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Sns and Kirre, the Drosophila orthologs of Nephrin and
Neph1, direct adhesion, fusion and formation of a slit
diaphragm-like structure in insect nephrocytes

Shufei Zhuang™*, Huanjie Shao'*, Fengli Guo', Rhonda Trimble', Elspeth Pearce' and Susan M. Abmayr'**

The Immunoglobulin superfamily (IgSF) proteins Neph1 and Nephrin are co-expressed within podocytes in the kidney glomerulus,
where they localize to the slit diaphragm (SD) and contribute to filtration between blood and urine. Herein, we demonstrate that
their Drosophila orthologs Kirre (Duf) and Sns are co-expressed within binucleate garland cell nephrocytes (GCNs) that contribute to
detoxification of the insect hemolymph by uptake of molecules through an SD-like nephrocyte diaphragm (ND) into labyrinthine
channels that are active sites of endocytosis. The functions of Kirre and Sns in the embryonic musculature, to mediate adhesion and
fusion between myoblasts to form multinucleate muscle fibers, have been conserved in the GCNs, where they contribute to
adhesion of GCNs in the ‘garland’ and to their fusion into binucleate cells. Sns and Kirre proteins localize to the ND at the entry
point into the labyrinthine channels and, like their vertebrate counterparts, are essential for its formation. Knockdown of Kirre or
Sns drastically reduces the number of NDs at the cell surface. These defects are associated with a decrease in uptake of large
proteins, suggesting that the ND distinguishes molecules of different sizes and controls access to the channels. Moreover, mutations
in the Sns fibronectin-binding or immunoglobulin domains lead to morphologically abnormal NDs and to reduced passage of
proteins into the labyrinthine channels for uptake by endocytosis, suggesting a crucial and direct role for Sns in ND formation and
function. These data reveal significant similarities between the insect ND and the SD in mammalian podocytes at the level of

structure and function.
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INTRODUCTION

In Drosophila, the Immunoglobulin superfamily (IgSF) proteins
encoded by kin of irre [kirre; also known as dumbfounded (duf)],
roughest (rst), sticks and stones (sns) and hibris (hbs) function as
ligand-receptor pairs on the surface of founder cells and fusion
competent myoblasts (Artero et al., 2001; Bour et al., 2000;
Dworak et al., 2001; Ruiz-Gomez et al., 2000; Shelton et al.,
2009; Strunkelnberg et al., 2001). These proteins mediate
recognition, adhesion and fusion to form multinucleate syncitia
through direct interaction at sites of myoblast contact. However,
neither their action nor their expression is exclusive to the
musculature, and previous studies noted their role in cell
recognition and adhesion in the Drosophila eye (Bao and Cagan,
2005). Moreover, multiple studies have confirmed the presence
of the kirre transcript and sns transcript in the binucleate garland
cell nephrocytes (GCNs) (Duan et al., 2001; Ruiz-Gomez et al.,
2000). These nephrocytes possess a structure visible by
transmission electron microscopy (TEM) (Koenig and Ikeda,
1990; Kosaka and Ikeda, 1983) reminiscent of the slit diaphragm
(SD) in the vertebrate kidney, and process waste products from
the hemolymph (Aggarwal and King, 1967; Crossley, 1985). It is
therefore compelling that the fly detoxification machinery may
have similarities to that in mammals, and that Sns and Kirre play
roles similar to those of their vertebrate counterparts.
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Removal of waste products from the closed circulatory system of
vertebrates takes place in the kidney glomerulus. Podocytes, kidney
epithelial cells that surround the capillary blood vessels, extend foot
processes that contact the surface of these vessels. Filtration then
occurs as molecules flow out of the bloodstream through slits
between adjacent foot processes into the urine (Barletta et al., 2003;
Liuetal., 2003). Neph1 (Sellin et al., 2003) and Nephrin (Kestila et
al., 1998), vertebrate orthologs of the above Drosophila 1gSF
proteins, localize to this filter (Holzman et al., 1999; Liu et al., 2003;
Ruotsalainen et al., 1999) and appear to be an important determinant
of glomerular permeability (Hamano et al., 2002; Liu et al., 2003).
Mutations in nephrin and nephl are associated with congenital
nephrotic syndrome as a consequence of defects in this filtration
diaphragm. Lack of either nephrin or nephl leads to podocyte foot
process effacement and detachment of podocytes from the
glomerular basement membrane, loss of SDs, and proteinuria
(Donoviel et al., 2001; Putaala et al., 2001).

In addition to their high degree of homology, Nephrin and Nephl
have other features in common with Sns and Kirre. Heterophilic
interactions occur in trans between the extracellular domains of
Nephrin and Nephl, and Sns and Kirre (Barletta et al., 2003; Galletta
et al., 2004; Gerke et al., 2003). Studies have suggested that, in
addition to serving as a scaffold onto which other proteins in the SD
assemble, Nephrin and Nephl function as signaling molecules to
direct downstream cytoplasmic events (Benzing, 2004). They
cooperate to transduce a signal that directs actin polymerization
(Garg et al., 2007), and activation of this pathway occurs through
interaction of phosphorylated tyrosines in the cytoplasmic domains
of Nephrin and Neph1 to adaptor proteins (Jones et al., 2006; Verma
etal., 2006). These adaptor proteins recruit components of the actin
polymerization machinery that include N-WASp and Arp2/3 (Lu et
al., 1997; Rohatgi et al., 2001). Similar phosphotyrosine
modifications are important for Sns function (Kocherlakota et al.,
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2008) and studies have shown that the WASp and Arp2/3 actin
polymerization machinery functions in Drosophila myoblast fusion
(Berger et al., 2008; Kim et al., 2007; Richardson et al., 2007),
probably downstream of Sns and Kirre.

