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Abstract
Drosophila nephrocytes are an emerging model system for mammalian podocytes and proximal tubules as well as for the 
investigation of kidney diseases. Like podocytes, nephrocytes exhibit characteristics of epithelial cells, but the role of phos-
pholipids in polarization of these cells is yet unclear. In epithelia, phosphatidylinositol(4,5)bisphosphate (PI(4,5)P2) and 
phosphatidylinositol(3,4,5)-trisphosphate (PI(3,4,5)P3) are asymmetrically distributed in the plasma membrane and determine 
apical–basal polarity. Here, we demonstrate that both phospholipids are present in the plasma membrane of nephrocytes, 
but only PI(4,5)P2 accumulates at slit diaphragms. Knockdown of Skittles, a phosphatidylinositol(4)phosphate 5-kinase, 
which produces PI(4,5)P2, abolished slit diaphragm formation and led to strongly reduced endocytosis. Notably, reduction 
in PI(3,4,5)P3 by overexpression of PTEN or expression of a dominant-negative phosphatidylinositol-3-kinase did not affect 
nephrocyte function, whereas enhanced formation of PI(3,4,5)P3 by constitutively active phosphatidylinositol-3-kinase 
resulted in strong slit diaphragm and endocytosis defects by ectopic activation of the Akt/mTOR pathway. Thus, PI(4,5)P2 
but not PI(3,4,5)P3 is essential for slit diaphragm formation and nephrocyte function. However, PI(3,4,5)P3 has to be tightly 
controlled to ensure nephrocyte development.
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Introduction

In Drosophila, pericardial nephrocytes located along 
the heart tube and garland nephrocytes surrounding the 
proventriculus filtrate the hemolymph and endocytose pro-
teins and toxins to store the latter permanently to inactivate 
them [1]. Nephrocytes were shown to share several key fea-
tures with podocytes in vertebrates, qualifying them as a 
model system to study mammalian podocyte function and 

podocyte-associated diseases [2–4]. Like in podocytes, hom-
ologues of Nephrin- and Neph1 (Sticks and stones (Sns)/
Hibris (Hbs) and Kin of irre (Kirre)/Roughest (Rst)) form 
the slit diaphragm, thereby separating the lacunae from the 
body cavity with hemolymph. These lacunae are formed by 
invaginations of the plasma membrane and form channel-
like structures with both ends connected to the extracellular 
space [5]. Due to the high endocytosis capacity in these lacu-
nae and the expression of endocytosis receptors like Cubilin, 
Megalin and Amnionless, nephrocytes are used as a model 
system for proximal tubules of the kidney, too [6].

Apart from the core components of the Nephrin/Neph1 
family, the slit diaphragm is stabilized by adapter proteins, 
e.g. the Podocin homologue Mec2 [1, 7] and the ZO-1 
homologue Polychaetoid [1, 8]. Furthermore, we recently 
showed, that regulators of classical apical–basal polarity 
in epithelia are partly localized to slit diaphragm com-
plexes [9]. Knockdown studies revealed that apical polar-
ity regulators, such as Crumbs/Stardust and the PAR/aPKC 
complex as well as the basolateral polarity determinants 
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Scribble/Lethal (2) giant larvae and PAR-1 are essential for 
slit diaphragm formation and—at least some of them—for 
endocytosis [9–11].

In classical epithelia, these polarity regulators are 
targeted to either the apical (Crumbs- and PAR/aPKC-
complex) or the basolateral (Scribble/Dlg/Lgl-complex, 
PAR-1/LKB1) plasma membrane and are essential for the 
establishment and maintenance of apical–basal polarity 
and cell–cell contacts [12]. However, not only proteins 
are involved in this process, but also distinct phospho-
lipids are enriched either in the apical or the basolat-
eral plasma membrane: in particular, phosphatidylino-
sitol(4,5)bisphosphate (PI(4,5)P2) accumulates in the 
apical membrane, whereas phosphatidylinositol(3,4,5)
trisphosphate (PI(3,4,5)P3) is preferentially found in the 
basolateral membrane domain [13, 14]. Notably, PTEN, 
which dephosphorylates PI(3,4,5)P3 to generate PI(4,5)P2, 
is recruited to the plasma membrane by PAR-3, the core 
scaffolding protein of the PAR/aPKC complex [15–17]. 
Thereby, junctionally localized PAR-3/PTEN establishes 
a segregation point for PI(3,4,5)P3 and PI(4,5)P2 [13]. 
In turn, PAR-3 directly binds to PI(4,5)P2 and PI(3,4,5)
P3, which contributes to its targeting to the plasma mem-
brane [18, 19]. During epithelial polarization, phosphati-
dylinositol-3-kinase (PI3K), which phosphorylates PI(4,5)
P2 to PI(3,4,5)P3, seems to function as one of the first 
cues to determine the basolateral, PI(3,4,5)P3-enriched 
plasma membrane domain [20]. Moreover, disruption of 
the PI(4,5)P2/PI(3,4,5)P3 balance results in severe polarity 
defects, suggesting a role of phospholipids as determinants 
of apical–basal cell polarity [13, 14].

Apart from their function in polarity, PI(4,5)P2 and 
PI(3,4,5)P3 are involved in various cellular processes, 
e.g. both phospholipids are essential regulators of Actin 
cytoskeleton [21–23], PI(,5)P2 enriched microdomains 
of the plasmamembrane are docking points for both exo- 
and endocytotic vesicles [reviewed by 24] and PI(3,4,5)
P3 activates the Phosphoinositide-dependent kinase 1 
(PDK1)–Akt pathway, thereby enhancing mTOR activity, 
which functions as a key regulator of cell growth, energy 
homeostasis and proliferation.

Although podocytes and nephrocytes share key features 
with classical epithelial cells, like cell–cell junctions and 
apical–basal polarity, little is known about the distribution 
and function of PI(4,5)P2 and PI(3,4,5)P3 in these cell 
types. Moreover, several studies suggest different func-
tions of PI3K and PTEN in cultured podocytes [25–28], 
but the role of these key enzymes in vivo is still unclear. 
Therefore, the aim of this study was to investigate the sub-
cellular accumulation of these two phospholipids as well 
as their function in slit diaphragm assembly and nephro-
cyte development.

Materials and methods

Drosophila stocks and genetics

Fly stocks were cultured on standard cornmeal agar food 
and maintained at 25 °C. For downregulation or overex-
pression of specific genes for immunostainings and elec-
tron microscopy, sns::GAL4 [29], was crossed with the 
following lines: UAS::Akt-RNAi (#103703), UAS::Exo70-
RNAi (#103717), UAS::Or83b-RNAi (negative control, 
#100825), UAS::PTEN-RNAi (#01475), UAS::Sec3-RNAi 
(#108085), UAS::Sktl-RNAi (#101624), UAS::Sns-RNAi 
(#109442) (provided by Vienna Drosophila Resource 
Center, Austria), UAS::PI3K92E-CAAX (PI3K-CA, 
#8294), UAS::PI3K92E.A2860C (PI3K-DN, #8289), 
UAS:Sktl (#39675), UAS::PH(PLCδ)-mCherry (#51658), 
tubP::GAL80ts (65406), UAS::dTOR-RNAi (#34639) (all 
obtained from Bloomington stock center). UAS::Myr::Akt 
was provided by Hugo Stocker [30] and UAS::Myc-Sktl 
was obtained from Sandra Claret [31].

Dorothy(Dot)::GAL4 [32] was provided by Achim Pau-
lulat. attP40 was used as control for PI3K-CA. UASt::PTEN 
was established by PhiC31-Integrase-mediated germ line 
transformation using attP86F. UAS::PH(Akt)-GFP was 
constructed by fusing the PH domain of mammalian Akt1 
to the N-terminus of GFP in the pUASt vector. Transgenic 
flies were generated by P-element-mediated germ line trans-
formation. An insertion on second chromosome was used 
in this study. For all RNAi and overexpression experiments, 
crosses were kept for 3 days at 25 °C and larvae subse-
quently shifted to 29 °C, to obtain maximum expression. 
PH(PLCδ)-mCherry was expressed at 25 °C, PH(Akt)-GFP 
was analyzed at 18 °C, 21 °C and 25 °C, with best results at 
18 °C, because at higher temperature, the expression of the 
chimeric protein was too strong and found overall the cell, 
likely due to the limited amount of PI(3,4,5)P3 to bind to.

Endocytosis assays

For the ANP-2xGFP accumulation assay, garland nephro-
cytes from wandering third instar larvae were dissected 
in HL3.1 saline [33], fixed in 4% PFA in PBS for 10 min, 
stained with DAPI for 20 min, washed with PBS, and 
mounted in Mowiol. ANP-2xGFP accumulation per 
nephrocyte area (CTCF = Corrected Total Cell Fluores-
cence) was analyzed and quantified with ImageJ after 
subtracting the autofluorescent background of dissected 
larvae. For each genotype, at least 100 nephrocytes of 15 
independent larvae were quantified.

