Therefore, we chose Drosophila nephrocytes 
as model system to study the function of Crb in vivo.

DmCrb and Sdt are essential for nephrocyte function 
and morphology

DmCrb, Sdt, and PATJ are expressed in nephrocytes, partly 
overlapping with the staining of Sticks-and-stones (Sns), one 
of the Drosophila Nephrin homologues, in the peripheral 
area, where the nephrocyte diaphragms are assembled [45] 
(Fig. 2a, b).

To investigate the function of DmCrb in nephrocyte 
development and filtration efficiency, we performed filtration 
assays as described previously [36]. In this system, soluble 
red fluorescence protein (RFP) is secreted into the larval 
hemolymph, which is subsequently filtrated, endocytosed, 
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and stored by nephrocytes (an example for the RFP-accumu-
lation assay is described in Suppl. Fig. 1). Thus, intracellu-
lar accumulation of RFP in garland nephrocytes of wander-
ing L3 larvae reflects filtration efficiency and endocytosis. 
Indeed, downregulation of Kirre, one of the Drosophila 
NEPH1 homologues, results in almost abolished filtration 
efficiency (Fig. 2c).

Downregulation of DmCrb as well as Sdt significantly 
decreased filtration efficiency (Fig. 2c). This effect is specific 
for DmCrb and Sdt, because it can be rescued by expres-
sion of an RNAi-resistant variant (Fig. 3d). Interestingly, 
downregulation or knock-out of PATJ in nephrocytes does 
not reduce RFP filtration to the same extent as downregula-
tion of DmCrb or Sdt (Fig. 2c), suggesting that PATJ is not 
necessary to stabilize the DmCrb/Sdt complex in nephro-
cytes, which corresponds to the situation in the embryonic 

epidermis and to some extent in cells of the follicular epi-
thelium [17, 19, 20].

Loss of Sdt in epithelia leads to destabilization and endo-
cytosis of DmCrb [13, 46]. Similarly, we observed a strong 
decrease in DmCrb (and PATJ) staining in nephrocytes with 
decreased Sdt expression (Fig. 2e, same settings as in d). 
Importantly, accumulation of the Nephrin homologue sticks-
and-stones at the peripheral area appears weaker compared 
to the control. Enhanced exposure reveals a cytosolic/vesicu-
lar staining of DmCrb and PATJ, whereas residual Sns is 
still cortically localized (Fig. 2e′). In contrast, downregula-
tion of DmCrb does not affect localization of Sdt or PATJ 
(Fig. 2f, same setting as d), which is in line with previous 
observations in epithelial cells of the embryonic epidermis, 
where Sdt and PATJ can be recruited to the apical junction 
by Bazooka in the absence of Crb [18, 47].

Fig. 3  Transmission electron microscopy analysis of rescue nephro-
cytes. a–h Garland nephrocytes expressing Crb–RNAi and the indi-
cated rescue transgene were analyzed by electron microscopy. i 
Amount of nephrocyte diaphragms (NDs) per µm surface area (basal 