The pericardial cells and garland cells comprise two
subpopulations of Drosophila nephrocytes that, along with
Malpighian tubules, form the excretory system (Crossley, 1985).
Approximately 25-30 tightly associated binucleate GCNs encircle
the anterior end of the proventriculus in a ‘garland’ at its junction
with the esophagus (Aggarwal and King, 1967). The cortical region
of the cytoplasm includes elaborate channels that are generated by
invagination of the plasma membrane during embryogenesis and
early larval instar stages. The initial invagination is associated with
formation of a junction between two sites on the plasma membrane
that are visible by TEM (Narita et al., 1989). Through a mechanism
that is not entirely clear, this initial invagination expands into an
extensive array of labyrinthine channels by the third-instar larval
stage. The GCNs are very active in endocytosis via coated vesicles
at sites deep within these labyrinthine channels (Wigglesworth,
1972). Thus, molecules to be eliminated must gain access to the
endocytic machinery deep in these channels. These studies also
identified a thin bridge spanning the channel opening that is visually
similar to the vertebrate SD. The presence of Sns and Kirre and a slit
diaphragm-like structure in these binucleate cells raised the
possibility that these IgSF proteins might function in GCN fusion
and/or in formation of this structure.

We demonstrate herein, as reported recently by others (Weavers et
al., 2009), that Sns and Kirre are present in, and crucial for, the
nephrocyte diaphragm (ND). Knockdown of Kirre or Sns results in a
severely diminished number of NDs and smoothening of ND-
associated furrows on the GCN surface, implicating Sns and Kirre in
their formation. Mutations in the extracellular domain of Sns cause
major perturbations in the ND, establishing that Sns also dictates
fundamental aspects of its structure. Similar smoothening of the GCN
surface occurs upon knockdown of Polychaetoid (Pyd) (Chen et al.,
1996; Takahisa et al., 1996), the Drosophila ortholog of the zonula
occludens (ZO-1) tight junction protein that interacts with Nephl
(Huber et al., 2003), providing strong support for functional
conservation of these molecules. The ND controls access of molecules
to the labyrinthine channels for uptake by endocytosis, and can
discriminate between molecules of different sizes in a rate-dependent
manner. Finally, in contrast to that reported by Weavers et al. (Weavers
et al., 2009) and reminiscent of their action in the embryonic
musculature, Sns and Kirre contribute to the adhesion of the GCNs
into an organized garland and their fusion into binucleate cells.

MATERIALS AND METHODS

Fly stocks

The following have been described: sns™ 4 and sns’*®* (Bour et al., 2000),
DR 1w67k30 (Ruiz-Gomez et al., 2000), hbs>?3(Artero et al., 2001); UAS-
sns[C-HA), sns¥"?, UAS-sns[C-HA] and sns-Gal4 (Kocherlakota et al.,
2008). The following were obtained from the indicated stock centers:
twiGal4, UAS-gapGFP and the balancer stocks CyO, P{ry[+t7.2]=
enl}wglenll), FM7, fiz-lacZ and CyO, P{(w[ImC]/%GAL4-twi.G)}2.2,
P(UAS-2xEGFP)AH?2.2 (Bloomington Stock Center, Bloomington, IL);
RNAI stocks for UAS-kirre-IR(1) (v27227), UAS-kirre-IR(2) (v3111), UAS-
sns-IR(1) (v877) and UAS-pyd-IR (v38863) (Vienna Drosophila RNAi
Center, Vienna, Austria). sns*? includes a VI003E mutation in the
fibronectin type III domain. Rare escapers were identified by crossing sns*?,
Act5C-Gal4/CyO and sns™3, UAS-2XEGFP/CyQ. UAS-sns-IR(2) was
generated by insertion of a 712 bp fragment, using primers 5'-GGC-
GGCTAGCGACGCTCGCCAGAGGAACCGC-3' and 5'-GGCGGCTA-
GCCCAGGAGGCGCAGGAGCTGAA-3', into pWIZ. UAS-kirre[C-HA]

was generated by subcloning full-length kirre cDNA into pUAST vector,
followed by an HA (hemagglutinin) tag at the last amino acid of Kirre. Sns
deletions were made using PCR with mismatch oligonucleotides to generate
sns[mig4] (deletion of aa 396-461) and sns[mlg6] (deletion of aa 592-664),
and then subcloned into pUAST, named as UAS-sns[mlg4] and UAS-
sns[mlg6). UAS-sns[mig4] and UAS-sns[mIg6] were recombined with
sns?1? to rescue sns null mutant under the sns-Gal4 driver. sns-GCN-Gal4,
sns-GCN-lacZ and sns-GCN-nGFP were generated by insertion of a 2 kb
enhancer from intron 1 into pPPTGAL, pH-Pelican and pH-Stinger vectors,
respectively. All transgenic stocks were generated by Genetic Services
(Cambridge, MA).

Immunohistochemistry and TUNEL detection

Homozygous mutant embryos were identified by the absence of -
galactosidase (Kocherlakota et al., 2008). Primary antibodies to Sns
(Bour et al., 2000) (embryos, 1:200, sorted embryonic GCNs, 1:100,
larval GCNs, 1:80), Kirre (Galletta et al., 2004) (embryos, 1: 200, sorted
embryonic GCNs, 1:100, larval GCNs, 1:1000) anti-f-galactosidase
(1:500, Promega, Madison, WI), anti-GFP (1:400, Rockland
Immunochemicals, Gilbertsville, PA), and Fasciclin 3 (clone 7G10, 1:10,
Developmental Studies Hybridoma Bank) were used in this study. Alexa
dye conjugated (1:200, Invitrogen, Carlsbad, CA), and biotin-conjugated
(1:200, Vector Laboratories, Burlingame, CA) secondary antibodies were
used. Colorimetric detection used the VECTASTAIN Elite ABC Kit
(Vector Laboratories) with diaminobenzidine substrate. Apoptotic cells
were visualized using the In Situ Cell Death Detection Kit (Roche)
according to the manufacturer’s instructions. Embryos were imaged using
a Zeiss Axioplan, for colorimentric staining, and a Zeiss LSM-510
confocal microscope, for fluorescent staining.

Live imaging

Living embryos were collected, dechorionated, glued onto a coverslip, and
immersed in PBS buffer in an Attofluor cell chamber (Molecular Probes,
Carlsbad, CA). Images were acquired with a Zeiss LSM510 laser-scanning
microscope, Zeiss C-Apochromat 40X 1.20 W Korr UV-VIS-IR objective
and an excitation wavelength of 920 nm. Emission was collected using a
495-545 nm band-pass filter. All Z-series time-lapse sequences were taken
every 10 minutes, with optical sections captured every 0.8 um.