For the FITC-Albumin endocytosis assay, garland 
nephrocytes from wandering third instar larvae were 
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dissected in ice-cold HL3.1 saline and subsequently equili-
brated for 15 min at room temperature. Nephrocytes were 
then incubated with 1 mg/ml FITC-Albumin (SIGMA 
#A9771) in HL3.1 saline for 15 min at room temperature 
to pulse nephrocytes. After rinsing with PBS, samples 
were incubated at room temperature for a 2 h chase in 
Schneider cell culture medium. Samples were then fixed 
for 10 min in 4% PFA in PBS, washed thoroughly with 
PBS and stained with membrane marker WGA-Alexa 555 
(1:400) for 10 min. After final washing with PBS, nephro-
cytes were mounted in Mowiol. The endocytic uptake per 
nephrocyte area (CTCF) was calculated as described for 
ANP-2xGFP accumulation. For each genotype, at least 
120 nephrocytes of at least 25 independent larvae were 
quantified.

Lysates and western blot

Lysates of larvae were made with Laemmli buffer. SDS-
PAGE and western blotting was performed according 
to standard procedures. The following primary antibod-
ies were used: mouse anti ß-Actin (1:1000, Santa Cruz 
#47778), mouse anti GFP (1:500, Santa Cruz #sc-9996), 
rabbit anti Akt pS473 (1:2000, Cell signaling #4060), rab-
bit anti total Akt (1:1000, Cell signaling #4691).

Immunohistochemistry

Garland nephrocytes were dissected as described above 
and heat-fixed for 20 s in boiling heat fix saline (0.03% 
Triton X-100). Subsequently, nephrocytes were washed 
three times in PBS + 0.2% Triton X-100 and blocked with 
1% BSA for 1 h, incubated over night with primary anti-
bodies in PBS + 0.2% Triton X-100 + 1% BSA, washed 
three times and incubated for 2 h with secondary antibod-
ies. After three washing steps and DAPI-staining, nephro-
cytes were mounted with Mowiol. Primary antibodies used 
were as follows: Rabbit anti Baz [1:250, 34], rabbit anti 
Exo70 [1:500, 35], goat anti GFP (1:500, #600–101-215, 
Rockland), mouse anti Myc (1:100, 9E10, Developmental 
Studies Hybridoma Bank (DSHB)), guinea pig anti Rab5 
(1:2000), rabbit anti Rab7 (1:2000) and rabbit anti-Rab11 
(1:2000) were kindly provided by A. Nakamura [36]. 
mouse anti phospho-S6K (1:250, Cell signaling, #9206), 
rat anti RFP (1:1000, 5F8, Chromotek), chicken anti Sns 
[1:1000, 10], mouse anti Talin (1:20, E16B, DSHB). Sec-
ondary antibodies conjugated with Alexa 488, Alexa 568 
and Alexa 647 (Life technologies) were used at 1:400. 
Images were taken on a Leica SP8 confocal microscope 
using lightning program and processed using ImageJ.

Pearson correlation coefficient

The Pearson’s R value was determined to quantify colocali-
zation by comparing pixel vs pixel using the FIJI/ImageJ 
plugin Coloc 2 (Analyze/ Colocalization/ Coloc2). R values 
can reach from -1 (total anticolocalization) to 1 (total colo-
calization). The value 0 means no correlation. Before the 
colocalization analysis, a mask of the corresponding light-
ning image channel was created by setting the Fiji threshold 
moments with previous adjustments in brightness/contrast 
and additional background subtraction (10,0 rolling ball 
radius). For the subsequent Coloc 2 analysis a PSF of 3,0 
and a Costes randomization of 100 were used and only R 
values with a Costes p value > 0,9 were considered.

Transmission electron microscopy

Garland nephrocytes of third instar larvae were dissected in 
HL3.1 saline, high pressure frozen (EM-PACT2, Leica, Wet-
zlar, Germany), freeze-substituted in acetone/1% OsO4/5% 
 H2O/0.25% uranyl acetate (AFS2, Leica, Wetzlar, Germany) 
and embedded in Epon. For transmission electron micros-
copy, 70 nm thick sections were cut using an ultramicrotome 
(Leica UC7, Wetzlar, Germany). All samples were imaged 
with a transmission electron microscope (ZEISS, Libra 120, 
Germany).

Results

PI(4,5)P2 but not PI(3,4,5)P3 is enriched at slit 
diaphragms

In classical epithelia, PI(4,5)P2 is enriched in the apical 
plasma membrane, whereas PI(3,4,5)P3 accumulates in the 
basolateral plasma membrane [13]. In contrast, nothing is 
known about the distribution of specific phospholipids in 
mammalian podocytes or Drosophila nephrocytes. There-
fore, we first investigated the distribution of PI(4,5)P2 and 
PI(3,4,5)P3 in Drosophila garland nephrocytes by express-
ing fusion proteins consisting of a fluorescent protein and 
a Pleckstrin homology (PH) domain, which preferentially 
binds to PI(4,5)P2 (PH domain of PLCδ [37]) or to PI(3,4,5)
P3 (PH domain of Akt1, this study).

mCherry-PH(PLCδ) is substantially associated with the 
plasma membrane (Fig. 1A, B) but it is also found in intra-
cellular pools, partly associated with vesicular structures. 
Surface views reveal that its cortical association form strand-
like structures (Fig. 1B), which to some extent co-stain with 
endogenous Sns, a marker for slit diaphragms as well as 
with Bazooka (Baz), a key regulator of cell polarity in epi-
thelial cells and slit diaphragm formation in nephrocytes, 
which directly binds to PI(4,5)P2 and PI(3,4,5)P3 [9, 19] 



 M. M. Gass et al.

1 3

248 Page 4 of 13

(Supplementary Fig. 1D). In contrast, PH(Akt)-GFP is only 
weakly associated with the plasma membrane but rather 
shows a cytoplasmic and vesicular-associated distribution 
(Fig. 1C). Nonetheless, surface views show a strand-like pat-
tern too, however, these strands exhibit a much weaker colo-
calization with Sns than mCherry-PH(PLCδ) (Fig. 1D and 
Supplementary Fig. 1D) and are rather found between the 
Sns-strands, partly colocalizing with Talin (Supplementary 
Fig. 1A, B). Of note, Sns and Baz pattern appear normal in 
nephrocytes expressing these PH domains and quantifica-
tion of Sns-marked slit diaphragms revealed no differences 
(Supplementary Fig. 1C), confirming that expression of the 
PI(4,5)P2/PI(3,4,5)P3 sensors did not affect slit diaphragm 
formation. The functionality of these sensors was confirmed 
by an increased cortical accumulation upon overexpression 
of the PI(4,5)P2/PI(3,4,5)P3-producing enzymes (Supple-
mentary Figs. 2I, 3D). Our findings suggest that PI(4,5)P2 
in the plasma membrane accumulates at slit diaphragms, 
whereas PI(3,4,5)P3 is enriched in the free plasma mem-
brane between slit diaphragms.

Impaired PI(4,5)P2 production results in strong 
developmental and slit diaphragm defects

To test whether PI(4,5)P2 is essential for nephrocyte devel-
opment and function, in particular regarding slit diaphragm 
assembly and maintenance, we used RNA interference 
(RNAi) to knockdown the ubiquitously expressed PI(4)
P5-kinase Skittles (Sktl), which is responsible for converting 
PI(4)P to PI(4,5)P2 using the nephrocyte-specific driver line 

sns::GAL4. In Drosophila, Sktl has been described to regu-
late apical–basal polarity by targeting PAR-3 to the apical 
junctions in follicular epithelial cells [38] and to the anterior 
cortex in the oocyte [39]. In tracheal tubes, Sktl-produced 
PI(4,5)P2 was proposed to recruit the formin Diaphanous to 
the apical membrane [40]. In nephrocytes, Sktl partly colo-
calizes with Sns at slit diaphragms (Supplementary Fig. 2G), 
opening the possibility of a local accumulation of PI(4,5)P2 
in microdomains of the plasma membrane at slit diaphragms. 
Successful reduction of PI(4,5)P2 was demonstrated by dis-
placement of mCherry-PH(PLCδ) in nephrocytes expressing 
Sktl-RNAi (Supplementary Fig. 2A). Impaired expression 
of Sktl resulted in dramatic morphological changes with 
fused nephrocytes (Fig. 2B compared to control RNAi in 
2A, number of nephrocytes per larvae quantified in Sup-
plementary Fig. 3J). Furthermore, the typical strand-like 
structures of Sns-labelled slit diaphragm observed at the 
surface of control nephrocytes was completely abolished in 
Sktl-RNAi expressing nephrocytes, resulting in a dispersion 
of Sns to intracellular puncta, partly co-staining with mark-
ers for early (Rab5) and late (Rab7) endocytosis but not with 
Rab11 as marker for recycling endosomes (Fig. 2A–D and 
Supplementary Fig. 2B, C). Besides Sns, the basal polarity 
determinant Talin and the apical polarity regulator PAR-3 
(Bazooka (Baz) in Drosophila) are lost from the cortex, too 
(Fig. 2B compare to A). In contrast to impaired PI(4,5)P2 
levels, overexpression of Sktl in order to increase PI(4,5)
P2 did not affect nephrocyte morphology or slit diaphragm 
assembly (Supplementary Fig. 2H, quantified in Fig. 2E), 
although the amount of PI(4,5)P2 seemed to be significantly 
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Fig. 1  PI(4,5)P2 accumulates at slit diaphragms, whereas PI(3,4,5)
P3 is rather found at the free plasma membrane. (A–D) Garland 
nephrocytes expressing either UAS::PH(PLCδ)-mCherry for label-
ling PI(4,5,)P2 or UAS::PH(Akt)-GFP to visualize PI(3,4,5)P3 were 

dissected from 3rd instar larvae, fixed and stained with the indicated 
antibodies. A and C are sections through the equatorial region of the 
nephrocyte; B and D are onviews onto the surface of these nephro-
cytes. Scale bars are 5 µm and 1 µm in insets
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increased, as demonstrated by enhanced accumulation of 
mCherry-PH(PLCδ) at the plasma membrane (Supplemen-
tary Fig. 2I). 

