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rSac3, a novel Sac domain phosphoinositide 
phosphatase, promotes neurite outgrowth in PC12 cells

Yiyuan Yuan1, Xiang Gao1, Ning Guo2,4, Hui Zhang3, Zhiqin Xie1, Meilei Jin2, Baoming Li3, Lei Yu4, Naihe Jing1

1Laboratory of Molecular Cell Biology and Key Laboratory of Stem Cell Biology, Institute of Biochemistry and Cell Biology, Shanghai 
Institutes for Biological Sciences, Chinese Academy of Sciences, 320 Yue yang Road, Shanghai 200031, China; 2Research Center 
of Biotechnology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, 500 Cao bao Road, Shanghai 200233, 
China; 3Laboratory of Higher Brain Functions, Institute of Neurobiology, Institutes of Brain Science, Fudan University, 138 Yi xue 
yuan Road, Shanghai 200032, China; 4Department of Genetics and Center of Alcohol Studies, Rutgers University, 145 Bevier Road, 
Piscataway, NJ 08854, USA

Sac domain-containing proteins belong to a newly identified family of phosphoinositide phosphatases (the PIPPase 
family). Despite well-characterized enzymatic activity, the biological functions of this mammalian Sac domain PIPPase 
family remain largely unknown. We identified a novel Sac domain-containing protein, rat Sac3 (rSac3), which is widely 
expressed in various tissues and localized to the endoplasmic reticulum, Golgi complex and recycling endosomes. rSac3 
displays PIPPase activity with PI(3)P, PI(4)P and PI(3,5)P2 as substrates in vitro, and a mutation in the catalytic core 
of the Sac domain abolishes its enzymatic activity. The expression of rSac3 is upregulated during nerve growth factor 
(NGF)-stimulated PC12 cell neuronal differentiation, and overexpression of this protein promotes neurite outgrowth in 
PC12 cells. Conversely, inhibition of rSac3 expression by antisense oligonucleotides reduces neurite outgrowth of NGF-
stimulated PC12 cells, and the active site mutation of rSac3 eliminates its neurite-outgrowth-promoting activity. These 
results indicate that rSac3 promotes neurite outgrowth in differentiating neurons through its PIPPase activity, suggesting 
that Sac domain PIPPase proteins may participate in forward membrane trafficking from the endoplasmic reticulum and 
Golgi complex to the plasma membrane, and may function as regulators of this crucial process of neuronal cell growth 
and differentiation.
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Introduction

Intracellular membrane trafficking is an important cel-
lular process of eukaryotic cells. It is essential to maintain 
a proper composition of various cell organelles and to 
transport various molecules to appropriate compartments 

within the cell. Membrane transport between various 
intracellular compartments is achieved mainly by two 
pathways: endocytic recycling and biosynthetic secretion. 
Endocytic recycling has a crucial role in the internalization 
of cell-surface proteins, lipids and soluble molecules [1]. 
Among all the endocytic pathways, clathrin-coated endo-
cytosis is the most significant [2]. Various proteins, such as 
endophilin [3], dynamin [4, 5] and synaptojanin 1 [6], are 
required in this process. Newly formed early endosomes 
either recycle to the plasma membrane (PM) through recy-
cling endosomes or are transported to late endosomes and 
lysosomes for degradation [7]. Biosynthetic secretion is 
another process that contributes to the cell-surface growth. 
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This exocytic pathway consists of a series of membrane-
bounded compartments, such as the endoplasmic reticulum 
(ER), intermediate vesicle and Golgi complex. Membrane 
trafficking between the ER and Golgi complex is carried 
out by two classes of cytosolic coat proteins, COP I and 
COP II [8], and the four-phosphate-adaptor proteins are 
required for the generation of constitutive post-Golgi car-
ries [9]. However, how vesicles are transported from the 
Golgi complex to the PM is still unclear.

Of all the proteins known to be associated with mem-
brane trafficking, Sac domain proteins constitute a newly 
identified family that plays crucial roles in intracellular 
vesicle trafficking. The Sac domain is mainly localized at 
the N-terminus of the protein, and it represents a protein 
domain that is homologous to the yeast protein Sac1p [10], 
which possesses intrinsic phosphoinositide phosphatase 
(PIPPase) activity. This family can be further divided into 
two subfamilies. Proteins in one subfamily contain the Sac 
domain and the type II phosphatidylinositol phosphatase 
5-phosphatase domain, and members include mammalian 
synaptojanin 1 [11] and synaptojanin 2 [12], and yeast 
Inp51p, Inp52p and Inp53p [13]. Synaptojanin 1 is enriched 
in nerve terminals and associates with membranes that are 
coated with clathrin [11]. The C-terminal region of syn-
aptojanin 1 may interact with the SH3 domain of different 
proteins [14-18]. Mice that are deficient in synaptojanin 
1 have elevated levels of PI(4,5)P2 and PI(3,4,5)P3 in the 
brain cytosol and accumulate coated vesicles at nerve termi-
nals, suggesting that synaptojanin 1 functions in recycling 
vesicles back to the synaptic vesicle pool [19]. Synaptojanin 
2 is expressed as multiple alternative splice forms in vari-
ous tissues [12], and may be involved in clathrin-coated pit 
formation and lipid hydrolysis, which are required during 
early clathrin-mediated endocytosis [20].

