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Sac1 phosphoinositide (PI) phosphatases are important 
regulators of PtdIns(4)P turnover at the ER, Golgi, and 
plasma membrane (PM) and are involved in diverse cellu-
lar processes including cytoskeletal organization and ve-
sicular trafficking. Here, we present evidence that Sac1 
regulates axon guidance in the embryonic CNS of Droso-
phila. Sac1 is expressed on three longitudinal axon tracts 
that are defined by the cell adhesion molecule Fasciclin II 
(Fas II). Mutations in the sac1 gene cause ectopic midline 
crossing of Fas II-positive axon tracts. This phenotype is 
rescued by neuronal expression of wild-type Sac1 but not 
by a catalytically-inactive mutant. Finally, sac1 displays 
dosage-sensitive genetic interactions with mutations in 
the genes that encode the midline repellent Slit and its 
axonal receptor Robo. Taken together, our results suggest 
that Sac1-mediated regulation of PIs is critical for Slit/ 
Robo-dependent axon repulsion at the CNS midline. 
 
 
INTRODUCTION 
 
Phosphoinositides (PIs) are phosphorylated derivatives of the 
membrane lipid phosphatidylinositol (PtdIns) that play essential 
roles in a number of cellular processes, including actin cy-
toskeleton organization and intracellular membrane trafficking 
(Di Paolo and De Camilli, 2006). These regulatory roles depend 
on their ability to recruit and/or activate various effector proteins 
that possess specific PI-binding domains (Lemmon, 2008). 
Accumulating data suggest that each PI displays a unique sub-
cellular distribution (Di Paolo and De Camilli, 2006). For exam-
ple, PtdIns(4)P is localized primarily to Golgi membranes, while 
PtdIns(3)P is concentrated in endosomal membranes. The 
compartment-specific distribution of PI pools is established and 
maintained through the precise temporal and spatial regulation 
of multiple PI kinases and phosphatases.  

One family of PI phosphatases is characterized by the pres-
ence of a conserved Sac phosphatase domain, which is about 
400 amino acids in length and contains a signature Cys-X5-Arg-
Thr/Ser (CX5RT/S) catalytic motif (Hughes et al., 2000). The 

Sac-domain phosphatases in yeast and mammals can be clas-
sified into two subfamilies (Blagoveshchenskaya and Mayinger, 
2009). The first subfamily includes yeast Sac1 and Fig4 and 
related mammalian proteins in which an N-terminal Sac domain 
is followed by a C-terminal region without any recognizable 
phosphatase domains. The second subfamily consists of yeast 
and mammalian synaptojanins, in which the N-terminal Sac 
phosphatase module is immediately followed by a C-terminal PI 
5-phosphatase domain.  

The Sac1 PI phosphatase has been shown to be an impor-
tant regulator of PtdIns(4)P turnover. Biochemical analysis in 
yeast has demonstrated that PtdIns(4)P is the major substrate 
for Sac1 in vivo (Foti et al., 2001; Tahirovic et al., 2005). A simi-
lar substrate specificity has been reported for Drosophila and 
mammalian Sac1 proteins (Nemoto et al., 2000; Yavari et al., 
2010). Yeast and mammalian Sac1 proteins are integral mem-
brane proteins that localize to the endoplasmic reticulum (ER) 
and Golgi complex (Nemoto et al., 2000; Rohde et al., 2003; 
Tahirovic et al., 2005; Whitters et al., 1993). In yeast, loss of the 
sac1 gene causes pleiotropic defects, such as cold sensitivity 
for growth (Novick et al., 1989), inositol auxotrophy (Whitters et 
al., 1993), multiple drug sensitivity (Hughes et al., 1999), cell 
wall defects (Schorr et al., 2001), and abnormal vacuole mor-
phology (Foti et al., 2001). In Drosophila, sac1-null mutations 
cause an abnormal activation of Jun kinase, which is paralleled 
with dorsal closure defects and embryonic lethality (Wei et al., 
2003), and Hedgehog signaling (Yavari et al., 2010). In mice, 
deletion of the sac1 gene produces preimplantation lethality 
(Liu et al., 2008). In mammalian cells, RNAi-mediated depletion 
of Sac1 causes defects in Golgi morphology and mitotic spindle 
organization (Liu et al., 2008).  