Nephrocytes with downregulation of Skittles 
display impaired exocytosis

Analysis of Sktl-RNAi expressing nephrocytes by electron 
microscopy confirmed an almost complete absence of slit 
diaphragms (Fig. 2D compared to control in C). Notably, 
these nephrocytes do not form regular lacunae but accumu-
late large electron-light vesicles below the plasma membrane 
(Fig. 2D). This phenotype suggests defects in vesicle traf-
ficking, e.g. exocytosis, which is essential for the delivery of 
transmembrane proteins of the slit diaphragm complex (Sns, 
Kirre and Crb). During exocytosis, clustering of PI(4,5)P2 
facilitates the docking of the exocyst complex to the plasma 
membrane by direct binding of its components Exo70 and 
Sec3 in yeast and in mammalian cells [41–44]. In a second 
step, PI(4,5)P2 is also essential for vesicle fusion and several 
proteins involved in regulation of fusion directly interact 
with PI(4,5)P2 [reviewed by 24]. To test whether Sktl-pro-
duced PI(4,5)P2 recruits exocyst complex components in 
nephrocytes, we stained for endogenous Exo70. In control 
nephrocytes, apart from intracellular giant vesicles, a sub-
stantial pool of Exo70 was found at the plasma membrane, 
co-localizing with Sns (Fig. 2G). In contrast, it displayed 
a diffuse localization with some perinuclear accumulation 
in Sktl-RNAi expressing nephrocytes (Fig. 2H). Moreo-
ver, downregulation of the exocyst complex components 
Exo70 and Sec3 resulted in similar loss of slit diaphragms 
as Sktl-RNAi (Fig. 2J and Supplementary Fig. 2 J), which 
is in line with a recent study reporting a crucial role of the 
exocyst complex in slit diaphragm formation/maintenance 
[39]. However, downregulation of Sns, resulting in impaired 
slit diaphragm assembly, leads to displacement of Exo70, 
too (Fig. 2I). These data indicate that both modules, PI(4,5)
P2-enriched microdomains of the plasma membrane on the 
one hand and slit diaphragms on the other hand regulate 
Exo70 targeting and thus exocytosis.

Decreased PI(4,5)P2 levels in nephrocytes result 
in decreased endocytosis

Apart from exocytosis, PI(4,5)P2 also regulates clathrin-
dependent and—independent endocytosis by recruiting 
several proteins involved in early steps of endocytosis to 
the plasma membrane and by inducing actin remodeling 
during micropinocytosis [reviewed by 24]. In nephrocytes, 
endocytosis is essential for the uptake of filtrated proteins, 
toxins and metabolites, which are then stored and inacti-
vated. Moreover, maintenance of the transmembrane pro-
teins within slit diaphragms requires regulated endocytosis, 

too. Disturbance of slit diaphragm formation as well as of 
endocytic receptors and proteins involved in the endocytosis 
machinery have been reported to reduce endocytosis [1, 6, 
10, 11, 29, 45–48]. To test, whether PI(4,5)P2 is essential for 
endocytosis in nephrocytes, we quantified the accumulation 
of secreted ANP-2xGFP [9] which is secreted into the hemo-
lymph (quantified by Western Blot of whole third instar lar-
vae, Supplementary Fig. 2D, E), filtrated by nephrocytes and 
taken up by endocytosis. Indeed, downregulation of Sktl in 
nephrocytes, reducing PI(4,5)P2 levels, resulted in a strong 
decrease of ANP-2xGFP accumulation in nephrocytes, con-
sistent with impaired endocytosis (Fig. 2F). As the accumu-
lation of secreted ANP-2xGFP only reflects the steady-state 
situation of nephrocytes in vivo and not the short-term endo-
cytosis capacity, we performed another assay with isolated 
nephrocytes incubated with FITC-Albumin for 15 min and 
chased with normal medium for 2 h. In this short-term endo-
cytosis assay, we found similar to the ANP-2xGFP assay 
that a reduction in Sktl results in strong decrease in endo-
cytosis capacity (Supplementary Fig. 2F). Both results are 
in line with reports from the Drosophila oocyte, where Sktl 
is essential for Rab5-mediated endocytosis of yolk protein 
[49].

Constitutively active PI3K but not enhanced PTEN 
or dominant‑negative PI3K impairs nephrocyte 
morphology and function

In contrast to PI(4,5)P2, reducing PI(3,4,5)P3 by overexpres-
sion of PTEN or expression of a dominant negative version 
of PI3K (PI3K-DN) did not substantially affect nephrocyte 
morphology or slit diaphragm formation (Supplemen-
tary Fig. 3A, B and Fig. 3F). However, overexpression of 
a constitutively active PI3K (PI3K-CA), which is targeted 
to the plasma membrane by attachment of a prenylation 
anchor (CAAX-motif), in nephrocytes resulted in a strong 
fusion phenotype and a disturbed pattern of slit diaphragms 
(Fig. 3A–D, quantified in 3F). Notably, PI3K-CA-expressing 
nephrocytes are larger than control nephrocytes and its over-
all number is decreased due to the fusion (Fig. 3G and Sup-
plementary Fig. 3H, J). In addition to slit diaphragm defects, 
overexpression of PI3K-CA resulted in a strong decrease in 
ANP-2xGFP uptake and FITC-Albumin endocytosis assay, 
suggesting a defect in endocytosis (Fig. 3H and Supplemen-
tary Fig. 2F).

Like PI3K-CA, knockdown of PTEN, presumably 
resulting in enhanced accumulation of PI(3,4,5)P3, 
leads to similar but milder phenotypes regarding slit dia-
phragms, whereas cell size was not increased (Fig. 3E–G). 
This is likely due to the limited abundance of PI(3,4,5)
P3 within the plasma membrane. Ectopic production of 
PI(3,4,5)P3 from PI(4,5)P2 by PI3K-CA likely produces 
higher levels of PI(3,4,5)P3 in the plasma membrane due 
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to the larger pool of PI(4,5)P2 [50], whereas inhibition 
of dephosphorylation of PI(3,4,5)P3 to PI(4,5)P2 only 
moderately increases PI(3,4,5)P3 levels in the plasma 
membrane.

Phenotypes of increased PI(3,4,5)P3 are induced 
by the Akt/mTOR pathway

Increased PI(3,4,5)P3 in the plasma membrane leads to acti-
vation of the Akt/mTOR signaling cascade, which, among 
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various other functions, results in cell survival and increased 
cell size and proliferation [reviewed by 51]. Expression of 
PI3K-CA in nephrocytes results in a significant increase of 
the phosphorylation of the mTOR target S6K (pS6K, Sup-
plementary Fig. 3E–G), conforming that increased PI(3,4,5)
P production by enhanced PI3K activity results in mTOR 
activation. To test whether the phenotypes observed in 
nephrocytes expressing PI3K-CA are caused by ectopic 
Akt/mTOR activation, we introduced a constitutively active 
variant of Akt (Myr-Akt), which is recruited to the plasma 
membrane and activated independently of PI(3,4,5)P3 due 
to the fusion of a myristoylation signal [30]. Indeed, these 
nephrocytes mimicked the PI3K-CA overexpression phe-
notype with disrupted slit diaphragms, increased size and 
fusion phenotypes (Fig. 3F, G, I). However, cell size of Myr-
Akt expressing nephrocytes was not as strongly increased as 
in PI3K-CA expressing ones (albeit higher than in case of 
PTEN-RNAi), whereas slit diaphragm assembly is severely 
disturbed and comparable with PI3K-CA and PTEN-RNAi-
expressing nephrocytes. Thus, these data provide additional 
support to the notion that slit diaphragm assembly and size 
regulation show different susceptibility to levels of PI(3,4,5)
P3.