membrane) was quantified. At least three nephrocytes from different 
individuals were scored. j, k Schematic representation of Crb-dele-
tion constructs and mutations used in this study. Graphic symbols 
used are explained in Fig. 1a
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Finally, we investigated whether downregulation of 
DmCrb affects development and morphology of nephrocytes 
using electron microscopy. Indeed, formation of foot pro-
cesses is significantly disturbed in nephrocytes with down-
regulated DmCrb. In control nephrocytes, the peripheral 
area is composed of a regularly aligned system of parallel 
foot processes outlining narrow lacunae, which are sealed 
to the hemolymph compartment by nephrocyte diaphragms 
(Fig. 2g). Notably, Crb localizes to the dense structures of 
nephrocyte diaphragms (Fig. 2h, black arrow), as well to 
subcortical vesicles (Fig. 2h, green arrow) and around the 
outline of lacunae (Fig. 2h, red arrow), which is in line with 
immunostainings (Fig. 2a, d), showing a cortical staining of 
Crb, which is significantly broader than that of sns (Fig. 2d). 
In contrast to their control counterparts, nephrocytes with 
strongly reduced DmCrb protein expression exhibit a dra-
matically disturbed morphology (Fig. 2i). The peripheral 
area is irregularly shaped, with a complete loss of correctly 
aligned foot processes and strongly reduced amount of 
nephrocyte diaphragms (Fig. 3i). Instead, some big lacunae 
can be observed, whereas other parts of the cell periphery 
lack any lacunae. However, some intact nephrocyte dia-
phragms remain at the border of enlarged lacunae (arrow 
in Fig. 2i′), which correlates with (reduced but detectable) 
cortical staining of Sns (Fig. 2f). Morphological defects and 
amount of nephrocyte diaphragms in Crb–RNAi express-
ing nephrocytes can be rescued by expression of an RNAi-
resistant DmCrb transgene (Fig. 3a, i).

The function of DmCrb regulating nephrocyte 
diaphragms and RFP accumulation is conserved in its 
mammalian homologues 2 and 3

Next, we aimed to investigate whether the function of 
DmCrb in nephrocytes is conserved in mammalian Crb2 
and Crb3, which are both expressed in mammalian podo-
cytes (Fig. 1b–e). Human Crb2 (hCrb2) and human Crb3a 
(hCrb3a) exhibit a high sequence similarity in the cyto-
plasmic domain, both containing the FERM (4.1-pro-
tein–Ezrin–Radixin–Moesin)-binding motif and the C-ter-
minal ERLI motif (Fig. 1a), which is capable of binding the 
PDZ domain containing proteins Sdt/Pals1 or PAR-6 [12, 
13, 15, 25, 48–51]. In contrast to hCrb3a, a second Crb3 
isoform, hCrb3b, does not contain the ERLI motif due to 
alternative splicing [52] (Fig. 1a), and thus, this protein is 
likely not able to bind Pals1/Sdt. Instead, hCrb3b exhibits 
a CLPI motif, which has been described to be implicated in 
ciliogenesis and cell division control [52].

hCrb2 and hCrb3a differ in the extracellular domain, 
which is quite similar to DmCrb (EGF-like and Laminin 
A/G-like domains) in case of hCrb2, whereas Crb3a exhib-
its only a very short extracellular portion (Fig. 1a) which, 

however, seems to be sufficient for localization of the protein 
to cell–cell contacts [40].

To test, which of the human homologues can comple-
ment the DmCrb–RNAi phenotypes, we confirmed that 
overexpressed GFP-tagged hCrb2, GFP–hCrb3a, and 
GFP–hCrb3b are to some extent colocalizing with DmCrb 
in the peripheral area of nephrocytes, overlapping with Sns 
expression (Fig. 4a–c). Notably, overexpression of its mam-
malian counterparts resulted in a slight expansion of cortical 
DmCrb localization (Fig. 4a–c, compared to Fig. 2a). Next, 
we expressed these proteins in nephrocytes together with 
DmCrb–RNAi. As depicted in Fig. 4d, e, not only RNAi-
resistant DmCrb but also hCrb2 and all hCrb3 variants can 
rescue downregulation of DmCrb regarding the RFP accu-
mulation. Neither deletion of the ERLI motif in hCrb3a 
 (hCrb3aΔERLI), nor deletion of the CLPI motif in hCrb3b 
 (hCrb3bΔCLPI) decreases the rescue capacity of the mutated 
proteins, but rather results in enhanced filtration (Fig. 4e). 
Notably, two recently described mutations of hCrb2 (C620S, 
located within the extracellular domain of hCrb2 between 
Laminin G domains 1 and 2 and R1249Q, adjacent to the 
transmembrane domain within the cytoplasmic tail), which 
are associated with nephrosis [29, 30] rescue downregula-
tion of DmCrb as efficiently as wild-type hCrb2 (Fig. 4d), 
producing even an increased accumulation of RFP in com-
parison to control nephrocytes. In contrast, a third muta-
tion (C633W, located in the extracellular domain between 
Laminin G domains 1 and 2) exhibits only a rescue compa-
rable to control RFP values (Fig. 4d). Considering that these 
proteins are overexpressed in the rescue experiments, these 
results might indicate a crucial role of the latter mutation 
in nephrocyte/podocyte function. However, further experi-
ments using a mammalian system have to be used to eluci-
date the detailed pathomechanism.