Flow cytometry

Embryos aged to 9-12 or 12-18 hours after egg laying (AEL) were collected
at 25°C, dechorionated and transferred into Schneider’s media, 3 mM
EGTA, in a glass homogenizer. Homogenized cells were pelleted (50 g, 2.5
minutes). The cell pellet resuspended (Schneider’s media, 3 mM EGTA)
added to Histopaque-1077 (Sigma, St Louis, MO) and centrifuged (400 g,
30 minutes). Cells at the interface were collected, washed with media,
pelleted (200 g, 5 minutes), resuspended and filtered through a 70 um filter.
Cells were sorted using a MoFlo cell sorter (Dako, Ft Collins, CO). GFP-
positive GCNs were incubated on poly-L-lysine coated slides for 30 minutes,
fixed with 4% formaldehyde in PBS and stained as above.

Electron microscopy

Dissected GCNs were fixed with 2.5% paraformaldehyde/2%
glutaraldehyde/PBS and carried out for TEM with standard techniques.
Conventional Immunoelectron microscopy (immunoEM) was done as
previously described (Tepass, 1996). The dissected GCNs were prefixed in
8% paraformaldehyde/0.02% glutaraldehyde/PBS, and incubated with
primary antibody: anti-Kirre (1:20), anti-Sns (1:5), followed by Nanogold-
conjugated secondary antibodies (1:200) (Nanoprobes, Yaphank, NY). After
postfixation and silver enhancement, samples were dehydrated, embedded
and sectioned. For cryo-immunoEM, the fixed garland cells were embedded
in gelatine, cryosectioned and incubated with anti-Kirre or anti-Sns followed
by 5 nm or 10 nm gold-conjugated secondary antibody, respectively. All
images were acquired on an FEI TEM.

For scanning electron microscopy (SEM), dissected GCNss were fixed in
2.5% glutaraldehyde/2% paraformaldehyde/PBS, washed and treated with
1% Osmium Tetroxide. Following dehydration, samples were incubated in
hexamethyldisilazane (Sigma-Aldrich) and air dried overnight. Images were
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acquired with Hitachi tabletop electron microscope TM-1000 (Fig. 3D) and
an FEI Quanta 600 FEG Extended Vacuum Scanning Electron Microscope
(ESEM).

Endocytosis assays

Dissected second-instar GCNs were incubated with Shields and Sang M3
Insect Medium containing 1 mg/ml Cascade Blue dextran 10 kD and either
50 pg/ml Alexa Fluor 555 BSA or 1 mg/ml fluorescein dextran 500 kD
(Molecular Probes) for 30 seconds or 5 minutes at 25°C as indicated. Cells
were washed with ice-cold PBS for 30 minutes, and fixed with 4%
paraformaldehyde/PBS for 10 minutes. Cells were rinsed, mounted and
imaged using a Zeiss LSM510 confocal microscope. Uptake efficiency was
quantitated by calculating the fluorescence intensity per um? of a single
confocal section at the cell midpoint with Axiovision 4.7.

Statistical analysis

Cells and nuclei were manually quantitated from confocal Z-series. NDs
were counted for one TEM traverse section per cell. Analysis of variance
(ANOVA) was used for multiple comparisons. Student’s #-test was used to
determine the statistical significance between two interventions. A
statistically significant difference was defined as P<0.05.

RESULTS

The IgSF proteins Sns and Kirre are expressed in
the GCNs

Published studies and our unpublished observations noted the
presence of the kirre and sns transcripts in the developing GCNs
of late-stage embryos. We therefore examined these embryos
using antisera against Kirre and Sns to confirm that the encoded
proteins were indeed present in the GCNS. It was also of interest
to determine whether these proteins were expressed in different
populations of cells, as in the developing musculature, or co-
expressed within single nephrocytes, as observed for their
orthologs in the mammalian kidney. GCNs were identified deep
inside the embryo using sns-GCN-lacZ, a transgene in which
expression of B-galactosidase was under control of an sns
enhancer element (Fig. 1B). Immunostaining with antisera against
-gal and Sns or Kirre revealed expression of both proteins in the
GCNs at stage 13 (Fig. 1C-F), when they are still mononucleate,
and stage 16, when most GCNs are binucleate (Fig. 1G-L).
Expression was apparent at points of cell-cell contact, consistent
with a model in which the earliest expression of Kirre and Sns
mediates adhesion between these cells. By stage 16, Sns remained
enriched at points of cell-cell contact and became clearly visible
in regions of the cell surface that are not in direct contact with
other cells (Fig. 1G-I). This pattern was not uniform, possibly
prefiguring the later pattern of ND channels on the cell surface.
Kirre also remained enriched at points of cell-cell contact, and
became visible at the cell surface in a somewhat more punctuate
pattern (Fig. 1J-L). Lastly, whereas Sns and Kirre mark different
myoblast populations in the embryonic musculature and mediate
adhesion between these cell types, they were co-expressed in the
GCNs (Fig. IM-T). To ensure that co-expression was not a result
of fusion, embryos transgenic for sns-GCN-nGFP were lightly
homogenized and the disrupted cells sorted by fluorescence-
activated cell sorting (FACS). They were then immunostained to
visualize Kirre and Sns. Notably, all 39 mononucleate GFP-
positive cells identified in this analysis expressed Sns and 37/39
cells expressed Kirre. With the cells, one could observe regions
of Sns and Kirre co-localization and non-co-localization in both
mononucleate (Fig. 1M-P) and binucleate GCNs (Fig. 1Q-T). We
therefore conclude that the mononucleate GCNs co-express Sns
and Kirre, analogous to co-expression of Nephrin and Nephl in
podocytes in the kidney.

Fig. 1. Expression of Sns and Kirre in embryonic GCNs.