To further substantiate our hypothesis that the defects 
observed in PI3K-CA expressing nephrocytes are due to 
ectopic activation of Akt/mTOR signaling upon increased 
levels of PI(3,4,5)P3, we knocked down Akt or Drosoph-
ila Tor (dTOR) in PI3K-CA expressing nephrocytes. As 
depicted in Fig. 3F, G, J and Supplementary Fig. 3C, down-
regulation of Akt or dTOR rescued to a large extent the slit 

diaphragm defects as well as size differences in PI3K-CA 
expressing nephrocytes, further supporting the hypothesis 
that the dominant-negative function of PI(3,4,5)P3 is medi-
ated by the Akt/mTOR pathway. We confirmed that this 
rescue effect was not due to an inhibition of biosynthesis of 
the PI3K-CA transgene, because downregulation of dTOR 
in larvae did not affect the expression of a GFP transgene 
but abolishes Akt phosphorylation (Supplementary Fig. 3K).

Changes in PI(4,5)P2 but not in PI(3,4,5)P3 levels 
cause rapid defects

To elucidate whether slit diaphragm defects are established 
early in development during formation of nephrocytes or 
whether PI(4,5)P2 and PI(3,4,5)P3 levels are also essen-
tial for the turnover and maintenance of slit diaphragms, 
we used a temperature-sensitive GAL80 (GAL80ts), which 
suppresses GAL4 activity at the permissive temperature at 
18 °C. Raised at 18 °C, Sktl-RNAi suppressing nephrocytes 
exhibit moderate defects in surface Sns (accounting for some 
leakiness in the GAL80ts system), but no fusion phenotypes. 
Suppression of PI3K-CA by GAL80ts at 18 °C produced no 
phenotypes (Fig. 4A, C). After molting to L3, larvae were 
shifted to 29 °C for 24 h prior to dissection, inactivating the 
GAL80 and thus releasing GAL4, which induces the UAS 
transgene. In Sktl-RNAi expressing nephrocytes dissected 
from animals raised under these conditions, we observed 
similar defects in morphology/fusion as well as impaired 
Sns strands (Fig. 4B), indicating that PI(4,5)P2 is essential 
for the turnover/maintenance after the initial establishment 
of slit diaphragms during the development of nephrocytes. 
In contrast, short-term induction of PI3K-CA did not pro-
duce phenotypes comparable to continuous expression of 
this transgene but only mild reduction in slit diaphragms 
(Fig. 4D). Raising PI3K-CA expressing L2 larvae to 29 °C, 
thus allowing expression of PI3K-CA for 48 h, produced an 
intermediate phenotype with fusion defects and stronger slit 
diaphragm defects (Fig. 4E). These data indicate that the 
Akt/mTOR-mediated effect of ectopic PI(3,4,5)P3 produc-
tion takes a longer time to get established, presumably due 
to the delay upon transcriptional reprogramming of the cell 
as a consequence of mTOR target activation.

Discussion

Our findings demonstrate that PI(4,5)P2, but not PI(3,4,5)
P3 is essential for nephrocyte function and slit diaphragm 
formation. Of note, PI(4,5)P2 is not evenly distributed in 
the entire plasma membrane but displays a strand-like pat-
tern, partly colocalizing with Sns as a maker for slit dia-
phragms. Although PI(4,5)P2 has been found in other cell 
types at the entire plasma membrane—or, in epithelial cells, 

Fig. 2  PI(4,5)P2 produced by Skittles is essential for slit diaphragm 
formation and endocytosis. (A, B) Garland nephrocytes from 3rd 
instar larvae expressing either control RNAi (A) or Sktl-RNAi (B) 
were stained with the indicated antibodies. (C, D) Transmission elec-
tron microscopy of garland nephrocytes of control third instar larvae 
(C) and Sktl-RNAi-expressing larvae (D). Some slit diaphragms were 
labeled with arrows in control nephrocytes. Slit diaphragms were 
absent in Sktl-RNAi expressing nephrocytes. Arrow heads mark the 
basement membrane. E Slit diaphragms of nephrocytes expressing 
Sktl or control RNAi were quantified from surface views. For this, a 
5 µm line perpendicular to the Sns-strands was drawn and the num-
ber of strands quantified. 5 lines/nephrocyte and at least 5 nephro-
cytes were quantified per genotype. Sktl-RNAi expressing nephro-
cytes were not characterized as they did not display detectable Sns 
strands at the surface but exhibited a rather diffuse Sns staining. Sig-
nificance was determined by Mann–Whitney test: n.s. not significant. 
n.d. not determined. F Endocytosis of a secreted ANP-2xGFP by gar-
land nephrocytes expressing the indicated RNAi’s was quantified as 
described in the methods section. At least 100 nephrocytes from at 
least 15 different larvae were evaluated. Significance was determined 
by Mann–Whitney test: ***p < 0.001. (G-I) Nephrocytes expressing 
control RNAi (G), Sktl RNAi (H) and Sns RNAi (I) were co-stained 
with Exo70 and Sns. (J) Immunostainings of nephrocytes express-
ing Exo70-RNAi. Scales bars are 20 µm in A and B, 5 µm in A’, A’’, 
B’, B’’ and G–J, 1 µm in C, D and in insets in G’-J’. Error bars are 
standard error of the means
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enriched in the apical plasma membrane domain—there is 
increasing evidence that this phospholipid is concentrated 
in distinct microdomains of the plasma membrane [dis-
cussed by 52, 53]: in cultured fibroblasts, freeze-fracture 
membrane preparation and subsequent electron microscopy 
revealed three distinct pools of PH(PLCδ) at the rim of cave-
olae, in coated pits and at the free plasma membrane [54]. 
Notably, these three pools exhibited different kinetics upon 
regulatory stimuli, suggesting different types of regulation. 
PI(4,5)P2 was also reported to accumulate in lipid rafts of 
distinct (phospho)lipid and cholesterol composition within 
the plasma membrane, promoting local actin remodeling 
or receptor clustering [55–57]. Sarmento et al. observed a 
Ca(2+)-dependent PI(4,5)P2 clustering in liposomes in vitro 
under physiological Ca(2+) and PI(4,5)P2 concentrations 
[58]. Thus, PI(4,5)P2 may accumulate in distinct microdo-
mains of the plasma membrane adjacent to slit diaphragms 
to regulate vesicle trafficking—to the plasma membrane 
by inducing fusion of vesicles and from the plasma mem-
brane by regulating endocytosis. The dramatic phenotypes 
observed in Sktl-RNAi expressing nephrocytes underline the 
critical role of PI(4,5)P2 as an important regulator of these 
processes. Notably, the human homologue of Sktl, PIP5Kα, 
was described to be recruited by the Chloride Intracellular 
Channel 5 (CLIC5A) to cortical Ezrin, inducing clusters of 
PI(4,5)P2 in the plasma membrane of COS-7 cells [59]. In 
podocytes, Ezrin is part of the Ezrin-NHERF2-Podocalyxin 

complex, an essential component of the glycocalyx. Fur-
thermore, in glomeruli of CLIC5A-deficient mice, corti-
cal Ezrin/NHERF2 as well as glomerular Podocalyxin are 
reduced [59]. Another hint to an important role of PI(4,5)
P2 in regulating podocyte morphology comes from a study 
reporting that the PI5P-Phosphatase Ship2 can be recruited 
and activated by Nephrin via Nck-Pak1-Filamin in cultured 
human podocytes [60]. Ship2 dephosphorylates PI(3,4,5)P3 
to PI(3,4)P2, thus its activation by Nephrin in this systems 
results in an increase of PI(3,4)P2, which activates Lamel-
lipodin, a regulator of Ena/Vasp proteins, resulting in the 
formation of lamellipodia. Finally, the Nephrin/Ship2 inter-
action was increased in a podocyte injury model in vivo, 
suggesting that lamellipodia formation upon Nephrin-medi-
ated Ship2 activation contributes to foot process effacement 
observed upon podocyte damage. However, it remains 
unclear how the Ship2-regulated balance between PI(3,4,5)
P3 and PI(3,4)P2 at the Nephrin-complex contributes to slit 
diaphragm assembly/maintenance and podocyte function 
under physiological conditions.

PI(4,5)P2 as well as PI(3,4,5)P3 are capable of regulating 
the actin cytoskeleton by recruiting and activating the small 
GTPases Rac1 and Cdc42 as well as proteins of the WASP 
family [21–23]. Notably, a coordinated actin cytoskeleton 
remodeling is essential for cortical Nephrin localization and 
slit diaphragm assembly in Drosophila nephrocytes [61, 62] 
as well as in mammalian podocytes [63]. Vice versa, acti-
vated Nephrin recruits PI3K resulting in Rac1 activation, 
actin branching and lamellipodia formation in cultured rat 
podocytes [25]. PTEN is downregulated in podocytes of 
patients suffering from diabetic nephropathy and inhibition 
or podocyte-specific knockout of PTEN in mice results in 
cytoskeleton rearrangements, foot process effacement and 
proteinuria [64].