In this study, we show that Sac1 is highly expressed in the 
developing nervous system. Loss of sac1 function causes ec-
topic midline crossing of Fasciclin II (Fas II)-positive CNS axons, 
which normally do not cross the midline. We also find that the 
phosphatase activity of Sac1 is required in neurons for midline 
axon repulsion. Finally, we show that sac1 genetically interacts 
with slit and robo, which encode the midline repellent Slit and its 
receptor Robo, respectively. Thus, this study establishes a  
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novel role for Sac1 in midline axon repulsion. 
 
MATERIALS AND METHODS 

 
Molecular biology  
Full-length sac1 cDNA was obtained from the Drosophila Ge-
nomic Resource Center (clone ID: GH08349; USA). The entire 
1,779-bp cDNA fragment was amplified by PCR and subcloned 
into pBluescript II KS- (pBS; Stratagene, USA). To generate 
pGEX-sac1-N (encoding amino acids 18-100) and pUAS-HA-
sac1-WT, sac1 cDNA fragments of interest were PCR-ampli-
fied and inserted into pGEX6P1 (Amersham Pharmacia, USA) 
and pUAST-HA, a derivative of the pUAST vector (Brand and 
Perrimon, 1993). The sac1-C388S,T395A mutation was intro-
duced into pBS-sac1 with the QuickChange Site-Directed 
Mutagenesis Kit (Stratagene, USA). The following mutagenic 
primers were used: for sac1-C388S, 5′-GTGTCTTCCGAACG 
AATTCTATCGACTGTCTCGATAG-3′ and 5′-CTATCGAGAC 
AGTCGATAGAATTCGTTCGGAAGACAC-3′; and for sac1-
T395A, 5′-CGACTGTCTCGATAGGGCGAACGTCGTGCAGA 
G-3′ and 5′-CTCTGCACGACGTTCGCCCTATCGAGACAGT 
CG-3′. The sac1-C388S,T395A insert was introduced into 
pUAST-HA to generate pUAS-HA-sac1-CS-TA. 
 
Genetics  
The wild-type strain used in this study was w1118. Two P-
element insertions in the sac1 locus (G8721 and G4263) were 
obtained from GenExel (Korea) and imprecisely mobilized to 
generate independent excision mutants, sac11 and sac12, re-
spectively. The EMS-induced sac12107 allele was kindly pro-
vided by Nicholas Harden (Simon Fraser University, Canada). 
UAS transgenic lines were generated in the w1118 background 
using standard procedures and expressed under the control of 
either the ubiquitous da-GAL4 driver (Wodarz et al., 1995) or 
the panneuronal elav-GAL4 driver (Lin and Goodman, 1994).  
 
Cell culture and double-stranded RNA interference  
Drosophila S2 cells were grown at 25°C in Schneider’s medium 
supplemented with 10% heat-inactivated (56°C for 30 min) fetal 
bovine serum (FBS) and transfected in six-well plates using 
Cellfectin (Invitrogen, USA) according to the manufacturer’s 
instructions.  

For double-stranded RNA interference (dsRNAi) in S2 cells, 
DNA fragments containing coding sequences of sac1 and gfp 
were PCR-amplified using the following primers, which contain 
upstream T7 promoter sequences: sac1 sense primer, 5′-
CGAATGGAGGAGATGAGTTGCTG-3′, sac1 antisense primer, 
5′-CAAGTGTCTGGCGTAGCAGTCGC-3′; gfp sense primer, 
5′-ACGTAAACGGCCACAAGTTC-3’, gfp antisense primer, 5′-
GTCCTCCTTGAAGTCGATGC-3′. The PCR products were 
used as DNA templates to generate dsRNAs by in vitro tran-
scription. S2 cells were treated with dsRNA at a final concentra-
tion of 37 nM, as described previously (Lee et al., 2007). 
 
Antibodies and immunohistochemistry 
An N-terminal region of Drosophila Sac1 (amino acids 18-100) 
was expressed as a GST fusion protein in Escherichia coli, 
purified by glutathione-Sepharose 4B column chromatography 
(Amersham Pharmacia, USA), and used for the immunization 
of rats.  

Whole-mount staining of embryos was performed as previ-
ously described (Lee et al., 2000; Spencer et al., 1998). Mono-
clonal antibodies against Fasciclin II (1D4) and Futsch (22C10) 
were purchased from the Developmental Studies Hybridoma 
Bank (USA) and used at a dilution of 1:5. FITC- and cyanine 3 

(Cy3)-conjugated secondary antibodies (Jackson ImmunoRe-
search, USA) were used at 1:200. 
 