(A) Schematic, modified with permission from Hartenstein (Hartenstein,
1993) to indicate the position of GCNs (yellow) at embryonic stage 16.
(B-L) GCNs were identified by expression of the sns-GCN-lacZ transgene.
(B) Ventral view, stage 16. (C-F) Confocal single section of GCNs at stage
13. Sns (red) and Kirre (red) are present at cell-cell contacts (arrows).
Arrow in B indicates GCNs marked by B-galactosidase. (G-L) Ventral
views, stage 16. Projections of confocal sections (~20 uM) (G,J) and
single sections (H,1,K,L) reveal Sns (H,1) and Kirre (K,L) on the cell surface
(arrowheads), cell-cell contacts (arrows) and in intracellular and cell
surface puncta (asterisks). Note the uneven pattern of Sns on the cell
surface in (I). (M-T) FACS-isolated nGFP-positive cells from sns-GCN-nGFP
transgenic embryos. Single confocal sections show partial co-localization
of Sns and Kirre on the surface of mononucleate (9-12 hours AEL) (M-P)
and binucleate (12-18 hours AEL) (Q-S) GCNs. Scale bars: 10um in C-L;
5um in M-T. ES, esophagus; PV, proventriculus.

Binucleate GCNs are generated by fusion that is
mediated, at least in part, by the IgSF proteins
Sns, Hbs, Kirre and Rst

As cited above, Kirre and Sns direct fusion that generates
multinucleate muscle precursors and muscle fibers. To determine
whether these proteins serve a similar purpose in the GCNs, and the
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Fig. 2. IgSF proteins contribute to fusion of mononucleate GCNs.
(A,B) GCNs in fixed transgenic embryos labeled with antibodies to sns-
GCN-lacZ (blue, A,B), twiGal4 driven UAS-gapGFP (A) and anti-Fas3 (B)
for the cell membranes (green); DAPI marks nuclei (red, A,B). (A) Stage
13, mononucleate GCNs (arrowheads); (B) early stage 16, binucleate
GCNs (arrows). (€) Quantitation of cell and nuclei number; n equals
embryos analyzed. The number of GCNs decreases significantly between
stage 13 and early stage 16 (P<0.001), the number of nuclei remains
essentially the same (P=0.03). Bars show means.e.m. (D-F) Apoptotic
GCNs are not detected. GCNs from transgenic sns-GCN-nGFP (anti-GFP,
green) embryos identified at stages 14-16, apoptosis identified by TUNEL
staining (red). (G-J) Time-lapse imaging of cell fusion over a 40-minute
period in stage 14 embryos, as revealed by sns-GCN-nGFP and twiGal4
driven UAS-gapGFP. The white triangle denotes membrane breakdown
(see Movie 1 in the supplementary material; scale units in um).

(K-M) Binucleate (arrows) and mononucleate (arrowheads) GCNs are
present in (K) homozygous sns*®3, hbs?*% and (L) hemizygous
Df(T)w67k30, which removes kirre and rst, early stage 16 embryos.
Mutant and control embryos express sns-GNC-lacZ (anti-B-gal, blue),
anti-Fas3 staining the cell membrane (green), and DAPI staining the
nuclei (red). (M) Quantitation of bi- and mononucleate cells, where n
equals embryos analyzed. Bars show mean+s.e.m. There is a significant
decrease of binucleate GCNs in the mutant samples compared with
wild-type control (P<0.001). Scale bars: 10 um.

binucleate GCNs are a consequence of cell fusion, we examined the
cells at embryonic stage 13, when most are mononucleate (Fig. 2A),
and stage 16, when most had become binucleate (Fig. 2B).
Quantitation revealed approximately 50 nuclei at each stage, but a

lacZ Fas3
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Fig. 3. IgSF proteins mediate GCN adhesion and shape of
embryonic and larval GCNs. (A-C) Confocal projections (approx. 25 um)
of ventral views of GCNs identified by sns-GCN-lacZ (green) at stage 16;
cell membranes are marked by anti-Fas3 (red; inset). Compared with
control GCNs (A), the GCNs of embryos mutant for sns*®3, hbs?>%? (B) or
hemizygous for DA T)w67k30 (C) are disorganized, misshapen and more
loosely associated (arrows). (D-G) SEMs of third-instar larval GCNs from
sns-GCN-nGFP (D), sns*3 (E), sns-GCN-nGFP sns-GCN-Gal4/+; UAS-sns-
IR(2)/+ (F) and sns-GCN-Gal4/UAS-kirre-IR(1) (G). Defects similar to those
in B and C are apparent (arrows). Scale bars: 10 um.

decline in the number of cells from 42 to 26 (Fig. 2C). These data
are consistent with the generation of binucleate cells by fusion. To
confirm that the decrease in cell number was due to fusion, and not
a combination of cell death and nuclear division, the GCN cluster
was examined for the presence of dying cells using terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) (Fig. 2D-F). Representative images reveal the presence
of TUNEL-positive, non-nGFP-positive cells in the surrounding
tissues but no TUNEL-positive nGFP-positive, GCNs. In addition,
time-lapse imaging of GCNs expressing sns-GCN-nGFP and UAS-
gapGFP driven by twiGal4 further confirmed that binucleate GCNs
can form by fusion (Fig. 2G-J; see Movie 1 in the supplementary
material).

Next it was of interest to determine whether Sns and Kirre, or their
paralogs Hbs and Rst, contribute to this fusion event. Previous
studies have shown that Kirre and Rst serve redundant roles in the
founder myoblasts (Strunkelnberg et al., 2001), and Sns and Hbs are
both competent to direct the initial fusion event between fusion
competent myoblasts and founder cells (Menon et al., 2005; Shelton
et al., 2009). Whereas Rst expression has not been detected in the
GCNs, we have observed significant expression of Hbs (data not
shown). To assess their role in fusion of GCNSs, the sns-GCN-lacZ
transgene was recombined into fly stocks mutant for both sns and
hbs, or having a deficiency that removes both kirre and rst. The
number of binucleate and mononucleate GCNs was then quantitated
and compared in these mutant embryos. In contrast to wild-type
embryos, in which 99.6 percent of the sns-GCN-lacZ-positive cells
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were binucleate by early stage 16, almost 60% of the cells lacking
both sns and hbs remained mononucleate (Fig. 2K,M). A lower
percentage of cells remained mononucleate when lacking only sns
and no mononucleate cells were observed in the absence of /bs (data
not shown), suggesting that these proteins have some redundancy of
function in directing GCN fusion, and observed for myoblast fusion.
In comparison, approximately 30% of the GCNs in embryos lacking
kirre and rst remained mononucleate (Fig. 2L,M). We conclude that
the IgSF proteins contribute to GCN fusion, but are not absolutely
essential for the presence of binucleate cells.