Apart from their impact on the actin cytoskeleton, PI(4,5)
P2 and PI(3,4,5)P3-activated Rac1/Cdc42 and actin regula-
tors are essential for remodeling and stability of tight junc-
tions as well as adherens junctions in classical epithelia 
[reviewed by 65]. Increasing evidence suggests that the slit 
diaphragms connecting the foot processes of neighboring 
podocytes emerge from transformation of the tight junctions 
of the epithelial podocyte progenitor cells [66]. Indeed, sev-
eral proteins of the adherens and tight junctions can also be 
found to be components of the slit diaphragm, e.g. ZO-1, 
Crumbs, PAR/aPKC complex [1, 8, 10, 11, 67–73]. There-
fore, it is likely that changes in PI(4,5)P2 and PI(3,4,5)P3 
affect slit diaphragm formation and maintenance/stability 
like they affect adherens junctions/tight junctions in clas-
sical epithelia. Our data suggest that nephrocytes exhibit a 
junctional (slit diaphragm) versus non-junctional polarity 
regarding the phospholipid composition of the plasma mem-
brane and the localization of polarity regulators as shown 
before [as shown before in 9].

Fig. 3  PI(3,4,5)P3 is not essential for slit diaphragm assembly and 
maintenance. (A, B) Garland nephrocytes from 3rd instar larvae 
either of controls (sns::GAL4 crossed with the empty attP40 line, 
(A) or of animals expressing a constitutively activated Pi3K (Pi3K-
CA, B) in nephrocytes were stained with the indicated antibodies. 
C, D Transmission electron microscopy of garland nephrocytes of 
control third instar larvae (C) and PI3K-CA expressing larvae (D). 
Slit diaphragms were labeled with arrows and arrow heads mark the 
basement membrane. E Immunostainings of nephrocytes expressing 
RNAi against PTEN. F Slit diaphragms of nephrocytes expressing the 
indicated transgenes were quantified from surface views. For this, a 
5 µm line perpendicular to the Sns-strands was drawn and the num-
ber of strands quantified. 5 lines/nephrocyte and at least 5 nephro-
cytes were quantified per genotype. Significance was determined by 
Kruskal–Wallis test and Dunn’s correction: ***p < 0.001, **p < 0.01, 
*p < 0.05, n.s. not significant. G The size of nephrocytes expressing 
the indicated transgenes was quantified by measuring the cell area of 
equatorial sections. At least 120 nephrocytes from at least 10 larvae 
were quantified. Significance was determined by Kruskal–Wallis test 
and Dunns correction: ***p < 0.001, n.s. not significant. H Endocy-
tosis of a secreted ANP-2xGFP by garland nephrocytes expressing 
the indicated controls was quantified as described in the methods 
section. At least 100 nephrocytes from at least 15 different larvae 
were evaluated. Significance was determined by Mann–Whitney test: 
***p < 0.001. I Myr-Akt expressing nephrocytes were stained with 
the indicated antibodies. J Immunostainings of nephrocytes express-
ing PI3K-CA together with RNAi targeting Akt. Scale bars are 50 µm 
in A, B, E, I and J, 5 µm in A’, A’’, B’, B’’, E’, E’’, I’, I’’, J’ and J’’, 
2.5 µm in insets in A’’, B’’, E’’, I’’, J’’ and 1 µm in C and D. Error 
bars are standard error of the means
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Fig. 4  Rapid effects of PI(4,5)P2 reduction and PI(3,4,5)P3 accumu-
lation. A–E Immunostainings of nephrocytes from 3rd instar larvae 
expressing GAL80ts together with sns::GAL4 and Sktl-RNAi (A, 
B) or PI3K-CA (C–E), which were first raised at 18  °C in order to 
suppress expression of the transgenes. After first (L1, E) or second 

(L2, B and D) instar larval stage, larvae were shifted to 29 °C prior to 
dissection to induce expression of the transgenes. In A and C, larvae 
were not shifted and expression of the transgene was suppressed by 
GAL80ts. Scale bars are 50 µm in A–E, 5 µm in A’-E’ and 2.5 µm in 
insets in A”–E”

https://doi.org/10.1007/s00018-022-04273-7


PI(4,5)P2 controls slit diaphragm formation and endocytosis in Drosophila nephrocytes  

1 3

Page 11 of 13 248

Funding Open Access funding enabled and organized by Projekt 
DEAL. This work was supported by grants of the German research 
foundation (DFG) to MPK (CRC1348-A05), MM (CRC1348-A03) and 
SL (CRC1348-B10).

Data availability All data are available in main und supplemental 
figures.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Weavers H, Prieto-Sanchez S, Grawe F, Garcia-Lopez A, Artero 
R, Wilsch-Brauninger M, Ruiz-Gomez M, Skaer H, Denholm B 
(2009) The insect nephrocyte is a podocyte-like cell with a filtra-
tion slit diaphragm. Nature 457(7227):322–326. https:// doi. org/ 
10. 1038/ natur e07526

 2. Odenthal J, Brinkkoetter PT (2019) Drosophila melanogaster and 
its nephrocytes: a versatile model for glomerular research. Meth-
ods Cell Biol 154:217–240. https:// doi. org/ 10. 1016/ bs. mcb. 2019. 
03. 011

 3. Helmstadter M, Huber TB, Hermle T (2017) Using the Drosophila 
nephrocyte to model podocyte function and disease. Front Pediatr 
5:262. https:// doi. org/ 10. 3389/ fped. 2017. 00262

 4. Na J, Cagan R (2013) The Drosophila nephrocyte: back on stage. 
J Am Soc Nephrol 24(2):161–163. https:// doi. org/ 10. 1681/ ASN. 
20121 21227

 5. Hochapfel F, Denk L, Maassen C, Zaytseva Y, Rachel R, Witzgall 
R, Krahn MP (2018) Electron microscopy of Drosophila garland 
cell nephrocytes: optimal preparation, immunostaining and STEM 
tomography. J Cell Biochem. https:// doi. org/ 10. 1002/ jcb. 26702

 6. Zhang F, Zhao Y, Chao Y, Muir K, Han Z (2013) Cubilin and 
amnionless mediate protein reabsorption in Drosophila nephro-
cytes. J Am Soc Nephrol 24(2):209–216. https:// doi. org/ 10. 1681/ 
ASN. 20120 80795

 7. Zhang F, Zhao Y, Han Z (2013) An in vivo functional analysis 
system for renal gene discovery in Drosophila pericardial nephro-
cytes. J Am Soc Nephrol 24(2):191–197. https:// doi. org/ 10. 1681/ 
ASN. 20120 80769

 8. Carrasco-Rando M, Prieto-Sanchez S, Culi J, Tutor AS, Ruiz-
Gomez M (2019) A specific isoform of Pyd/ZO-1 mediates junc-
tional remodeling and formation of slit diaphragms. J Cell Biol 
218(7):2294–2308. https:// doi. org/ 10. 1083/ jcb. 20181 0171

 9. Heiden S, Siwek R, Lotz ML, Borkowsky S, Schroter R, Nedvet-
sky P, Rohlmann A, Missler M, Krahn MP (2021) Apical-basal 
polarity regulators are essential for slit diaphragm assembly 

and endocytosis in Drosophila nephrocytes. Cell Mol Life Sci 
78(7):3657–3672. https:// doi. org/ 10. 1007/ s00018- 021- 03769-y

 10. Hochapfel F, Denk L, Mendl G, Schulze U, Maassen C, Zayt-
seva Y, Pavenstadt H, Weide T, Rachel R, Witzgall R, Krahn MP 
(2017) Distinct functions of Crumbs regulating slit diaphragms 
and endocytosis in Drosophila nephrocytes. Cell Mol Life Sci 
74(24):4573–4586. https:// doi. org/ 10. 1007/ s00018- 017- 2593-y

 11. Weide T, Vollenbroker B, Schulze U, Djuric I, Edeling M, Bonse 
J, Hochapfel F, Panichkina O, Wennmann DO, George B, Kim S, 
Daniel C, Seggewiss J, Amann K, Kriz W, Krahn MP, Pavenstadt 
H (2017) Pals1 haploinsufficiency results in proteinuria and cyst 
formation. J Am Soc Nephrol 28(7):2093–2107. https:// doi. org/ 
10. 1681/ ASN. 20160 40474

 12. Flores-Benitez D, Knust E (2016) Dynamics of epithelial cell 
polarity in Drosophila: how to regulate the regulators? Curr Opin 
Cell Biol 42:13–21. https:// doi. org/ 10. 1016/j. ceb. 2016. 03. 018

 13. Martin-Belmonte F, Gassama A, Datta A, Yu W, Rescher U, 
Gerke V, Mostov K (2007) PTEN-mediated apical segregation 
of phosphoinositides controls epithelial morphogenesis through 
Cdc42. Cell 128(2):383–397

 14. Gassama-Diagne A, Yu W, ter Beest M, Martin-Belmonte 
F, Kierbel A, Engel J, Mostov K (2006) Phosphatidylinosi-
tol-3,4,5-trisphosphate regulates the formation of the baso-
lateral plasma membrane in epithelial cells. Nat Cell Biol 
8(9):963–970