Phosphatase activity assay 
Sac1-catalyzed dephosphorylation of PtdIns(4)P was assayed 
in 25 μl of reaction buffer containing 200 mM sodium acetate, 
100 mM Bis-Tris, 100 mM Tris-base (pH 6.0), 20 μg/ml porcine 
gelatin (Sigma, USA), 500 μM diC18-phosphatidylserine (Sigma, 
USA), 200 μM diC8-PtdIns(4)P (Echelon, USA), and 1 μg of 
purified recombinant GST-Sac1-WT or GST-Sac1-CS-TA. Lipid 
suspension in the reaction buffer was prepared as described 
previously (Maehama et al., 2000). Reactions were incubated 
at 37°C for 1 h, stopped by adding 20 μl of 100 mM N-ethyl-
maleimide (NEM), and centrifuged at 14,000 × g at 4°C for 30 
min. Twenty-five microliters of the resultant supernatant was 
transferred to a 96-well plate and incubated with 50 μl of mala-
chite green solution for 20 min at room temperature. Phosphate 
release was measured by a microplate reader (MP-100, Bio-
Rad) at 620 nm.  
 
RESULTS AND DISCUSSION 

 
Sac1 protein is expressed in the nervous system 
As the first step toward studying the neuronal function of Sac1, 
we wished to examine whether it is expressed in the develop-
ing nervous system of the embryo. We therefore generated a 
polyclonal antibody against an N-terminal region of Sac1 
(amino acids 18-100). On western blots of Drosophila S2 cells, 
this antibody detected a single band of ~65 kDa, corresponding 
to the predicted size of Sac1 (Fig. 1A). Levels of the 65 kDa 
protein were significantly decreased in cells treated with sac1 
dsRNA but not in cells treated with gfp dsRNA (Fig. 1A), sug-
gesting the specificity of the antibody.  

Immunohistochemical analysis of whole-mount wild-type 
embryos using anti-Sac1 revealed that the Sac1 protein is 
abundantly expressed during early stages of embryogenesis 
(e.g., stage 3) (Fig. 1B), suggesting a strong maternal contribu-
tion. We observed the most prominent expression in posteriorly 
located pole cells (Fig. 1B, asterisk). However, at stages 13 and 
16, Sac1 expression was highly restricted to the developing 
central nervous system (CNS) and peripheral nervous system 
(PNS) (Figs. 1C-1E, arrowheads and brackets, respectively). In 
stage 13 embryos, strong Sac1 immunoreactivity was also 
found in the dorsal epidermis (Fig. 1C, arrow), consistent with 
its reported role in dorsal closure (Wei et al., 2003). The immu-
noreactivity was substantially decreased in sac1-null (sac11/ 
sac12, see below) mutant embryos at stage 16 (Fig. 1F), con-
firming the specificity of anti-Sac1 signals.  

The expression of Sac1 in the nervous system was further 
analyzed by performing double labeling with anti-Sac1 and 
mAb 22C10 (anti-Futsch), a marker that labels a subset of in-
terneurons and motor neurons in the CNS as well as all sen-
sory neurons in the PNS (Fujita et al., 1982; Hummel et al., 
2000). In the PNS of wild-type embryos at stage 16, anti-Sac1 
signals perfectly overlapped with 22C10 (Figs. 1G-1I), revealing 
the strong expression of Sac1 in all sensory neurons. Like 
22C10 (Hummel et al., 2000), Sac1 was detected in the axon, 
cell body, and dendrite of sensory neurons. In the CNS at stage 
16, anti-Sac1 signals partially overlapped with 22C10, clearly 
labeling a subset of longitudinal axon fascicles (Figs. 1J-1L). 
The identity of these axon fascicles was investigated by double 
labeling with anti-Sac1 and mAb 1D4 (anti-Fasciclin [Fas] II), 
which labels three major longitudinal axon pathways (i.e., the 
medial, intermediate, and lateral Fas II pathways) in the CNS 
(Lin et al., 1994) as well as all motor axons in the PNS (Vactor 
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et al., 1993). The Sac1-positive fascicles were also labeled with 
1D4 in embryos at stage 16 or 17 (Figs. 1M-1R), suggesting 
that Sac1-positive CNS axons contribute to the formation of the 
Fas II pathways. 
 