BN d49

»

(=]
o

c
S
©

[F]

w

N

(7]

S 40
]
=
(Yo,

o

1

[H]
o

E

>

=

Fig. 4. Sns and Kirre localize to the ND in larval
GCNs. GCNs dissected from larvae transgenic for
sns-GCN-nGFP at first, second and third-instar larvae.
(A-F) Single confocal sections of GCNs were
immunostained with anti-GFP (green) and anti-Sns
(A-C, red) or anti-Kirre (D-F, red). (G-H’) TEM and
corresponding schematic of the cortical region of
GCNs from first (G) or third (H) instar larvae. The
labyrinthine channels (LC) are apparent and
endocytic vesicles noted (EV). Arrows denote the
NDs. (I-N) ImmunoEM reveals Kirre in the ND of
GCNs from third-instar larvae (I-K, arrowheads) and
Sns in the ND of GCNs from second (L) and third
(M,N) instar larvae (arrowheads). (I,L) Conventional
immunoEM; (J,K,M,N) cryo-immunoEM. Scale bars:
10um in A-F; 1Tumin G; 200 nm in H,M,N; 100 nm
in I-K. BM, basement membrane.

Sns and Kirre mediate adhesion between GCNs,
and formation of a structure reminiscent of the
mammalian slit diaphragm

The above observations suggest that the abilities of Sns, Hbs, Kirre
and Rst to direct myoblast fusion have been retained in GCNs. The
roles of these proteins in directing adhesion between myoblasts have
also been retained. Indeed, the GCNs in embryos lacking either sns
and /bs or kirre and rst are misshapen compared with their spherical
wild-type counterparts and do not adhere well to each other (Fig. 3A-
C). These shape defects and loose association are also characteristic

Fig. 5. Sns and Kirre are required for formation
and/or maintenance of the ND. (A-D) GCNs from sns-
GCN-nGFE sns-GCN-Gal4/+; UAS-sns-IR(1)/+ (A,C) or sns-
GCN-nGFP sns-GCN-Gal4/UAS-kirre-IR(1) (B,D) second-
instar larvae were immunostained for Sns (A,B) or Kirre
(C,D). (E-J) TEM of the cortical region of GCNs from
second-instar larvae. (E,F) GCNs from sns-GCN-nGFP sns-
GCN-Gal4/+ second-instar larvae are regarded as the
wild-type control and show the transverse section (E). The
NDs are apparent, along with double membrane at entry
site (arrows). (G-J) The number of NDs is decreased upon
knockdown of Sns or Kirre in larvae genetically sns-GCN-
nGFP, sns-GCN-Gal4/+,;UAS-sns-IR/+ or sns-GCN-nGFP.
sns-GCN-Gal4/UAS-kirre-IR, but remaining NDs appear to
be normal. (K) Quantitation of NDs from above
genotypes, bars show mean+s.e.m. Scale bars: 10 um in
A-D; 2umin E; 100 nm in F-J.
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Fig. 6. Sns and Kirre mediate uptake of molecules by
endocytosis. GCNs from second-instar larvae were incubated with
Cascade Blue dextran 10 kD and either Alexa Fluor 555 BSA for 30
seconds (A-D), or fluorescein dextran 500 kD for 5 minutes (E-I). GCNs
were genetically sns-GCN-Gal4/+ (A E,F), sns-GCN-Gal4/+; UAS-sns-
IR(1) or (2)/+ (B,G), sns-GCN-Gal4/UAS-kirre-IR(1) or (2) (C,H) or
sns*3/sns*3 (D,l). Uptake of both dextran 10 kD (green) and BSA (red)
are reduced upon knockdown of Sns or Kirre, or in a hypomorph of sns
upon incubation for 30 seconds. After incubation for 5 minutes,
however, only uptake of dextran 500 kD is reduced by Sns or Kirre
knockdown. (J) Quantitation of fluorescence intensity per um?, where n
equals the number of cells analyzed. Bars show mean+s.e.m. Scale bar:
10 um.
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of larval GCNs in which Sns or Kirre has been decreased by RNAi
(Fig. 3F,G). In contrast to null alleles of sns, which die during
embryogenesis due to the absence of muscle fibers (Bour et al., 2000),
a small number of embryos mutant for sus*3, a hypomorphic allele
with an ethyl methanesulfonate-induced point mutation in the
extracellular fibronectin type I1I-binding domain, survived to pupal
development and their GCNs could be analyzed in third-instar larvae
(Fig. 3E). In contrast to the tighter association of wild-type GCNss,
these cells often broke apart upon dissection (data not shown).

Consistent with a model in which maintenance of the ‘garland’
requires Sns and Kirre, GCNs from first, second and third-instar
larvae continued to express Sns and Kirre proteins (Fig. 4A-F). Both
proteins became more strongly and uniformly expressed at the cell
surface with passage into the third-instar larval stage. The
labyrinthine channels, sites of high endocytic activity associated
with detoxification, appeared to form by invagination and adhesion
between two closely spaced regions of the plasma membrane in
GCNs from first instar larvae (Fig. 4G). As the cells grew in size and
differentiated in second- and third-instar larvae, the channels became
more elaborate and associated with a higher number of endocytic
vesicles. Notably, the access point between the channels and
hemolymph (the ND) appeared remarkably similar to the SD in the
mammalian kidney (Fig. 4H) (Wartiovaara et al., 2004). The
diameter of the NDs in GCNs from third-instar larvae averaged 29.7
nm (+1.06 s.e.m.), which is similar to the 35-40 nm reported for the
SD in vertebrates (Ruotsalainen et al., 1999; Wartiovaara et al.,
2004). Notably, similar immunoEM analysis revealed that Sns and
Kirre were associated with the ND entry point into the labyrinthine
channels, in samples processed by conventional immunoEM (Fig.
4LL) or cryo-immunoEM (Fig. 4J,K,M,N).