Ultrastructural analysis of hCrb2- and hCrb3a-rescued 
nephrocytes reveals a complete rescue of morphology and 
nephrocyte diaphragms (Fig. 3g–i). Thus, both human hom-
ologues of DmCrb, which are expressed in human podo-
cytes, are capable of fully accomplishing DmCrb function 
in nephrocytes regarding filtration efficiency.

The extracellular domain is essential for assembly 
or maintenance of nephrocyte diaphragms but not for 
endocytosis

The extracellular domain of DmCrb has been reported to 
facilitate transcellular homophilic interaction, thereby sta-
bilizing the protein and contributing to DmCrb function in 
regulating apical–basal polarity in epithelia [53]. Similarly, 
dimerization of the extracellular domain of two Crb2 iso-
forms regulates cell adhesion in zebrafish photoreceptor 
cells [54]. However, expression of a DmCrb variant, which 
consists of the transmembrane domain and the intracellular 
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domain, can at least to some extent restore apical–basal 
polarity in crb-deficient epithelia [38, 55]. This prompted 
us to test whether homophilic dimerization or other interac-
tions of the extracellular domain of DmCrb are essential for 
its function in nephrocytes. Indeed, a truncated version of 
DmCrb  (DmCrbintra), consisting only of the signal peptide, 
the transmembrane domain and the intracellular tail, is able 
to restore RFP accumulation in nephrocytes with downregu-
lated DmCrb (Fig. 4e).

Remarkably, deletion of the Sdt-interaction motif 
(ERLI) in this construct does not impair the rescue capac-
ity (Fig. 4e), indicating that Sdt interaction of this motif 
is not essential for its function in nephrocyte filtration. 
However, electron microscopy analysis and quantification 

of nephrocyte diaphragms indicate a failure in restoring 
ultrastructure and nephrocyte diaphragms in  DmCrbintra 
and  DmCrbintraΔERLI (Fig. 3e, f, i). Thus, rescue potential of 
the intracellular fragment is likely due to restored/enhanced 
endocytosis rather than due to nephrocyte diaphragm assem-
bly or maintenance.

In contrast, deletion of the entire cytoplasmic tail in 
DmCrb (DmCrbΔintra) abolishes the rescue capacity regard-
ing slit-diaphragm assembly (Fig. 3d, i) as well as endocyto-
sis (Fig. 4e), suggesting that the cytoplasmic domain of Crb 
is essential for these processes, presumably due to target-
ing of the protein to the cortex/slit diaphragms via interac-
tion with either Sdt (by the ERLI motif) or Moesin (via the 
FERM-binding motif).

Fig. 4  Crb function for nephrocyte filtration is conserved through-
out evolution. a–c hCrb2 and hCrb3 isoforms (hCrb3a and hCrb3b, 
differing at the very C-terminus, as depicted in Fig. 1a) tagged with 
a GFP (fused into the extracellular domain, next to the transmem-
brane domain) were expressed in garland nephrocytes and detected by 
immunostaining. All three hCrb variants colocalize with Sns at the 

cellular cortex, but show—similar to endogenous DmCrb—an addi-
tional subcortical localization. d, e Rescue experiments in nephro-
cytes with downregulated endogenous DmCrb and simultaneous 
expression of indicated transgenes: accumulation of secreted RFP in 
garland nephrocytes was quantified as described above. Scale bars 
5 µm
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In contrast, hCrb3a exhibits a robust rescue capacity in 
RFP accumulation as well as in the amount of nephrocyte 
diaphragms (Figs. 3h, i, 4f), which is in line with a recent 
study describing a role of the short extracellular domain of 
Crb3 isoforms in localizing the protein to sites of cell–cell 
contacts, likely by homophilic interactions [40].