 15. Feng W, Wu H, Chan LN, Zhang M (2008) Par-3-mediated junc-
tional localization of the lipid phosphatase PTEN is required for 
cell polarity establishment. J Biol Chem 283(34):23440–23449. 
https:// doi. org/ 10. 1074/ jbc. M8024 82200

 16. von Stein W, Ramrath A, Grimm A, Muller-Borg M, Wodarz A 
(2005) Direct association of Bazooka/PAR-3 with the lipid phos-
phatase PTEN reveals a link between the PAR/aPKC complex and 
phosphoinositide signaling. Development 132(7):1675–1686

 17. Pinal N, Goberdhan DC, Collinson L, Fujita Y, Cox IM, Wilson 
C, Pichaud F (2006) Regulated and polarized PtdIns(3,4,5)P3 
accumulation is essential for apical membrane morphogenesis in 
photoreceptor epithelial cells. Curr Biol 16(2):140–149

 18. Kullmann L, Krahn MP (2018) Redundant regulation of localiza-
tion and protein stability of DmPar3. Cell Mol Life Sci. https:// 
doi. org/ 10. 1007/ s00018- 018- 2792-1

 19. Krahn MP, Klopfenstein DR, Fischer N, Wodarz A (2010) Mem-
brane targeting of Bazooka/PAR-3 is mediated by direct binding 
to phosphoinositide lipids. Curr Biol 20(7):636–642. https:// doi. 
org/ 10. 1016/j. cub. 2010. 01. 065

 20. Peng J, Awad A, Sar S, Komaiha OH, Moyano R, Rayal A, Samuel 
D, Shewan A, Vanhaesebroeck B, Mostov K, Gassama-Diagne 
A (2015) Phosphoinositide 3-kinase p110delta promotes lumen 
formation through the enhancement of apico-basal polarity and 
basal membrane organization. Nat Commun 6:5937. https:// doi. 
org/ 10. 1038/ ncomm s6937

 21. Prehoda KE, Scott JA, Mullins RD, Lim WA (2000) Integration of 
multiple signals through cooperative regulation of the N-WASP-
Arp2/3 complex. Science 290(5492):801–806. https:// doi. org/ 10. 
1126/ scien ce. 290. 5492. 801

 22. Rohatgi R, Ho HY, Kirschner MW (2000) Mechanism of N-WASP 
activation by CDC42 and phosphatidylinositol 4, 5-bisphosphate. 
J Cell Biol 150(6):1299–1310. https:// doi. org/ 10. 1083/ jcb. 150.6. 
1299

 23. Padrick SB, Rosen MK (2010) Physical mechanisms of signal 
integration by WASP family proteins. Annu Rev Biochem 79:707–
735. https:// doi. org/ 10. 1146/ annur ev. bioch em. 77. 060407. 135452

 24. Schink KO, Tan KW, Stenmark H (2016) Phosphoinositides in 
control of membrane dynamics. Annu Rev Cell Dev Biol 32:143–
171. https:// doi. org/ 10. 1146/ annur ev- cellb io- 111315- 125349

 25. Zhu J, Sun N, Aoudjit L, Li H, Kawachi H, Lemay S, Takano T 
(2008) Nephrin mediates actin reorganization via phosphoinositide 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nature07526
https://doi.org/10.1038/nature07526
https://doi.org/10.1016/bs.mcb.2019.03.011
https://doi.org/10.1016/bs.mcb.2019.03.011
https://doi.org/10.3389/fped.2017.00262
https://doi.org/10.1681/ASN.2012121227
https://doi.org/10.1681/ASN.2012121227
https://doi.org/10.1002/jcb.26702
https://doi.org/10.1681/ASN.2012080795
https://doi.org/10.1681/ASN.2012080795
https://doi.org/10.1681/ASN.2012080769
https://doi.org/10.1681/ASN.2012080769
https://doi.org/10.1083/jcb.201810171
https://doi.org/10.1007/s00018-021-03769-y
https://doi.org/10.1007/s00018-017-2593-y
https://doi.org/10.1681/ASN.2016040474
https://doi.org/10.1681/ASN.2016040474
https://doi.org/10.1016/j.ceb.2016.03.018
https://doi.org/10.1074/jbc.M802482200
https://doi.org/10.1007/s00018-018-2792-1
https://doi.org/10.1007/s00018-018-2792-1
https://doi.org/10.1016/j.cub.2010.01.065
https://doi.org/10.1016/j.cub.2010.01.065
https://doi.org/10.1038/ncomms6937
https://doi.org/10.1038/ncomms6937
https://doi.org/10.1126/science.290.5492.801
https://doi.org/10.1126/science.290.5492.801
https://doi.org/10.1083/jcb.150.6.1299
https://doi.org/10.1083/jcb.150.6.1299
https://doi.org/10.1146/annurev.biochem.77.060407.135452
https://doi.org/10.1146/annurev-cellbio-111315-125349


 M. M. Gass et al.

1 3

248 Page 12 of 13

3-kinase in podocytes. Kidney Int 73(5):556–566. https:// doi. org/ 
10. 1038/ sj. ki. 50026 91

 26. Bridgewater DJ, Ho J, Sauro V, Matsell DG (2005) Insulin-like 
growth factors inhibit podocyte apoptosis through the PI3 kinase 
pathway. Kidney Int 67(4):1308–1314. https:// doi. org/ 10. 1111/j. 
1523- 1755. 2005. 00208.x

 27. Huber TB, Hartleben B, Kim J, Schmidts M, Schermer B, Keil A, 
Egger L, Lecha RL, Borner C, Pavenstadt H, Shaw AS, Walz G, 
Benzing T (2003) Nephrin and CD2AP associate with phospho-
inositide 3-OH kinase and stimulate AKT-dependent signaling. 
Mol Cell Biol 23(14):4917–4928. https:// doi. org/ 10. 1128/ MCB. 
23. 14. 4917- 4928. 2003

 28. Wang XM, Yao M, Liu SX, Hao J, Liu QJ, Gao F (2014) Inter-
play between the Notch and PI3K/Akt pathways in high glu-
cose-induced podocyte apoptosis. Am J Physiol Renal Physiol 
306(2):F205-213. https:// doi. org/ 10. 1152/ ajpre nal. 90005. 2013

 29. Zhuang S, Shao H, Guo F, Trimble R, Pearce E, Abmayr SM 
(2009) Sns and Kirre, the Drosophila orthologs of nephrin 
and Neph1, direct adhesion, fusion and formation of a slit 
diaphragm-like structure in insect nephrocytes. Development 
136(14):2335–2344. https:// doi. org/ 10. 1242/ dev. 031609

 30. Stocker H, Andjelkovic M, Oldham S, Laffargue M, Wymann 
MP, Hemmings BA, Hafen E (2002) Living with lethal PIP3 
levels: viability of flies lacking PTEN restored by a PH domain 
mutation in Akt/PKB. Science 295(5562):2088–2091

 31. Jouette J, Guichet A, Claret SB (2019) Dynein-mediated trans-
port and membrane trafficking control PAR3 polarised distribu-
tion. eLife. https:// doi. org/ 10. 7554/ eLife. 40212

 32. Kimbrell DA, Hice C, Bolduc C, Kleinhesselink K, Becking-
ham K (2002) The Dorothy enhancer has Tinman binding sites 
and drives hopscotch-induced tumor formation. Genesis 34(1–
2):23–28. https:// doi. org/ 10. 1002/ gene. 10134

 33. Feng Y, Ueda A, Wu CF (2004) A modified minimal hemo-
lymph-like solution, HL3.1, for physiological recordings at the 
neuromuscular junctions of normal and mutant Drosophila lar-
vae. J Neurogenet 18(2):377–402. https:// doi. org/ 10. 1080/ 01677 
06049 08945 22

 34. Kullmann L, Krahn MP (2018) Redundant regulation of locali-
zation and protein stability of DmPar3. Cell Mol Life Sci 
75(17):3269–3282. https:// doi. org/ 10. 1007/ s00018- 018- 2792-1

 35. Koon AC, Chen ZS, Peng S, Fung JMS, Zhang X, Lembke 
KM, Chow HK, Frank CA, Jiang L, Lau KF, Chan HYE (2018) 
Drosophila Exo70 is essential for neurite extension and survival 
under thermal stress. J Neurosci 38(37):8071–8086. https:// doi. 
org/ 10. 1523/ JNEUR OSCI. 0620- 18. 2018

 36. Tanaka T, Nakamura A (2008) The endocytic pathway acts 
downstream of Oskar in Drosophila germ plasm assembly. 
Development 135(6):1107–1117. https:// doi. org/ 10. 1242/ dev. 
017293