cSUS

10 kD 500 kD Merge

S

Sns and Kirre are essential for formation and/or

J M Dextran-10 kD M Dextran-10 kD maintenance of the ND, and uptake of molecules
E 400 i il . . into the labyrinthine channels for processing by
= L e endocytosis
; 2004 ng23nz2s To address whether sns or kirre is necessary within the GCNs for
g nats formation of the ND, flies transgenic for sns-GCN-Gal4 were used
= 200 e to direct expression of UAS-sns RNAi (sns-IR) transgenes or UAS-
% e kirre RNAi (kirre-IR) transgenes. We carried out TUNEL analysis of
2 T GCNs dissected from third-instar larvae to evaluate their viability.
5 - Whereas Weavers et al. (Weavers et al., 2009) noted a decrease in the
s 5 A, number of GCNS in larvae lgcking Kirre, our quantitation reYealed
0@ &(\ \QL\«\ & &‘c} &o\ \@\:\\ &@&Q\ «_@(\5 Fhat the viability of approximately .half of th.e cells was serlous!y
4 %’\L\ & P \&@, @\(@’ e impaired by the absence of Sns or Kirre (see Fig. S1 and Table S1 in

- : the supplementary material). By comparison, GCNs from second
30 5 instar larvae expressing these RNAI transgenes were not detectable
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Fig. 7. SEM analysis of the GCN surface reveals smoothening that
is coincident with a decline in NDs. SEM analysis of GCNs from sns-
GCN-nGFP sns-GCN-Gal4/+ (A-C), sns-GCN-nGFR sns-GCN-Gal4/UAS-
kirre-IR(7) (D,D"), sns-GCN-nGFP sns-GCN-Gal4/UAS-kirre-IR(2) (E,E’),
sns-GCN-nGFP sns-GCN-Gal4/+; UAS-sns-IR(1)/+ (F,F’), sns-GCN-nGFP
sns-GCN-Gal4/+; UAS-sns-IR(2)/+ (G,G’) and sns-GCN-nGFP sns-GCN-
Gal4/UAS-pyd-IR (H,H') third-instar larvae. (A’,B,C) Note the NDs on
the GCNs surface. Scale bars: 5um in A,D-I; 1T um in D’-I’; 500 nm in
A’"; 100 nmin B,C.

by TUNEL and exhibited normal morphology (data not shown). We
therefore focused our Sns and Kirre RNAI1 analysis on cells at this
earlier stage to ensure that any observed defects were not a
consequence of apoptosis. Sns was no longer detectable in GCNs
expressing sns-IR, but the level of Kirre protein remained fairly
robust (Fig. 5A,C). Similarly, Kirre protein was no longer detectable
in GCNs expressing kirre-IR but Sns remained easily detectable (Fig.
5B,D). Most notably, TEM analysis revealed that sns-IR and kirre-
IR have a dramatic impact on the number of NDs (Fig. 5K). The NDs
that did form appeared to be normal by TEM (Fig. SE-J) and did not
differ significantly from wild type in diameter. From these data we
conclude that Sns and Kirre are instrumental in the formation of the
ND.

One hallmark of the GCNs is their high levels of endocytosis from
sites deep within the labyrinthine channels, of hemolymph
components that are thought to enter the channels by passage through
the ND. Given the dramatic decrease in the number of NDs upon
knockdown of Sns or Kirre by RNAi, we examined the ability of
molecules of different sizes to enter the cell. We again used GCNs
from second instar larvae to avoid potential complications of dying
GCNs in third-instar larvae. Wild-type, sns*, sns-IR and kirre-IR
GCNs were co-incubated with Alexa Fluor 555 BSA and dextran 10
kD for 30 seconds. Tracers of both sizes were taken up efficiently in
the wild-type control, and fluorescence was apparent in the membrane
proximal, cortical region (Fig. 6A). By contrast, uptake of both tracers
was reduced upon knockdown by sus-IR (Fig. 6B) or kirre-IR (Fig.
6C). Though uptake of dextran 10 kD was not severely reduced in
GCNs homozygous for sns**, these cells did exhibit reduced uptake

of BSA (Fig. 6D). GCNs of the same genotypes were also co-
incubated with Cascade Blue dextran 10 kD and fluorescein dextran
500 kD. In the control samples, the dextran 10 kD tracer was taken up
efficiently upon incubation for either 30 seconds (Fig. 6E) or 5
minutes (Fig. 6F) as expected. However, the level of uptake of the
dextran 500 kD tracer increased significantly upon incubation for 5
minutes relative to 30 seconds (Fig. 6E,F). Thus, the ND can
distinguish between molecules of different sizes, such that larger
molecules are taken up more slowly. Surprisingly, whereas dextran 10
kD was not taken up efficiently in a 30 second incubation with sns-/R
or kirre-IR cells, it was taken up efficiently in all cells upon incubation
for 5 minutes, independent of the presence of sns-IR or kirre-IR (Fig.
6F-H). The dextran 500 kD tracer, by contrast, which was taken up
well in the 5 minute control (Fig. 6F), was taken up very poorly upon
knockdown by sns-IR (Fig. 6G), kirre-IR (Fig. 6H) or in GCNs
homozygous for sns** (Fig. 61). Thus, the ND is essential for entry of
BSA or dextran 500 kD into the cell. Moreover, large molecules pass
through the ND at very reduced rates compared with small molecules.
To ensure evaluation of passage through the ND, and not simply
endocytosis, the fluorescence intensity per um? was quantitated (Fig.
6J). We note also that the dextran 10 kD and either BSA or dextran 500
kD co-localize in puncta within the cell (Fig. 6; see Movie 2 in the
supplementary material), suggesting that they are taken up by the
same mechanism under wild-type conditions. We also note that the
limited amount of tracer taken up upon sns-IR or kirre-IR knockdown
appears to be properly endocytosed, as evidenced by their appearance
in characteristic intracellular puncta. Thus, these cells do not appear
to be defective in endocytosis per se but, rather, in the process through
which large fluorescent tracers enter the channels for subsequent
endocytosis. We conclude from these data that NDs are essential for
large molecules to pass from the hemolymph into the labyrinthine
channels for endocytosis. By comparison, either small molecules have
an alternative mechanism for uptake that can compensate for a
decrease in NDs, or they are able to pass through the ND more readily
than large molecules, eventually allowing efficient uptake even under
conditions in which the number of NDs is limited.

