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as DRM in fly photoreceptors, and a rhabdomeric protein, TRP,
associates with DRM in a light-dependent manner whereas mature
Rh1 does not (Sanxaridis et al., 2007). We first confirmed that TRP
associates with DRM isolated from light-exposed wild-type heads
and that Rh1 does not (Fig. 6B). Next, we tested whether newly
synthesized Rh1 can be temporally associated with DRM in the
post-Golgi vesicles. To obtain DRM from the post-Golgi vesicles,
we isolated DRM from Rip11 mutant whole eyes (data not shown)
and retinas expressing Rip11 dominant-negative protein, which
accumulate post-Golgi vesicles carrying Rh1 in the cytoplasm. The
results show that Rh1 did not associate with DRM in these mutants
despite the strong association between TRP and DRM (Fig. 6B).

Next, we investigated whether the sorting phenotype can be
observed in a mutant lacking glycosphingolipids, an essential raft
component. brainiac (brn) encodes a UDP-N-acetylglucosamine,

��Man ��1,3-N-acetylglucosaminyltransferase (��3GlcNAc-
transferase), and egghead (egh) encodes a GDP-mannose, ��Glc ��1,4-
mannosyltransferase, with putative functions in sequential steps in
the biosynthesis of the core structure of arthro-series
glycosphingolipids (GlcNAc��1–3Man��1–4Glc��1-Cer). It is reported
that brn9PP4/egh1.6P6 double mutants lack glycosphingolipids and
accumulate monoglucosylated ceramide (Wandall et al., 2005). Rh1
and Na+K+-ATPase localized normally in the rhabdomeres and
basolateral membrane, respectively, in brn9PP4/egh1.6P6 double-
mutant photoreceptors (Fig. 6C). We also investigated the deletion
mutants of the sole fly ceramide glucosyltransferase, GlcT-1, which
is the first step of glycosphingolipid synthesis; the product itself was
recently shown to play an essential role in apical sorting in
nematodes (Zhang et al., 2011). The homozygous GlcT-1 mutant
photoreceptors in the mosaic retina exhibited normal morphology
and Rh1 and Na+K+-ATPase localization (Fig. 6D,E), indicating that
the sorting defects observed in the PIG mutants are not due to the
possible glucosyl ceramide reduction. In addition, Rh1 expression in
cholesterol-deficient flies is not drastically reduced (Sanxaridis et al.,
2007). These results collectively indicate Rh1 and Na+K+-ATPase
sorting at the TGN in fly photoreceptors is not strongly affected by
lipid raft deficiency.

DISCUSSION
In this study, we screened 546 lethal lines for potential defects in
Rh1 by examining the localization of Arr2::GFP in FLP/FRT-
mediated mosaic retinas using two-color fluorescence imaging. We
found a mutation in the Drosophila homolog of human PIG-U,
which encodes a subunit of GPI transamidase. Mutations in other
genes of the GPI synthesis pathway but not in the GPI modification
pathway gave rise to the same phenotype. Furthermore, the GPI-
linked protein, Chp accumulates in the ER whereas the stalk
membrane Crumbs protein and basolaterally localized Na+K+-
ATPase were mis-sorted to the rhabdomere. We demonstrated that
Rh1 is degraded before entering the post-Golgi vesicles but that
Crb and Na+K+-ATPase are misrouted into vesicles destined for the
rhabdomere in PIG mutant cells.

There are two reports concerning GPI requirements for the
transport of transmembrane proteins. In zebrafish, GPI
transamidase is essential for the surface expression of voltage-gated
sodium channels (Nakano et al., 2010). In yeast, GPI synthesis is
required for the surface expression of Tat2p tryptophan permease,
which is associated with DRM in wild-type cells. In GPI-deficient
yeast, Tat2p and Fur4p fail to associate with DRM and are retained
in the ER (Okamoto et al., 2006). Although DRM forms in the ER
in yeast, in mammalian cells, it is likely that DRM formation
occurs only after Golgi entry (Rivier et al., 2010). The reason for
this is thought to be that GPI lipid remodeling occurs in different
places: the ER in yeast and the Golgi body in mammalian cells
(Rivier et al., 2010). In mammalian cells, lipid rafts are postulated
to concentrate some fractions of apically destined proteins owing
to their affinity for the TGN (van Meer and Simons, 1988) or
recycling endosomes (Rodriguez-Boulan et al., 2005).