 37. Verstreken P, Ohyama T, Haueter C, Habets RL, Lin YQ, Swan 
LE, Ly CV, Venken KJ, De Camilli P, Bellen HJ (2009) Tweek, 
an evolutionarily conserved protein, is required for synaptic vesi-
cle recycling. Neuron 63(2):203–215. https:// doi. org/ 10. 1016/j. 
neuron. 2009. 06. 017

 38. Claret S, Jouette J, Benoit B, Legent K, Guichet A (2014) PI(4,5)
P2 produced by the PI4P5K SKTL controls apical size by tether-
ing PAR-3 in Drosophila epithelial cells. Curr Biol 24(10):1071–
1079. https:// doi. org/ 10. 1016/j. cub. 2014. 03. 056

 39. Wen P, Zhang F, Fu Y, Zhu JY, Han Z (2020) Exocyst genes 
are essential for recycling membrane proteins and maintaining 
slit diaphragm in drosophila nephrocytes. J Am Soc Nephrol 
31(5):1024–1034. https:// doi. org/ 10. 1681/ ASN. 20190 60591

 40. Rousso T, Shewan AM, Mostov KE, Schejter ED, Shilo BZ (2013) 
Apical targeting of the formin diaphanous in Drosophila tubular 
epithelia. eLife 2:e00666. https:// doi. org/ 10. 7554/ eLife. 00666

 41. He B, Xi F, Zhang X, Zhang J, Guo W (2007) Exo70 interacts 
with phospholipids and mediates the targeting of the exocyst to 
the plasma membrane. EMBO J 26(18):4053–4065. https:// doi. 
org/ 10. 1038/ sj. emboj. 76018 34

 42. Zhang X, Orlando K, He B, Xi F, Zhang J, Zajac A, Guo W (2008) 
Membrane association and functional regulation of Sec3 by phos-
pholipids and Cdc42. J Cell Biol 180(1):145–158. https:// doi. org/ 
10. 1083/ jcb. 20070 4128

 43. Liu J, Zuo X, Yue P, Guo W (2007) Phosphatidylinositol 4,5-bis-
phosphate mediates the targeting of the exocyst to the plasma 
membrane for exocytosis in mammalian cells. Mol Biol Cell 
18(11):4483–4492. https:// doi. org/ 10. 1091/ mbc. e07- 05- 0461

 44. Martin TF (2015) PI(4,5)P(2)-binding effector proteins for vesicle 
exocytosis. Biochem Biophys Acta 1851(6):785–793. https:// doi. 
org/ 10. 1016/j. bbalip. 2014. 09. 017

 45. Soukup SF, Culi J, Gubb D (2009) Uptake of the necrotic serpin 
in Drosophila melanogaster via the lipophorin receptor-1. PLoS 
Genet 5(6):e1000532. https:// doi. org/ 10. 1371/ journ al. pgen. 10005 
32

 46. Troha K, Nagy P, Pivovar A, Lazzaro BP, Hartley PS, Buchon 
N (2019) Nephrocytes remove microbiota-derived peptidogly-
can from systemic circulation to maintain immune homeostasis. 
Immunity 51(4):625–637. https:// doi. org/ 10. 1016/j. immuni. 2019. 
08. 020

 47. Kampf LL, Schneider R, Gerstner L, Thunauer R, Chen M, Helm-
stadter M, Amar A, Onuchic-Whitford AC, Loza Munarriz R, 
Berdeli A, Muller D, Schrezenmeier E, Budde K, Mane S, Laric-
chia KM, Rehm HL, MacArthur DG, Lifton RP, Walz G, Romer 
W, Bergmann C, Hildebrandt F, Hermle T (2019) TBC1D8B 
mutations implicate RAB11-dependent vesicular trafficking 
in the pathogenesis of nephrotic syndrome. J Am Soc Nephrol 
30(12):2338–2353. https:// doi. org/ 10. 1681/ ASN. 20190 40414

 48. Hermle T, Schneider R, Schapiro D, Braun DA, van der Ven AT, 
Warejko JK, Daga A, Widmeier E, Nakayama M, Jobst-Schwan 
T, Majmundar AJ, Ashraf S, Rao J, Finn LS, Tasic V, Hernandez 
JD, Bagga A, Jalalah SM, El Desoky S, Kari JA, Laricchia KM, 
Lek M, Rehm HL, MacArthur DG, Mane S, Lifton RP, Shril S, 
Hildebrandt F (2018) GAPVD1 and ANKFY1 mutations impli-
cate RAB5 regulation in nephrotic syndrome. J Am Soc Nephrol. 
https:// doi. org/ 10. 1681/ ASN. 20171 21312

 49. Compagnon J, Gervais L, Roman MS, Chamot-Boeuf S, Guichet 
A (2009) Interplay between Rab5 and PtdIns(4,5)P2 controls 
early endocytosis in the Drosophila germline. J Cell Sci 122(Pt 
1):25–35. https:// doi. org/ 10. 1242/ jcs. 033027

 50. Lemmon MA (2008) Membrane recognition by phospholipid-
binding domains. Nat Rev Mol Cell Biol 9(2):99–111. https:// 
doi. org/ 10. 1038/ nrm23 28

 51. Saxton RA, Sabatini DM (2017) mTOR signaling in growth, 
metabolism, and disease. Cell 168(6):960–976. https:// doi. org/ 
10. 1016/j. cell. 2017. 02. 004

 52. Kwiatkowska K (2010) One lipid, multiple functions: how vari-
ous pools of PI(4,5)P(2) are created in the plasma membrane. 
Cell Mol Life Sci 67(23):3927–3946. https:// doi. org/ 10. 1007/ 
s00018- 010- 0432-5

 53. Kolay S, Basu U, Raghu P (2016) Control of diverse subcellular 
processes by a single multi-functional lipid phosphatidylinositol 
4,5-bisphosphate [PI(4,5)P2]. Biochem J 473(12):1681–1692. 
https:// doi. org/ 10. 1042/ BCJ20 160069

 54. Fujita A, Cheng J, Tauchi-Sato K, Takenawa T, Fujimoto T (2009) 
A distinct pool of phosphatidylinositol 4,5-bisphosphate in cave-
olae revealed by a nanoscale labeling technique. Proc Natl Acad 
Sci USA 106(23):9256–9261. https:// doi. org/ 10. 1073/ pnas. 09002 
16106

 55. Szymanska E, Korzeniowski M, Raynal P, Sobota A, Kwiat-
kowska K (2009) Contribution of PIP-5 kinase Ialpha to raft-based 

https://doi.org/10.1038/sj.ki.5002691
https://doi.org/10.1038/sj.ki.5002691
https://doi.org/10.1111/j.1523-1755.2005.00208.x
https://doi.org/10.1111/j.1523-1755.2005.00208.x
https://doi.org/10.1128/MCB.23.14.4917-4928.2003
https://doi.org/10.1128/MCB.23.14.4917-4928.2003
https://doi.org/10.1152/ajprenal.90005.2013
https://doi.org/10.1242/dev.031609
https://doi.org/10.7554/eLife.40212
https://doi.org/10.1002/gene.10134
https://doi.org/10.1080/01677060490894522
https://doi.org/10.1080/01677060490894522
https://doi.org/10.1007/s00018-018-2792-1
https://doi.org/10.1523/JNEUROSCI.0620-18.2018
https://doi.org/10.1523/JNEUROSCI.0620-18.2018
https://doi.org/10.1242/dev.017293
https://doi.org/10.1242/dev.017293
https://doi.org/10.1016/j.neuron.2009.06.017
https://doi.org/10.1016/j.neuron.2009.06.017
https://doi.org/10.1016/j.cub.2014.03.056
https://doi.org/10.1681/ASN.2019060591
https://doi.org/10.7554/eLife.00666
https://doi.org/10.1038/sj.emboj.7601834
https://doi.org/10.1038/sj.emboj.7601834
https://doi.org/10.1083/jcb.200704128
https://doi.org/10.1083/jcb.200704128
https://doi.org/10.1091/mbc.e07-05-0461
https://doi.org/10.1016/j.bbalip.2014.09.017
https://doi.org/10.1016/j.bbalip.2014.09.017
https://doi.org/10.1371/journal.pgen.1000532
https://doi.org/10.1371/journal.pgen.1000532
https://doi.org/10.1016/j.immuni.2019.08.020
https://doi.org/10.1016/j.immuni.2019.08.020
https://doi.org/10.1681/ASN.2019040414
https://doi.org/10.1681/ASN.2017121312
https://doi.org/10.1242/jcs.033027
https://doi.org/10.1038/nrm2328
https://doi.org/10.1038/nrm2328
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1007/s00018-010-0432-5
https://doi.org/10.1007/s00018-010-0432-5
https://doi.org/10.1042/BCJ20160069
https://doi.org/10.1073/pnas.0900216106
https://doi.org/10.1073/pnas.0900216106


PI(4,5)P2 controls slit diaphragm formation and endocytosis in Drosophila nephrocytes  

1 3

Page 13 of 13 248

FcgammaRIIA signaling. Exp Cell Res 315(6):981–995. https:// 
doi. org/ 10. 1016/j. yexcr. 2009. 01. 023