The FERM‑binding motif but not the ERLI motif 
is essential for RFP accumulation

Finally, we elucidated the contribution of the two known 
intracellular motifs, which are conserved from fly to men: 
the FERM-binding motif facilitates binding of DmCrb to 
Yurt, Expanded, and Moesin, thereby modulating the actin 
cytoskeleton and suppressing cell proliferation and organ 
growth by controlling the Hippo pathway [56–61].

The C-terminal ERLI motif binds to the adaptor protein 
Sdt, which is essential for stabilization of Crb at the subapi-
cal region in most epithelial cells [12–16], except of bound-
ary cells in the Drosophila hindgut [11]. Furthermore, the 
adaptor protein PAR-6 has been described to compete with 
Sdt for binding to the ERLI motif of DmCrb and mammalian 
Crb in vitro and in cell culture [25, 49, 51].

However, the robust rescue capacity of hCrb3b and 
 hCrb3aΔERLI suggests that binding to Pals1/Sdt might 
not be essential for the filtration efficiency of nephro-
cytes. Surprisingly, deletion of the ERLI motif in DmCrb 
 (DmCrbΔERLI) and hCrb2  (hCrb2ΔERLI) results in a slightly 
decreased rescue capacity in comparison to DmCrb, hCrb3b, 
and  hCrb3aΔERLI, whereas deletion of the ERLI motif 
in  DmCrbintra does not affect its rescue capacity (Fig. 4d, 
e). One reason might be that the turnover (by endocyto-
sis) of  DmCrbΔERLI could be higher compared to DmCrb, 
thus disturbing the proteins function at the cell surface. In 
contrast to the ERLI motif, mutation of the FERM motif 
 (DmCrbΔFERM and  hCrb2ΔFERM) entirely abolishes the 
ability to restore DmCrb function regarding nephrocytes 
filtration efficiency (Fig. 4d, e). Ultrastructural analyses 
and nephrocyte diaphragm quantifications revealed a close 
to normal morphology and regular amount of nephrocyte 
diaphragms in  DmCrbΔFERM and  DmCrbΔERLI (Fig. 3b, c, 
i). These surprising findings—together with the vice versa 
effects of  DmCrbintra—suggest that Crb functions in two 
pathways to regulate nephrocyte function: The extracellular 
domain facilitates (presumably by homophilic interaction) 
nephrocyte diaphragm assembly and/or maintenance and 
(foot-process) morphology, whereas the intracellular tail (in 
particular the FERM-binding domain) controls endocytosis 
(of secreted RFP). Notably, overexpression of DmCrb or 
its mammalian homologues hCrb2, hCrb3a, and hCrb3b in 
nephrocytes results in an increased accumulation of RFP 
(Suppl. Fig. 3), indicating an enhancement of endocytosis, 
which is in line with previous results, demonstrating a gain 

of apical membrane compartment upon overexpression of 
Crb in epithelial cells [55].

Loss of the FERM‑binding domain interaction partner 
Moesin phenocopy Crb‑knock‑down in nephrocytes