Along with the raft model, there are two possible explanations
for the sorting phenotype of PIG mutant fly photoreceptors: (1) the
polarized sorting of Rh1 depends on its affinity for the raft/DRM
and the raft/DRM is deficient in PIG mutants; (2) unidentified GPI-
anchored protein(s) play crucial roles in the polarized sorting of
Rh1 and Na+K+-ATPase, and the raft/DRM provides a platform for
the GPI-anchored protein(s). The first model predicts raft/DRM
deficiency in PIG mutants, Rh1 association with lipid rafts and a
stronger phenotype caused by mutations in the genes involved in
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Fig. 6. Lipid raft-independent sorting of Rh1 at the TGN. (A) Filipin
staining in Drosophila mosaic retina containing both wild-type and PIG-C-
null mutant photoreceptors. Asterisks show PIG-C mutant cells. Scale bar:
5 μm. (B) Immunoblot analysis of the associations of TRP and Rh1 with
DRM in wild-type and dominant-negative Rip11-expressing retina.
Membranes of homogenates from illuminated wild-type heads (lanes 1
and 3) and illuminated Rip11DN/ Rh1Gal4 heads (lanes 2 and 4) were
separated into DRMs and detergent-soluble membranes (DSMs). 
(C) Immunostaining of Na+K+-ATPase (green) and Rh1 (magenta) in
brn9PP4, egh1.6P6 double-mutant ommatidium. Scale bar: 2 μm. 
(D) Formation of GlcT-1 deletion mutants. Two transposon insertion lines,
GlcT-1e2644 and GlcT-1e2597, containing the FRT sequence were used to
make GlcT-1 deletion mutants using the FLP/FRT method. GlcT-1Δ8

includes a part of synaptojanin in addition to GlcT-1. (E) Immunostaining
of a cross section of a GlucT-1Δl8 ommatidium. Rh1 (magenta) and Na+K+-
ATPase (green). Scale bar: 2 μm.
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raft formation. By contrast, the second model predicts that GPI
deficiency produces a stronger phenotype than that caused by raft
deficiency.

Our analysis of lipid raft deficiency (Fig. 6) does not support the
first model in which the loss of polarized sorting of Rh1/Na+K+-
ATPase in PIG mutants is a consequence of raft deficiency; instead,
our results support the second model in which unidentified GPI-
anchored protein(s) concentrate Rh1 and exclude Na+K+-ATPase
and Crb from post-Golgi vesicles destined for the rhabdomeres.
Thus, loss of the GPI-anchored sorting protein(s) might cause most
Rh1 to be directed into the endocytotic pathway and degraded by
lysosomes while simultaneously allowing Na+K+-ATPase and Crb
to be loaded into post-Golgi vesicles destined for the rhabdomeres
(Fig. 7). Chp is the only GPI-anchored protein known to be
expressed in fly photoreceptors in the late-pupal stages (Reinke et
al., 1988). However, chp2 mutants do not exhibit any
mislocalization phenotype of Rh1 or Na+K+-ATPase (Fig. 2E;
supplementary material Fig. S3F). Identifying the GPI-anchored
protein(s) responsible for the sorting in the TGN is an important
step for understanding this mechanism of polarized transport.

The biosynthetic pathway of GPI-anchored proteins has been
well elucidated, but little was known to date about the phenotypic
consequences of the loss of GPI synthesis in vivo. The present
study demonstrates that GPI synthesis is essential for the sorting of
non-GPI-anchored transmembrane proteins, including Rh1 and
Na+K+-ATPase, without obvious defects in adherens junctions.
Human PIGM or PIGV deficiency causes seizures (Almeida et al.,
2006) or mental retardation (Krawitz et al., 2010). These
neurological disorders might be also caused by the mis-sorting of
some transmembrane proteins in addition to the defects in the
formation of GPI-anchoring proteins. Our findings aid the
understanding of the pathology of diseases involving deficient GPI-
anchoring protein synthesis.

Acknowledgements
We thank Drs A. Nakamura, U. Tepass, C. Montell and C. Zuker, who kindly
provided fly stocks and reagents. We also thank the Bloomington Stock Center
and the Drosophila Genetic Resource Center of the Kyoto Institute of
Technology for fly stocks.

Funding
This study was supported by the Naito Foundation [25-040920]; the Novartis
Foundation [25-050421]; the Hayashi Memorial Foundation for Female Natural
Scientists [25-051022]; PRESTO [25-J-J4215]; KAKENHI [21687005, 21113510
and 23113712 to A.S.K.]; and the Swiss National Science Foundation
professorship [to R.W.]. This study was also supported by the Global Centers of
Excellence Program ‘Advanced Systems-Biology: Designing The Biological
Function’ from the Japanese Ministry of Education, Culture, Sports, Science,
and Technology.

Competing interests statement
The authors declare no competing financial interests.

Supplementary material
Supplementary material available online at
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.083683/-/DC1

References
Adam, R. M., Yang, W., Di Vizio, D., Mukhopadhyay, N. K. and Steen, H.

(2008). Rapid preparation of nuclei-depleted detergent-resistant membrane
fractions suitable for proteomics analysis. BMC Cell Biol. 9, 30.

Almeida, A. M., Murakami, Y., Layton, D. M., Hillmen, P., Sellick, G. S.,
Maeda, Y., Richards, S., Patterson, S., Kotsianidis, I., Mollica, L. et al.
(2006). Hypomorphic promoter mutation in PIGM causes inherited
glycosylphosphatidylinositol deficiency. Nat. Med. 12, 846-851.