Sac1 is required for midline axon guidance 
Given the enrichment of Sac1 in a subset of embryonic neurons, 
we wondered if it might be required for some aspects of neu-
ronal morphogenesis. To investigate this point genetically, dele-
tion mutants of sac1 were generated via imprecise excision of 

two P-element insertions (G4263 and G8721) located within or 
near the sac1 gene (Fig. 2A). The sac1

1 allele, derived from 
G8721, has a 2,222-bp deletion (-17 to 2,205 from the transla-
tion initiation site), while the sac1

2 allele, derived from G4263, 
has a smaller deletion (-294 to 1,562). Animals homozygous for 
each of these deletions died at early larval stages, suggesting 
that sac1 is an essential gene.  

To characterize the effects of sac1 loss on axon extension or 
guidance, we examined sac1-null mutant embryos. In the PNS 
of sac1

1/sac1
2
 embryos stained with 22C10, sensory axon 

Fig. 1. Sac1 is highly expressed in the

embryonic nervous system. (A) Cellular

extracts of S2 cells treated with sac1 or

gfp dsRNA were subjected to Western

blot analysis using anti-Sac1. (B-F)

Whole-mount wild-type (B-E) and sac1
1
/

sac1
2
 (F) embryos stained with anti-

Sac1. (B) Lateral view of a stage 3

embryo shows ubiquitous expression of

Sac1, with the highest levels in the

posterior pole cells (asterisk). (C) Lat-

eral view of a stage 13 embryo shows

Sac1 expression in the developing sen-

sory neurons (bracket) and epidermal

cells around the amnioserosa (arrow).

(D, E) Lateral (D) and ventral (E) views

of stage 16 embryos show Sac1 en-

richment in the CNS (arrowheads) and

PNS (brackets). (F) Ventral view of a

stage 16 sac1
1
/sac1

2
 embryo. (G-R)

Higher magnification images of stage 16

embryos doubly stained with anti-Sac1

and either 22C10 (G-L) or 1D4 (M-R).

(G-I) Lateral views of a stage 16 embryo.

Sac1 (green) is expressed in all sensory

neurons in the PNS. The morphology of

sensory neurons is outlined by 22C10

staining (red). (J-L) Ventral views of a

stage 16 embryo. In the CNS, Sac1

(green) partially overlaps with 22C10

(red). (M-R) Ventral views of embryos at

stages 16 (M-O) and 17 (P-R). In the

CNS, Sac1 (green) is detected on the

longitudinal axon tracts, which are mar-

ked by 1D4 staining (red). Scale bars: in

(E) 50 µm for (B-F); in (E), 10 µm for (G-

R). Anterior is left. 
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Fig. 2. sac1 is required for accurate midline guidance of CNS axons. (A) Genomic organization of the sac1 gene at 61F4 on chromosome III. 

The insertion sites of two P-element lines G4263 and G8721 within sac1 are indicated by inverted triangles. The extents of deleted regions in 

sac1
1
 and sac1

2
 are indicated. Shown below is the intron-exon organization of sac1 and its neighboring genes. Untranslated regions are indi-

cated by white boxes and translated regions by black boxes. (B-F) Several CNS segments of wild-type (B and D) and sac1
1
/sac1

2
 mutant (C, 

E, and F) embryos stained with mAb 1D4. Anterior is up. (B, C) Early stage 13 embryos. (B) In wild-type embryos, the pCC axon (arrow) ex-

tends anteriorly on its own side of the midline. (C) In sac
1
/sac

2
 mutant embryos, the pCC axon (arrows) ectopically crosses the midline. (D-F) 

Stage 16-17 embryos. (D) In wild-type embryos, 1D4 clearly visualizes three longitudinal axon pathways on each side of the midline. (E, F) In 

sac1
1
/sac1

2
 mutant embryos, 1D4-positive CNS axons ectopically cross the midline. (E) In segments in the mild category, the innermost tract 

displays midline crossing defects without impairing the entire morphology of the CNS axon scaffold. (F) In segments in the severe category, all 

three Fas II-positive tracts aberrantly cross the midline, altering the morphology of the CNS axon scaffold. Scale bar, 10 µm. (G) Quantification 

of the percentage of segments with ectopic midline crossing in each of the indicated genotypes (sac1
1
/+, n = 600 segments; sac1

2
/+, n = 184; 

sac1
1
/sac1

2
,
 
n = 1856; sac1

1
/ sac1

2107
, n = 312). 