The other subfamily of Sac domain-containing PIPPases 
includes two yeast proteins, Sac1p [21] and Fig4p [22], 
as well as several mammalian counterparts, hSac1 [23], 
hSac2 [24] and a yet-to-be-characterized putative protein 
KIAA0274. Yeast Sac1p was cloned as a suppressor of actin 
mutations [21]. It localizes in the ER and Golgi complex, 
and regulates a PI(4)P pool that is important for Golgi traf-
ficking in yeast [25, 26]. Yeast Sac1p is also an important 
factor in efficient ATP uptake from cytosolic microsomes 
into the ER lumen [27, 28]. Fig4p has been identified as a 
pheromone-regulated or induced gene product, and local-
izes in the limiting membrane of yeast vacuoles. It interacts 
with Vac14p and forms the Vac14p-Fig4p complex. This 
complex controls the hyperosmotic shock-induced increase 
in PI(3,5)P2 levels to maintain the vacuole size [29, 30]. 
hSac1 localizes to the ER and Golgi apparatus, and could 
interact with members of the COP I complex through its C-
terminal KXKXXX motif [23]. hSac2 is a 120-kDa protein, 

and is the first Sac domain-containing protein that has been 
shown to possess inositol polyphosphate 5-phosphatase 
activity [24]. Despite well-characterized enzymatic activ-
ity, the biological functions of this mammalian Sac domain 
PIPPase subfamily remain largely unknown.

In this study, we identified a novel Sac domain-con-
taining phosphoinositide phosphatase, rat Sac3 (rSac3). 
It localizes to the ER, Golgi complex and recycling en-
dosomes. As a PIPPase, it played an important role in the 
neurite outgrowth of nerve growth factor (NGF)-stimulated 
PC12 cells.

Material and Methods

Low-abundance cDNA sublibrary
Sprague-Dawley rats (from the Shanghai Laboratory Animal Cen-

ter, Shanghai Institutes for Biological Sciences, Chinese Academy of 
Sciences, Shanghai, China) were killed at postnatal day 0.5 and brain 
tissues were collected for RNA extraction using Oligotex reagent 
(Qiagen, Valencia, CA, USA). Two micrograms poly(A)+ RNA were 
reverse transcribed with Superscript II reverse transcriptase (Gibco/
BRL, Rockville, MD, USA), and cDNAs were labeled with α-32P-
dATP as the probe using a random primer strategy. A brain cDNA 
library of 8-week-old male rats (Gibco/BRL) was screened with the 
probe as described [31]. The non-hybridizing clones (approximately 
10 000 clones) were selected to construct a low-abundance cDNA 
sublibrary and used for differential screening.

Cloning of rSac3 cDNA
The rat low-abundance cDNA sublibrary was screened as pre-

viously described [31]. In brief, adult male Sprague-Dawley rats 
(200-250 g, purchased from the Shanghai Laboratory Animal Cen-
ter) were randomly assigned into two groups. The training group 
received step-down inhibitory avoidance training and the control 
group received sham training (with no electric shock). The rats were 
anesthetized and decapitated 6 h after training and hippocampal 
tissues were collected for RNA extraction using Oligotex reagent 
(Qiagen, Valencia, CA, USA). Poly(A)+ RNA (2 µg) from each group 
was reverse transcribed with Superscript II reverse transcriptase 
(Gibco/BRL, Rockville, MD, USA) and cDNAs from the control and 
training groups were labeled with α-32P-dATP by random priming. 
These radioactive probes were used to hybridize duplicate filters of 
the low-abundance cDNA sublibrary, and differentially expressed 
clones (positive versus negative) were isolated and subjected to DNA 
sequencing. Sequence analysis revealed a new gene fragment that is 
homologous to human KIAA0274. The full-length cDNA of this new 
gene was isolated by rescreening the same library, and by RT-PCR 
amplifying the 5′-end fragment with the forward primer 5′-GCCAT-
GCCCACGGCCGCTGCCCCCATCATC-3′  and the reverse primer 
5′-GGGTGAGTAATCCGAACAGAG-3′. The amplification was 
conducted in a thermal cycler (MinicyclerTM, PTC-150, MJ Research, 
Inc., MA, USA) for 30 cycles of 94 °C for 45 s, 56 °C for 45 s and 
72 °C for 1 min using Pfu Taq polymerase (BioAsia Research Inc., 
Shanghai, China). rSac3 cDNA was cloned into the pBluescript II-SK 
vector (Stratagene, La Jolla, CA, USA), and sequenced by BioAsia 
Research Inc. The cDNA sequence was deposited in GenBank with 
the accessory number DQ666853, and was used to search for homol-



www.cell-research.com | Cell Research

Yiyuan Yuan et al.
921
npg

ogy and chromosomal localization against the GenBank entries using 
the NCBI BLAST algorithm.