Perturbation of the ND by pyd-/IR or mutation of
the Sns extracellular domain

Analysis of GCNs from third-instar larvae by SEM revealed a
physically uneven cell surface covered with long furrows (Fig.
7A,A"). The spatial characteristics of these furrows matched the ND
diameter and the overall distance between NDs seen in TEM
analysis that skimmed the cell surface (Fig. 7B) or traversed the cell
diameter (Fig. 7C). Thus, the ND array is visible by SEM analysis
of the cell surface. To confirm this conclusion, the surface of GCNs
from third-instar larvae expressing either kirre-IR(1), kirre-IR(2),
sns-IR(1) or sns-IR(2) were examined (Fig. 7D-G"). The surface was
more uniform in these GCNs, consistent with the decrease in NDs.
We then examined the impact of Pyd knockdown on the appearance
of ND furrows to determine whether this Drosophila protein, like its
mammalian counterpart, contributed to ND function. Pyd-IR clearly
perturbed the formation of ND furrows on the cell surface (Fig. 7G).
These data suggest that pyd may function in a manner reminiscent
of its mammalian ortholog ZO-1.

We then examined the impact on the ND of overexpression of Sns
or Kirre, or mutation of the Sns extracellular domain. For
comparison, a typical ND cross section is seen in Fig. 8A. Whereas
most NDs were normal in appearance, a small percentage of NDs [6
out of 103 (5.8%), collected from 16 GCNs] exhibited an extended
region of attachment upon overexpression of Sns (Fig. 8B). No
structures of this type were apparent upon overexpression of Kirre
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sns-GCN-nGFP,
sns-GCN-Gal4/+

Gal4/UAS-sns[C-HA]

sns®4 sns-Gal4
/sns”"*, UAS-sns[mig4]

sns¥'4 sns-Gal4
/sns”"%, UAS-sns[C-HA]

(0 out of 79 NDs, collected from 18 GCNs) (Fig. 8C). The ND
structure was then examined in GCNs homozygous for the
hypomorphic allele sns*?. Whereas electron-dense regions
characteristic of NDs were apparent in the plasma membrane just
under the basement membrane (Fig. 8D), the structure itself was
abnormal. We have found that Ig domains 4 and 6 are not required
for muscle development, and embryos homozygous for null alleles
of sns can be rescued by expression of Sns lacking these domains
(data not shown). Therefore, the GCNs from these rescued third-
instar larvae could be analyzed by TEM. As observed in sns*?, the
ND structure of these GCNs was abnormal, with an extended
electron-dense region that did not resolve. The uptake of molecules
into these cells was disrupted but variable (data not shown),
necessitating further study. We conclude from these data, however,
that the fibronectin type I1I-binding region, Ig4 and Ig6 of Sns are
essential for the ND to assemble the correct structure, probably by
mediating crucial protein-protein interactions.

DISCUSSION

Our data and other recent studies (Weavers et al., 2009)
demonstrate that the GCNs have significant structural and
functional similarities to podocytes in the mammalian kidney. Sns
and Kirre are instrumental in directing and/or stabilizing
interactions at sites of membrane invagination that become the
NDs. These proteins parallel the role of their mammalian
orthologs Nephrin and Nephl in the SD that forms between
podocyte foot processes in the kidney glomerulus. In addition,
Sns and Kirre mediate tight adhesion between GCNs in the
embryo, and, in contrast to Weavers et al. (Weavers et al., 2009),
we note that these proteins also direct GCN fusion. Both proteins
are expressed during larval life and we note significant cell death
in their absence. Sns clearly plays a specific structural role in the

sns-GCN-nGFF, sns-GCN- sns-GCN-nGFP. sns-GCN-
Gal4/UAS-kirre[C-HA]

Fig. 8. ND structure is perturbed by
overexpression, mutation and deletion of Sns
extracellular domains. TEM analysis of GCNs from
second- (D-G) and third- (A-C) instar larvae. Rare
examples of expanded NDs were observed upon
overexpression of Sns (B, arrowhead) but not Kirre (C,
arrow). Defective NDs seen in GCNs from a hypomorph
of sns (D) or upon rescue with Ig4- or Ig6-deleted Sns
(E,F; asterisk), but not with full-length Sns (G, arrow).
Scale bars: 100 nm.

ND that is perturbed by mutations in its extracellular domain.
Finally, the SD and ND both mediate the flow of molecules
between the circulatory system and the excretory system, and
appear to discriminate between molecules on the basis of size and
rate of passage.

The insect slit diaphragm

The GCNs are thought to process waste material and detoxify the
insect hemolymph, its open circulatory system, through a process of
endocytosis and degradation (Aggarwal and King, 1967, Crossley,
1985). Endocytosis occurs from sites deep within labyrinthine
channels that form by invagination of the plasma membrane (Koenig
and Ikeda, 1990), and proteins associated with endocytosis localize
to the cortical region of the cytoplasm in membranes associated
within these channels (Halachmi et al., 1995). The channels and
associated membranes expand in mutants that block endocytosis
(Kosaka and Ikeda, 1983), and compounds such as horseradish
peroxidase (Chang et al., 2002), dye-conjugated BSA or avidin
(Chang et al., 2002), and various dextrans (Rusten et al., 20006),
readily pass through the plasma membrane into these channels.
Access appears to occur through a structure that is reminiscent of the
SD in vertebrates (Koenig and Ikeda, 1990; Kosaka and Tkeda,
1983). We have shown that this nephrocyte diaphragm is dependent
on the presence of Sns and Kirre, and that perturbation of the Sns
extracellular domain causes obvious defects in the ND. Thus, IgSF
homologs appear to be a structural component of this access point
in both insects and vertebrates.

The number of NDs decreases significantly upon knockdown of
Sns or Kirre, but a small number still remain. The uptake of large
molecular tracers is severely diminished under these conditions,
suggesting that the NDs are a major route of access to the endocytic
machinery within the labryinthine channels. Perhaps more revealing
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relative to the initial findings of Weavers et al. (Weavers et al., 2009),
we find that the uptake of small molecules is slower under
conditions of Sns or Kirre knockdown but ultimately achieves
normal levels. Thus, like the SD, the ND appears to be more
permeable to small molecules. Interestingly, studies in vertebrates
have addressed the relative contributions of the podocyte basement
membrane and the slit diaphragm to glomerular permeability (e.g.
Liu et al., 2003), and found Nephrin and Nephl to be crucial.
Moreover, electron tomography has identified Nephrin as a decisive
determinant for filtration of molecules larger than BSA (Wartiovaara
et al., 2004).