 
 
 
morphology appeared normal (data not shown). We also found 
no defects in the extension and guidance of motor axons, as 
determined by 1D4 staining (data not shown). However, we did 
observe a defect in the midline guidance of CNS axons in sac1-
null mutant embryos stained with 1D4. In stage 13 wild-type 
embryos, the 1D4-positive pCC axons pioneer the medial Fas II 
pathway (Fig. 2B, arrow), which normally runs parallel to the 
midline (Lin et al., 1994). In sac11/sac1

2 embryos, these axons 
often crossed the midline (Fig. 2C, arrow). The midline crossing 
phenotype of Fas II-positive CNS axons was more evident at 
later stages of development. In wild-type embryos at stage 16, 
axons in the Fas II-positive pathways never crossed the midline 
(Fig. 2D). Heterozygous sac1

1/+ and sac1
2/+ embryos dis-

played none or very mild midline phenotypes (Fig. 2G). How-
ever, in comparable sac1

1/sac1
2 embryos, a varying range of 

Fas II-positive CNS axons aberrantly crossed the midline. In 
segments in the mild class, only the medial Fas II pathway 
ectopically crossed the midline, and the entire morphology of 

the CNS axon scaffold was fairly normal (Fig. 2E). In segments 
in the severe class, axons in the medial, intermediate, and lat-
eral Fas II pathways often crossed the midline, collapsing the 
CNS axon scaffold (Fig. 2F). In sac11/sac1

2 embryos, approxi-
mately 6% and 12% of segments displayed the midline cross-
ing phenotypes in the mild and severe classes, respectively 
(Fig. 2G). A similar CNS defect was also found when sac1

1 and 
sac1

2 were placed in trans over either another lethal sac1 allele 
sac1

2107 (Wei et al., 2003) or Df(3L)Fpa2, a deficiency disrupt-
ing sac1 (data not shown).  
 
The phosphatase activity of Sac1 is essential for accurate  
midline axon guidance   

To confirm whether the loss of Sac1 is responsible for the CNS 
phenotype associated with sac1 mutants, we performed ge-
netic rescue experiments in the sac1

1/sac1
2 background. Neu-

ronal expression of UAS-HA-sac1-WT in all postmitotic neurons 
using elav-GAL4 substantially rescued the midline crossing  
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Fig. 3. The PI phosphatase activity of Sac1 is required for accurate 

midline axon guidance. (A) The sequences flanking motif 6 within 

the Sac domain are compared using CLUSTALW software. The 

sequence data for Drosophila, rat, and human Sac1 are available 

from GenBank (accession numbers AAF47460, AAG29810, and 

AAH16559, respectively). Sequence identities are indicated by 

white letters with a black background. Sequence similarities are 

indicated by black letters with a gray background. The highly con-

served catalytic core sequences (CX5RT) are indicated by the hori-

zontal line. The double substitution (C388S-T395A) used in this 

study is also indicated. (B) Dephosphorylation of PtdIns(4)P by 

GST-Sac1-WT or GST-Sac1-CS-TA was determined using phos-

phatidylserine lipid vesicles (see “Materials and Methods”). (C) 

Quantification of the midline crossing phenotype in each of the 

indicated genotypes (sac1
1
/sac1

2
,
 
n = 1856 segments; sac1

1
,elav-

GAL4/sac1
2
,UAS-HA-sac1-WT, n = 496; sac1

1
,elav-GAL4/sac1

2
, 

UAS-HA-sac1-CS-TA, n = 832). The percentages of segments with 

ectopic midline crossing are shown. (D) Quantification of adult vi-

ability in each of the indicated genotypes (sac1
1
,da-GAL4/sac1

2
, 

UAS-HA-sac1-WT, n = 168 flies; sac1
1
,da-GAL4/sac1

2
,UAS-HA-

sac1-CS-TA, n = 170). The numbers of eclosed sac1
1
/sac1

2 
flies to 

the adult are expressed as percentages of the expected viability. 
 
 
phenotype (Fig. 3C), suggesting that Sac1 is required, at least 
in part, in neurons for midline axon repulsion of Fas II-positive 
CNS axons. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. sac1 genetically interacts with slit and robo. The percentages 

of segments with ectopic midline crossing are given for each of the 

indicated genotypes (slit
2
/+, n = 220 segments; robo

2
/+, n = 446; 

slit
2
/+; sac1

1
/+,

 
n = 384; robo

2
/+; sac1

1
/+, n = 392). 