Drosophila nephrocytes accumulate and store filtrated sub-
stances upon endocytosis. Interestingly, mammalian podo-
cytes exhibit a similar high endocytosis capacity to regulate 
slit-diaphragm assembly and maintenance (recently reviewed 
in Ref. [62]). Drosophila nephrocytes endocytose secreted 
RFP and accumulate it in vesicular structures, which are sur-
rounded by Rab7 staining (but do not costain with Rab5 for 
early endosomes or Rab11 for recycling endosomes), char-
acterizing them as late endosomes or lysosomes (Fig. 5a and 
data not shown and Ref. [63]). In contrast to the nephrocyte 
diaphragm marker Sns (Fig. 2a), DmCrb shows a staining 
pattern, which is not precisely restricted to the absolute out-
line of the cell, but exhibits a broader localization (Fig. 2a, 
d). Furthermore, DmCrb localizes not only to nephrocyte 
diaphragms, but also to subcortical vesicles and along the 
outline of lacunae (Fig. 2h). To investigate whether Crb 
is implicated in the regulation of endocytosis, we stained 
control and DmCrb-downregulated nephrocytes with mark-
ers for early (Rab5) and late endosomes (Rab7). Strikingly, 
Rab5 and Rab7 staining is dramatically decreased in nephro-
cytes with downregulated DmCrb (Fig. 4b, same exposure 
settings as in A, B’ shows enhanced settings), reflecting a 
decrease of early endosomes and late endosomes/lysosomes.

To further explore the mechanism how Crb regulates 
endocytosis, we analyzed the knock-down phenotypes of the 
three described interaction partners of the FERM-binding 
motif: Whereas knock-down of Yurt and Expanded had only 
a slight decreasing (Yurt) or even enhancing (Expanded) 
effect on RFP accumulation, reduction of Moesin expression 
results in a strong reduction of fluorochrome accumulation 
(Fig. 5c).

Interestingly, knock-down of Moesin in nephro-
cytes results in a strong decrease in Rab5-positive early 
endosomes and a substantial decrease in Rab7-positive late 
endosomes/lysosomes (Fig. 5d), which could be a secondary 
effect because of the defects in earlier steps of endocytosis. 
Besides, downregulation of Moesin also affects the actin 
cytoskeleton, ultrastructure, and the amount of nephrocyte 
diaphragms (Suppl. Figure 2A–C; Fig. 3i). Downregulation 
of DmCrb in nephrocytes results in a loss of cortical Moesin 
(Fig. 6b), which can be rescued by wild-type DmCrb but 
not by  DmCrbΔFERM (Fig. 6c, d). Interestingly, downregula-
tion of Moesin in nephrocytes leads to abolished cortical 
staining of Crb (Suppl. Fig. 2D), indicating that Moesin 
stabilizes Crb at the cortex, which might explain the mor-
phological defects and reduced nephrocyte diaphragms in 
Moesin–RNAi expressing nephrocytes.
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Discussion

Taken together, we have demonstrated that in Drosophila 
nephrocytes, DmCrb regulates early endocytosis by inter-
acting with Moesin via its FERM-binding domain. In con-
trast, its function in nephrocyte diaphragm assembly/main-
tenance depends on (presumably homophilic interaction 
of) the extracellular domain. These two distinct functions 
are conserved throughout evolution as both mammalian 
homologues, hCrb2, and both hCrb3 isoforms can rescue 
the defects observed in nephrocytes with downregulation 
of DmCrb. Control of endocytosis by Moesin might occur 
either directly [64, 65] or indirectly by affecting the actin 
cytoskeleton [66, 67]: Moesin links the Crb apical polarity 
complex to the actin cytoskeleton in Drosophila [57, 61, 68] 
and mouse Crb3a interacts with a related FERM-domain 

containing protein, Ezrin, suggesting a similar mechanism 
[26]. Moreover, Moesin regulates the subcortical actin 
cytoskeleton and loss of Moesin results in polarity defects 
[66, 67]. Consequently, downregulation of Moesin disturbs 
cortical accumulation of DmCrb (Suppl. Fig. 3D), which 
explains the morphological defects and decreased amount 
of nephrocyte diaphragms in these cells. On the other hand, 
Moesin has been described to facilitate the pinching-off of 
clathrin-coated pits as endocytic vesicles in T cells [64] and 
in cervix carcinoma cells (HeLa) [65], and thus, it seems 
to be involved in early steps of endocytosis. Although we 
provide compelling evidence that Crb regulates endocytosis 
in nephrocytes by recruiting Moesin via its FERM-bind-
ing domain, we cannot exclude that other proteins, which 
bind directly or indirectly to the FERM-binding motif, are 
involved in this process, too. Downregulation of Moesin 