Benhra, N., Lallet, S., Cotton, M., Le Bras, S., Dussert, A. and Le Borgne, R.
(2011). AP-1 controls the trafficking of Notch and Sanpodo toward E-cadherin
junctions in sensory organ precursors. Curr. Biol. 21, 87-95.

Beronja, S., Laprise, P., Papoulas, O., Pellikka, M., Sisson, J. and Tepass, U.
(2005). Essential function of Drosophila Sec6 in apical exocytosis of epithelial
photoreceptor cells. J. Cell Biol. 169, 635-646.

Bischof, J., Maeda, R. K., Hediger, M., Karch, F. and Basler, K. (2007). An
optimized transgenesis system for Drosophila using germ-line-specific phiC31
integrases. Proc. Natl. Acad. Sci. USA 104, 3312-3317.

Chen, J., Call, G. B., Beyer, E., Bui, C., Cespedes, A., Chan, A., Chan, J., Chan,
S., Chhabra, A., Dang, P. et al. (2005). Discovery-based science education:
functional genomic dissection in Drosophila by undergraduate researchers.
PLoS Biol. 3, e59.

Chinchore, Y., Mitra, A. and Dolph, P. J. (2009). Accumulation of rhodopsin in
late endosomes triggers photoreceptor cell degeneration. PLoS Genet. 5,
e1000377.

Colley, N. J., Baker, E. K., Stamnes, M. A. and Zuker, C. S. (1991). The
cyclophilin homolog ninaA is required in the secretory pathway. Cell 67, 255-
263.

Fölsch, H., Ohno, H., Bonifacino, J. S. and Mellman, I. (1999). A novel clathrin
adaptor complex mediates basolateral targeting in polarized epithelial cells.
Cell 99, 189-198.

Fujita, M. and Kinoshita, T. (2010). Structural remodeling of GPI anchors 
during biosynthesis and after attachment to proteins. FEBS Lett. 584, 1670-
1677.

Gambis, A., Dourlen, P., Steller, H. and Mollereau, B. (2011). Two-color in vivo
imaging of photoreceptor apoptosis and development in Drosophila. Dev. Biol.
351, 128-134.

Gonzalez, A. and Rodriguez-Boulan, E. (2009). Clathrin and AP1B: key roles in
basolateral trafficking through trans-endosomal routes. FEBS Lett. 583, 3784-
3795.

Izaddoost, S., Nam, S. C., Bhat, M. A., Bellen, H. J. and Choi, K. W. (2002).
Drosophila Crumbs is a positional cue in photoreceptor adherens junctions
and rhabdomeres. Nature 416, 178-183.

Krantz, D. E. and Zipursky, S. L. (1990). Drosophila chaoptin, a member of the
leucine-rich repeat family, is a photoreceptor cell-specific adhesion molecule.
EMBO J. 9, 1969-1977.

Krawitz, P. M., Schweiger, M. R., Rödelsperger, C., Marcelis, C., Kölsch, U.,
Meisel, C., Stephani, F., Kinoshita, T., Murakami, Y., Bauer, S. et al. (2010).
Identity-by-descent filtering of exome sequence data identifies PIGV
mutations in hyperphosphatasia mental retardation syndrome. Nat. Genet. 42,
827-829.

Kumar, J. P. and Ready, D. F. (1995). Rhodopsin plays an essential structural role
in Drosophila photoreceptor development. Development 121, 4359-4370.

Li, B. X., Satoh, A. K. and Ready, D. F. (2007). Myosin V, Rab11, and dRip11
direct apical secretion and cellular morphogenesis in developing Drosophila
photoreceptors. J. Cell Biol. 177, 659-669.

Maeda, Y. and Kinoshita, T. (2011). Structural remodeling, trafficking and
functions of glycosylphosphatidylinositol-anchored proteins. Prog. Lipid Res.
50, 411-424.

Mollereau, B., Wernet, M. F., Beaufils, P., Killian, D., Pichaud, F., Kühnlein, R.
and Desplan, C. (2000). A green fluorescent protein enhancer trap screen in
Drosophila photoreceptor cells. Mech. Dev. 93, 151-160.

393RESEARCH ARTICLEGPI is essential for Rh1 sorting

Fig. 7. Model of protein sorting at the TGN. In the wild-type TGN, one
or more GPI-anchored protein localizes to the neck and/or inside
budding post-Golgi vesicles destined for the rhabdomeres and recruits
rhabdomere proteins but excludes others. By contrast, GPI-deficient TGNs
do not contain GPI-anchored proteins and do not perform protein
sorting. Consequently, most Rh1 is sent to the endocytotic pathway and
degraded by lysosomes whereas small amounts of Rh1, Na+K+-ATPase
and Crb are loaded into post-Golgi vesicles for delivery to the
rhabdomeres.
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