 
 
Drosophila, rat, and human Sac1 proteins commonly contain a 
Sac phosphatase domain that consists of seven conserved 
motifs (Hughes et al., 2000). In particular, the sequence 
CXDCLDRT within the sixth motif defines the catalytic core of 
Sac1 phosphatases (Fig. 3A, horizontal line) (Foti et al., 2001). 
Replacing the first conserved cysteine with serine has been 
shown to impair the phosphatase activity of human Sac1 
(Rohde et al., 2003). In addition, other conserved residues in 
the core sequence have been shown to be essential for the 
activity of the Sac domain in yeast Sac1 (Kearns et al., 1997). 
Consistent with these studies, a variant of Drosophila Sac1 
carrying a double-point mutation (C388S,T395A) within the 
catalytic core sequence impaired its phosphatase activity to-
ward PtdIns(4)P (Fig. 3B). To determine whether the phos-
phatase activity of Sac1 is essential for midline axon guidance, 
we generated a UAS transgene expressing the C388S,T395A 
mutation of Sac1 (UAS-HA-sac1-CS-TA). Neuronal expression 
of UAS-HA-sac1-CS-TA using elav-GAL4 failed to rescue the 
midline crossing phenotype in sac11

/sac1
2embryos (Fig. 3C). 

When driven by elav-GAL4, the distribution and expression 
levels of the UAS-HA-sac1-CS-TA transgene were not signifi-
cantly different from those of UAS-HA-sac1-WT (data not 
shown), suggesting that the phosphatase activity of Sac1 is 
essential for midline avoidance of CNS axons. 

The importance of phosphatase activity for the in vivo func-
tion of Sac1 was further investigated. The ubiquitous expres-
sion of UAS-HA-sac1-WT under the control of the da-GAL4 
driver was also able to substantially rescue the lethality associ-
ated sac1 mutations, while expression of UAS-HA-sac1-CS-TA 
using the same GAL4 driver failed to do so (Fig. 3D). Thus, the 
phosphatase activity of Sac1 is essential for animal survival 
during development. 
 
sac1 genetically interacts with the Slit/Robo repellent  

pathway at the midline 

The midline repellent Slit and its Robo receptor play a critical 
role in axon repulsion from the CNS midline (Kidd et al., 1998; 
1999). Therefore, we investigated whether there is a functional 
link between Sac1 and the Slit/Robo repellent pathway. For this, 
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we examined dosage-sensitive genetic interactions between 
sac1 and slit and robo. In heterozygous slit

2/+ and robo
2/+ em-

bryos, we observed weak midline crossing phenotypes: 9% 
mild and 1% severe, respectively (Fig. 4). When we removed 
one copy of sac1 in a slit

2/+ or robo
2/+ background, a dramatic 

enhancement of the slit
2/+ or robo

2/+ phenotype was observed: 
2% mild and 48% severe in slit

2/+; sac1
1/+ embryos and 13% 

mild and 11% severe in robo
2/+; sac1

1/+ embryos (Fig. 4). 
These dosage-sensitive genetic interactions support a role for 
sac1 in Slit/Robo-mediated axon repulsion from the midline. 

In summary, we have demonstrated for the first time that the 
PI phosphatase Sac1 plays an essential role in midline axon 
guidance in the developing CNS. The protein is expressed in 
the developing nervous system. In embryonic sensory neurons, 
the distribution of Sac1 is almost identical to that of Futsch, a fly 
homolog of the vertebrate microtubule-associated protein 
MAP1B. However, Sac1 expression does not strongly overlap 
with Futsch in the embryonic CNS but largely labels Fas II-
positive longitudinal axon tracts, which do not cross the midline. 
We also show that Sac1 functions in neurons to regulate mid-
line avoidance of Fas II-positive axons. This regulatory role of 
Sac1 depends on its PI phosphatase activity, as evidenced by 
the observation that a phosphatase-defective variant of Sac1 
fails to rescue the midline crossing phenotype observed in sac1 
mutants. Genetic interactions between sac1 and slit or robo 
support a potential role for Sac1 in Slit/Robo-dependent axon 
repulsion at the midline. Because PtdIns(4)P, the primary in 