Parallel molecular interactions?

Nephrin and Nephl are capable of forming both homodimers and
heterodimers, and these abilities could reflect interactions that occur
in vivo in cis and/or in trans (Gerke et al., 2003). The diameter of the
vertebrate SD is consistent with a model in which this distance could
be spanned by homophilic interaction of Nephrin or heterophilic
interaction between Nephl and Nephrin in trans (Ruotsalainen et al.,
1999; Wartiovaara et al., 2004). The similar diameter of the
Drosophila ND therefore supports a model in which interactions
between the Kirre and Sns ectodomains determine this distance. The
exact molecular interactions remain to be determined, however, and
may differ in vertebrates and Drosophila. For example, Nephrin is
capable of homophilic interactions in trans (Ruotsalainen et al.,
1999; Tryggvason, 1999; Tryggvason et al., 1999), a property that
Sns does not appear to have (Galletta et al., 2004). Thus, it seems
unlikely that Sns spans this distance, as suggested for Nephrin
(Khoshnoodi et al., 2003; Patrakka and Tryggvason, 2007;
Wartiovaara et al., 2004). Homophilic interactions of Kirre, which
can occur (Galletta et al., 2004), could serve this purpose. One might
then predict the spacing to be decreased from the observed 30-35 nm
due to the shorter extracellular domain of Kirre. Of note, kinetic
studies in Drosophila S2 cells indicate a strong preference for
interaction with Sns (Galletta et al., 2004). Moreover significant
levels of Sns or Kirre remain in GCNs from second instar larvae
upon knockdown of the corresponding partner, yet the number of
NDs is diminished. Localization of each protein by immunoEM
analysis under these conditions may prove to be illustrative in this
regard. Given the above interaction studies and fact that both
proteins are continuously present in the GCN, we tend to favor a
model in which heterotypic interactions are preferred as in the
embryonic musculature (reviewed by Abmayr et al., 2005; Abmayr
and Kocherlakota, 2005). One fundamental difference between Sns
and Kirre in the embryonic musculature and the GCNSs is that they
are expressed in different myoblast cell types but co-expressed
within individual garland cells. However, their co-expression in
GCNes is another feature in common with Nephrin and Nephl in
vertebrate podocytes.

It is unclear whether Sns and Kirre function through interactions
with signal transduction components that parallel those of Nephrin
and Nephl in the GCNs. Signaling molecules thought to be
downstream of Sns and/or Kirre in the musculature, and known to
be downstream of Nephrin, include N-WASp and components of the
Arp2/3 pathway (Berger et al., 2008; Kim et al., 2007; Lu et al.,
1997; Richardson et al., 2007; Rohatgi et al., 2001). One other
functional parallel between the SD and ND is that of the tight
junction protein Pyd, which contributes to formation of ND-
associated furrows on the surface of the GCN. Although Pyd
interacts biochemically with two different forms of Kirre (Weavers
et al., 2009), it remains to be shown whether this interaction occurs
through postsynaptic density-95/disks large/zonula occludens-1

(PDZ)-binding sites in Kirre, as observed for binding of its
vertebrate counterpart ZO-1 to Nephl (Huber et al., 2003;
Ruotsalainen et al., 2000).

Binucleate nephrocytes, cell fusion and cell
division without cytokinesis

GCNs become binucleate before or immediately after their
assimilation into the garland of cells that surrounds the esophagus at
its junction with the proventriculus. This binucleate nature seems
almost invariant, with cells rarely remaining mononucleate or
having more than two nuclei. Although an explanation for this
invariance is not apparent, the cell appears to accommodate multiple
processes to ensure it. Quantitation of cells and nuclei over time, the
absence of dying GCNs, and time-lapse imaging suggest that cell
fusion is the primary mechanism utilized by wild-type GCNs, and
that the IgSF proteins contribute to this process. Some mutant cells
are still binucleate, but we cannot eliminate the possibility that other
molecules contribute to GCN fusion or that these IgSF proteins
function in yet more redundant ways to drive this fusion. Perhaps a
drive to become binucleate has forced the cell to compensate for
defects in fusion in other ways, such as cell division without
cytokinesis. Although all efforts to address such a mechanism have
yielded negative results, behavior of this type may be another
common property between insect garland cell nephrocytes and
mammalian podocytes (Nagata et al., 1995).
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Table S1. TUNEL analysis for third instar Garland cells

TUNEL positive

Number of positive

Genotype Imaged nuclei (sample) signals %

sns-GCN-nGFP, sns-GCN-Gal4/+ 181 (4) 6 3.31
sns-GCN-nGFP, sns-GCN-Gal4/UAS-sns-IR(1) 180 (4) 70 38.90
sns-GCN-nGFP, sns-GCN-Gal4/UAS-sns-IR(2) 93 (4) 38 40.86
sns-GCN-nGFP, sns-GCN-Gal4/UAS-duf-IR(1) 102 (3) 52 50.90
sns-GCN-nGFP, sns-GCN-Gal4/UAS-duf-IR(2) 109 (4) 18 16.51
sns*3, Act5C-Gal4/sns*?, UAS-2xEGFP 83 (4) 36 43.37
sns-GCN-nGFP, sns-GCN-Gal4/UAS-pyd-IR 144 (4) 14 9.72
sns-Gal4/sns?'*, UAS-sns[C-HA] 66 (3) 0 0

sns?#, sns-Gald/sns?*'*, UAS-sns[C-HA] 101 (4) 22 21.80
sns-Gal4/sns**, UAS-sns[mlg4] 64 (4) 18 28.13
sns*4, sns-Gal4/sns?4, UAS-sns[mig4] 34 (3) 16 47.06
sns-Gal4/sns**, UAS-sns[mlg6] 92 (3) 0 0

sns*4, sns-Gal4/sns?4, UAS-sns[mig6] 25 (3) 17 68.00