Fig. 5  Crb controls nephrocyte function by regulating endocyto-
sis. a Endocytosed RFP accumulates in Rab7-positive vesicles, but 
does not show overlap with Rab5 (higher magnification in a′). b 
Rab7-labeled late endosomes and Rab5-positive early endosomes are 
decreased in nephrocytes with downregulated DmCrb (b, same expo-
sure settings as in a, b′ shows optimized settings) in contrast to con-
trol nephrocytes (a). c RFP-accumulation assay of garland nephro-

cytes with downregulated expression of Expanded (Ex), Moesin 
(Moe), or Yurt (Yrt). d Nephrocytes expressing Moesin–RNAi show 
decreased Rab5 and to some extent lower Rab7 staining (same expo-
sure settings as in a, d′ shows optimized settings). e Table summa-
rizing the phenotypes observed in nephrocytes with Crb-knock-down 
and expression of indicated rescue constructs. Scale bars 1.5 µm in a′ 
and 5 µm in all other
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results in severe morphological defects and a strong reduc-
tion of nephrocyte diaphragms. In contrast, DmCrbΔFERM 
rescues nephrocyte morphology and diaphragms but not 
endocytosis. Thus, we conclude that the Crb–Moesin inter-
action is essential for regulation of endocytosis, but Moesin 
accomplishes independently of its recruitment by Crb 
another function in regulating cell morphology and nephro-
cyte diaphragm assembly, presumably by modulating the 
actin cytoskeleton.

Notably, hCrb3a without the ERLI motif and hCrb3b 
without the CLPI motif as well as hCrb2 are capable of res-
cuing DmCrb–RNAi nephrocytes more efficiently compared 
to DmCrb or DmCrbintra (Fig. 4d, e). This is in line with the 
fact that expression of hCrb2 and hCrb3b but not of hCrb3a 
in wild-type nephrocytes increased the endocytosis rate 
more efficiently than DmCrb (Suppl. Fig. 3). Although being 
highly conserved, the cytoplasmic tails of DmCrb, hCrb2, 
and hCrb3 isoforms differ in a few amino acids. Thus, fine-
tuned differences in the interaction of these proteins with 
Moesin (or other proteins regulating endocytosis) might pro-
duce these differences. Apart from that, it might also be just 
a matter of either protein stability or protein mobility, which 
might be increased in proteins without Sdt binding (ΔERLI 
variants). However, the latter is obviously not the case for 
the “bigger” Crb proteins DmCrb and hCrb2, because in 
these cases, the RFP accumulation is weaker upon deletion 

of the Sdt-interaction motif. In contrast, the rescue capaci-
ties of Crb3 variants without the Sdt-interaction motif are 
similar or even increased. One explanation would be that 
in the absence of Sdt binding, hCrb3 is not as fast removed 
from the membrane as DmCrb or hCrb2.

Importantly, endocytosis of core components of the slit 
diaphragm in mammalian podocytes plays a crucial role in 
maintaining the filtration barrier (reviewed in [69]): Nephrin 
is endocytosed by clathrin-dependent [70] and independent 
[71] endocytosis. Damaged podocytes in patients, which 
suffer from nephrotic syndrome, exhibit an increase in the 
amount of endocytic vesicles and decreased Nephrin sur-
face localization. On the other hand, defects in maturation 
of endocytic vesicles result in disturbed morphology of 
podocytes with vacuoles and loss of foot processes and slit 
diaphragms [72, 73]. These results reflect an important role 
of the endocytic machinery in development and function of 
podocytes, which are in line with our findings of a conserved 
role of Crb-regulating nephrocyte development and function 
by modulating endocytosis.
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