vivo substrate for Sac1, has been shown to be an important re-
gulator of anterograde membrane trafficking from the Golgi 
complex (D’Angelo et al., 2008), it is highly possible that Sac1 
regulates the anterograde trafficking of the Robo receptor by 
modulating PtdIns(4)P levels at the Golgi complex. Alternatively, 
Sac1-mediated regulation of PtdIns(4)P metabolism at the plasma 
membrane could affect Robo signaling directly or indirectly. 
Future analysis of Sac1 may reveal new insights into the func-
tional link between PtdIns(4)P metabolism and Robo signaling. 
 
ACKNOWLEDGMENTS 

This work was supported by a grant from the Korea Healthcare 
Technology R&D Project, Ministry for Health, Welfare, and 
Family Affairs, Republic of Korea (A084972). 
 
REFERENCES 

 

Blagoveshchenskaya, A., and Mayinger, P. (2009). SAC1 lipid phos- 
phatase and growth control of the secretory pathway. Mol. Bio-
syst. 5, 36-42. 

Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as 
a means of altering cell fates and generating dominant pheno-
types. Development 118, 401-415. 

D’Angelo, G., Vicinanza, M., Di Campli, A., and De Matteis, M.A. 
(2008). The multiple roles of PtdIns(4)P - not just the precursor 
of PtdIns(4,5)P2. J. Cell Sci. 121, 1955-1963. 

Di Paolo, G., and De Camilli, P. (2006). Phosphoinositides in cell 
regulation and membrane dynamics. Nature 443, 651-657. 

Foti, M., Audhya, A., and Emr, S.D. (2001). Sac1 lipid phosphatase 
and Stt4 phosphatidylinositol 4-kinase regulate a pool of phos-
phatidylinositol 4-phosphate that functions in the control of the 
actin cytoskeleton and vacuole morphology. Mol. Biol. Cell 12, 
2396-2411. 

Fujita, S.C., Zipursky, S.L., Benzer, S., Ferrus, A., and Shotwell, S.L. 
(1982). Monoclonal antibodies against the Drosophila nervous 
system. Proc. Natl. Acad. Sci. USA 79, 7929-7933. 

Hughes, W.E., Pocklington, M.J., Orr, E., and Paddon, C.J. (1999). 
Mutations in the Saccharomyces cerevisiae gene SAC1 cause 
multiple drug sensitivity. Yeast 15, 1111-1124. 

Hughes, W.E., Cooke, F.T., and Parker, P.J. (2000). Sac phos-
phatase domain proteins. Biochem. J. 350, 337-352. 

Hummel, T., Krukkert, K., Roos, J., Davis, G., and Klambt, C. 

(2000). Drosophila Futsch/22C10 is a MAP1B-like protein re-
quired for dendritic and axonal development. Neuron 26, 357-
370. 

Kearns, B.G., McGee, T.P., Mayinger, P., Gedvilaite, A., Phillips, 
S.E., Kagiwada, S., and Bankaitis, V.A. (1997). Essential role for 
diacylglycerol in protein transport from the yeast Golgi complex. 
Nature 387, 101-105. 

Kidd, T., Brose, K., Mitchell, K.J., Fetter, R.D., Tessier-Lavigne, M., 
Goodman, C.S., and Tear, G. (1998). Roundabout controls axon 
crossing of the CNS midline and defines a novel subfamily of 
evolutionarily conserved guidance receptors. Cell 92, 205-215. 

Kidd, T., Bland, K.S., and Goodman, C.S. (1999). Slit is the midline 
repellent for the robo receptor in Drosophila. Cell 96, 785-794. 

Lee, S., Harris, K.L., Whitington, P.M., and Kolodziej, P.A. (2000). 
short stop is allelic to kakapo, and encodes rod-like cytoskeletal-
associated proteins required for axon extension. J. Neurosci. 20, 
1096-1108. 

Lee, S., Nahm, M., Lee, M., Kwon, M., Kim, E., Zadeh, A.D., Cao, 
H., Kim, H.J., Lee, Z.H., Oh, S.B., et al. (2007). The F-actin-
microtubule crosslinker Shot is a platform for Krasavietz-
mediated translational regulation of midline axon repulsion. De-
velopment 134, 1767-1777. 