 56. Capuano C, Paolini R, Molfetta R, Frati L, Santoni A, Galan-
drini R (2012) PIP2-dependent regulation of Munc13-4 
endocytic recycling: impact on the cytolytic secretory path-
way. Blood 119(10):2252–2262. https:// doi. org/ 10. 1182/ 
blood- 2010- 12- 324160

 57. Golub T, Caroni P (2005) PI(4,5)P2-dependent microdomain 
assemblies capture microtubules to promote and control leading 
edge motility. J Cell Biol 169(1):151–165. https:// doi. org/ 10. 1083/ 
jcb. 20040 7058

 58. Sarmento MJ, Coutinho A, Fedorov A, Prieto M, Fernandes F 
(2014) Ca(2+) induces PI(4,5)P2 clusters on lipid bilayers at 
physiological PI(4,5)P2 and Ca(2+) concentrations. Biochimica 
et biophysica acta 1838 (3):822-830. https:// doi. org/ 10. 1016/j. 
bbamem. 2013. 11. 020

 59. Al-Momany A, Li L, Alexander RT, Ballermann BJ (2014) Clus-
tered PI(4,5)P(2) accumulation and ezrin phosphorylation in 
response to CLIC5A. J Cell Sci 127(Pt 24):5164–5178. https:// 
doi. org/ 10. 1242/ jcs. 147744

 60. Venkatareddy M, Cook L, Abuarquob K, Verma R, Garg P (2011) 
Nephrin regulates lamellipodia formation by assembling a protein 
complex that includes Ship2, filamin and lamellipodin. PLoS One 
6(12):e28710. https:// doi. org/ 10. 1371/ journ al. pone. 00287 10

 61. Bayraktar S, Nehrig J, Menis E, Karli K, Janning A, Struk T, 
Halbritter J, Michgehl U, Krahn MP, Schuberth CE, Pavenstadt H, 
Wedlich-Soldner R (2020) A deregulated stress response under-
lies distinct INF2-associated disease profiles. J Am Soc Nephrol. 
https:// doi. org/ 10. 1681/ ASN. 20191 11174

 62. Muraleedharan S, Sam A, Skaer H, Inamdar MS (2018) Networks 
that link cytoskeletal regulators and diaphragm proteins under-
pin filtration function in Drosophila nephrocytes. Exp Cell Res 
364(2):234–242. https:// doi. org/ 10. 1016/j. yexcr. 2018. 02. 015

 63. Perico L, Conti S, Benigni A, Remuzzi G (2016) Podocyte-actin 
dynamics in health and disease. Nat Rev Nephrol 12(11):692–710. 
https:// doi. org/ 10. 1038/ nrneph. 2016. 127

 64. Lin J, Shi Y, Peng H, Shen X, Thomas S, Wang Y, Truong LD, 
Dryer SE, Hu Z, Xu J (2015) Loss of PTEN promotes podocyte 
cytoskeletal rearrangement, aggravating diabetic nephropathy. J 
Pathol 236(1):30–40. https:// doi. org/ 10. 1002/ path. 4508

 65. Shewan A, Eastburn DJ, Mostov K (2011) Phosphoinositides in 
cell architecture. Cold Spring Harb Perspect Biol 3(8):a004796. 
https:// doi. org/ 10. 1101/ cshpe rspect. a0047 96

 66. Simons M, Hartleben B, Huber TB (2009) Podocyte polarity sig-
nalling. Curr Opin Nephrol Hypertens 18(4):324–330. https:// doi. 
org/ 10. 1097/ MNH. 0b013 e3283 2e316d

 67. Itoh M, Nakadate K, Horibata Y, Matsusaka T, Xu J, Hunziker W, 
Sugimoto H (2014) The structural and functional organization of 
the podocyte filtration slits is regulated by Tjp1/ZO-1. PLoS One 
9(9):e106621. https:// doi. org/ 10. 1371/ journ al. pone. 01066 21

 68. Huber TB, Schmidts M, Gerke P, Schermer B, Zahn A, Hartleben 
B, Sellin L, Walz G, Benzing T (2003) The carboxyl terminus of 
Neph family members binds to the PDZ domain protein zonula 
occludens-1. J Biol Chem 278(15):13417–13421. https:// doi. org/ 
10. 1074/ jbc. C2006 78200

 69. Hartleben B, Schweizer H, Lubben P, Bartram MP, Moller CC, 
Herr R, Wei C, Neumann-Haefelin E, Schermer B, Zentgraf H, 
Kerjaschki D, Reiser J, Walz G, Benzing T, Huber TB (2008) 
Neph-Nephrin proteins bind the Par3-Par6-atypical protein kinase 
C (aPKC) complex to regulate podocyte cell polarity. J Biol Chem 
283(34):23033–23038. https:// doi. org/ 10. 1074/ jbc. M8031 43200

 70. Hartleben B, Widmeier E, Suhm M, Worthmann K, Schell C, 
Helmstadter M, Wiech T, Walz G, Leitges M, Schiffer M, Huber 
TB (2013) aPKClambda/iota and aPKCzeta contribute to podo-
cyte differentiation and glomerular maturation. J Am Soc Nephrol 
24(2):253–267. https:// doi. org/ 10. 1681/ ASN. 20120 60582

 71. Hirose T, Satoh D, Kurihara H, Kusaka C, Hirose H, Akimoto K, 
Matsusaka T, Ichikawa I, Noda T, Ohno S (2009) An essential 
role of the universal polarity protein, aPKClambda, on the mainte-
nance of podocyte slit diaphragms. PLoS One 4(1):e4194. https:// 
doi. org/ 10. 1371/ journ al. pone. 00041 94

 72. Satoh D, Hirose T, Harita Y, Daimon C, Harada T, Kurihara H, 
Yamashita A, Ohno S (2014) aPKClambda maintains the integrity 
of the glomerular slit diaphragm through trafficking of nephrin to 
the cell surface. J Biochem 156(2):115–128. https:// doi. org/ 10. 
1093/ jb/ mvu022

 73. Moller-Kerutt A, Rodriguez-Gatica JE, Wacker K, Bhatia R, Sie-
brasse JP, Boon N, Van Marck V, Boor P, Kubitscheck U, Wijn-
holds J, Pavenstadt H, Weide T (2021) Crumbs2 is an essential slit 
diaphragm protein of the renal filtration barrier. J Am Soc Nephrol 
32(5):1053–1070. https:// doi. org/ 10. 1681/ ASN. 20200 40501

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.yexcr.2009.01.023
https://doi.org/10.1016/j.yexcr.2009.01.023
https://doi.org/10.1182/blood-2010-12-324160
https://doi.org/10.1182/blood-2010-12-324160
https://doi.org/10.1083/jcb.200407058
https://doi.org/10.1083/jcb.200407058
https://doi.org/10.1016/j.bbamem.2013.11.020
https://doi.org/10.1016/j.bbamem.2013.11.020
https://doi.org/10.1242/jcs.147744
https://doi.org/10.1242/jcs.147744
https://doi.org/10.1371/journal.pone.0028710
https://doi.org/10.1681/ASN.2019111174
https://doi.org/10.1016/j.yexcr.2018.02.015
https://doi.org/10.1038/nrneph.2016.127
https://doi.org/10.1002/path.4508
https://doi.org/10.1101/cshperspect.a004796
https://doi.org/10.1097/MNH.0b013e32832e316d
https://doi.org/10.1097/MNH.0b013e32832e316d
https://doi.org/10.1371/journal.pone.0106621
https://doi.org/10.1074/jbc.C200678200
https://doi.org/10.1074/jbc.C200678200
https://doi.org/10.1074/jbc.M803143200
https://doi.org/10.1681/ASN.2012060582
https://doi.org/10.1371/journal.pone.0004194
https://doi.org/10.1371/journal.pone.0004194
https://doi.org/10.1093/jb/mvu022
https://doi.org/10.1093/jb/mvu022
https://doi.org/10.1681/ASN.2020040501

	PI(4,5)P2 controls slit diaphragm formation and endocytosis in Drosophila nephrocytes
	Abstract
	Introduction
	Materials and methods
	Drosophila stocks and genetics
	Endocytosis assays
	Lysates and western blot
	Immunohistochemistry
	Pearson correlation coefficient
	Transmission electron microscopy

	Results
	PI(4,5)P2 but not PI(3,4,5)P3 is enriched at slit diaphragms
	Impaired PI(4,5)P2 production results in strong developmental and slit diaphragm defects
	Nephrocytes with downregulation of Skittles display impaired exocytosis
	Decreased PI(4,5)P2 levels in nephrocytes result in decreased endocytosis
	Constitutively active PI3K but not enhanced PTEN or dominant-negative PI3K impairs nephrocyte morphology and function
	Phenotypes of increased PI(3,4,5)P3 are induced by the AktmTOR pathway
	Changes in PI(4,5)P2 but not in PI(3,4,5)P3 levels cause rapid defects

	Discussion
	Acknowledgements 
	References