Lemmon, M.A. (2008). Membrane recognition by phospholipid-
binding domains. Nat. Rev. Mol. Cell Biol. 9, 99-111. 

Lin, D.M., and Goodman, C.S. (1994). Ectopic and increased ex-
pression of Fasciclin II alters motoneuron growth cone guidance. 
Neuron 13, 507-523. 

Lin, D.M., Fetter, R.D., Kopczynski, C., Grenningloh, G., and Good-
man, C.S. (1994). Genetic analysis of Fasciclin II in Drosophila: 
defasciculation, refasciculation, and altered fasciculation. Neu-
ron 13, 1055-1069. 

Liu, Y., Boukhelifa, M., Tribble, E., Morin-Kensicki, E., Uetrecht, A., 
Bear, J.E., and Bankaitis, V.A. (2008). The Sac1 phosphoinosi-
tide phosphatase regulates Golgi membrane morphology and 
mitotic spindle organization in mammals. Mol. Biol. Cell 19, 
3080-3096. 

Maehama, T., Taylor, G.S., Slama, J.T., and Dixon, J.E. (2000). A 
sensitive assay for phosphoinositide phosphatase. Anal. Bio-
chem. 279, 248-250. 

Nemoto, Y., Kearns, B.G., Wenk, M.R., Chen, H., Mori, K., Alb, J.G., 
Jr., De Camilli, P., and Bankaitis, V.A. (2000). Functional char-
acterization of a mammalian Sac1 and mutants exhibiting sub-
strate-specific defects in phosphoinositide phosphatase activity. 
J. Biol. Chem. 275, 34293-34305. 

Novick, P., Osmond, B.C., and Botstein, D. (1989). Suppressors of 
yeast actin mutations. Genetics 121, 659-674. 

Rohde, H.M., Cheong, F.Y., Konrad, G., Paiha, K., Mayinger, P., 
and Boehmelt, G. (2003). The human phosphatidylinositol phos-
phatase SAC1 interacts with the coatomer I complex. J. Biol. 
Chem. 278, 52689-52699. 

Schorr, M., Then, A., Tahirovic, S., Hug, N., and Mayinger, P. (2001). 
The phosphoinositide phosphatase Sac1p controls trafficking of 
the yeast Chs3p chitin synthase. Curr. Biol. 11, 1421-1426. 

Spencer, S.A., Powell, P.A., Miller, D.T., and Cagan, R.L. (1998). 
Regulation of EGF receptor signaling establishes pattern across 
the developing Drosophila retina. Development 125, 4777-4790. 

Tahirovic, S., Schorr, M., and Mayinger, P. (2005). Regulation of 
intracellular phosphatidylinositol-4-phosphate by the Sac1 lipid 
phosphatase. Traffic 6, 116-130. 

Vactor, D.V., Sink, H., Fambrough, D., Tsoo, R., and Goodman, C.S. 
(1993). Genes that control neuromuscular specificity in Droso-
phila. Cell 73, 1137-1153. 

Wei, H.C., Sanny, J., Shu, H., Baillie, D.L., Brill, J.A., Price, J.V., 
and Harden, N. (2003). The Sac1 lipid phosphatase regulates 
cell shape change and the JNK cascade during dorsal closure in 
Drosophila. Curr. Biol.13, 1882-1887. 

Whitters, E.A., Cleves, A.E., McGee, T.P., Skinner, H.B., and 
Bankaitis, V.A. (1993). SAC1p is an integral membrane protein 
that influences the cellular requirement for phospholipid transfer 
protein function and inositol in yeast. J. Cell Biol. 122, 79-94. 

Wodarz, A., Hinz, U., Engelbert, M., and Knust, E. (1995). Expres-
sion of crumbs confers apical character on plasma membrane 
domains of ectodermal epithelia of Drosophila. Cell 82, 67-76. 

Yavari, A., Nagaraj, R., Owusu-Ansah, E., Folick, A., Ngo, K., Hill-
man, T., Call, G., Rohatgi, R., Scott, M.P., and Banerjee, U. 
(2010). Role of lipid metabolism in smoothened derepression in 
hedgehog signaling. Dev. Cell 19, 54-65. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