Northern blot analysis
Northern blot analysis was carried out as previously described 

[32]. In brief, total RNA (40 µg) from different rat tissues was sub-
jected to electrophoresis and transferred onto an N+ nylon membrane. 
The hybridization probes were 32P-labeled by random priming using 
a 0.65-kb fragment of rSac3 cDNA (449 to 1101 bp protein-coding 
region) and a 0.2-kb cDNA fragment of rat 18S RNA. The RNA 
blots were hybridized at 65 °C in a hybridization solution contain-
ing 0.2 M Na3PO4 (pH 7.2), 1 mM EDTA (pH 8.0), 1% BSA, 7% 
SDS, 15% formamide and 100 µg/ml denatured salmon sperm DNA. 
After overnight hybridization, blots were washed for 1 h at 65 °C, 
and were exposed to X-ray films overnight at –80 °C. The hybrid-
ized signal was visualized using SNAPscan 1212 (AGFA Corp., 
Ridgefield Park, NJ, USA).

Western blot analysis
Western blot analysis was carried out as previously described 

[32]. In brief, tissue samples (60 µg protein per lane) from adult 
male Sprague-Dawley rats were subjected to electrophoresis and 
transferred to an Immobilon-P transfer membrane (Millipore Corpo-
ration, Bedford, MA, USA) at 50 V constant voltage for 3 h at 4°C. 
Membranes were blocked in 5% non-fat milk in PBS for 1h at room 
temperature and incubated with an anti-rSac3 antibody (1:1000) over-
night at 4 °C. Membranes were washed three times, then incubated 
for 1 h with a secondary antibody, goat anti-rabbit IgG conjugated 
with HRP (1:5000, Calbiochem, La Jolla, CA, USA). The signal was 
detected using the ECL method. The loading control experiment was 
performed with the monoclonal anti-β-actin antibody (1:5000, Sigma, 
Saint Louis, MO, USA) and the anti-GAPDH antibody (1:5000, 
KangChen Bio-tech, Shanghai, China).

Cell culture
Monkey kidney COS-7 cells were maintained in DMEM (Dul-

becco-modified Eagle medium) supplemented with 10% fetal bovine 
serum at 37 °C with 5% CO2. Undifferentiated PC12 cells were 
maintained in DMEM supplemented with 10% horse serum (Gibco, 
Paisley, UK) and 5% fetal calf serum (Hyclone, Logan, UT, USA). 
The construct transfection was performed using FuGene 6 (Roche 
Applied Science, Indianapolis, IN, USA) according to the manu-
facturer’s instructions. To generate PC12 lines that stably express 
HA-tagged rSac3 (HA-rSac3), the construct and vector controls were 
transfected and selected in the presence of 500 µg/ml G418. Resistant 
clones were routinely maintained in the medium containing G418. For 
differentiation, cells were seeded at a density of 2000 cells/cm2 in a 
35-mm dish pre-coated with gelatin, with DMEM medium containing 
1% horse serum and 100 ng/ml NGF (Sigma). Images were captured 
using a microscope equipped with a digital camera (Olympus). For 
oligonucleotide treatment, the oligonucleotides (2 µg/ml, antisense: 
5′-GGG GCA GCG GCC GTG GGC AT-3′ or missense: 5′-GTG 
GCG CGG GCC GTA GGC AG-3′) were added into the culture 
medium during PC12-cell-induced differentiation. A fresh medium 
with the same concentration of NGF and oilgonucleotides was used 
each day. For transient transfection, PC12 cells were seeded at a 
density of 3000 cells/cm2 in a 35-mm dish pre-coated with gelatin. 
The transfection was performed using the FuGene 6 reagent and the 
transfection efficiency was about 80%.

Neurite length measurement
To measure neurite length, PC12 cells were induced to differenti-

ate by NGF, and the images were captured randomly. The cells in the 
images were divided into eight groups, with 20 cells in each group. 
The total neurite length of each group was calculated by the Scion 
Image software (Scion Corporation, Frederick, MD, USA), and the 
average neurite length was calculated.

Subcellular fractionation
PC12 cells that stably express HA-rSac3 were cultured at 37°C 

with 5% CO2. Cells were collected and homogenized thoroughly in 
buffer A (20 mM HEPES, pH 7.4, 1 mM EDTA, 255 mM sucrose). 
The subcellular fractions were separated as previously described [33]. 
In brief, the homogenate was centrifuged at 1000 × g for 5 min to 
remove the cell debris, and then the supernatant was centrifuged at 
19 000 × g for 20 min. The resulting supernatant was centrifuged at 
41 000 × g (HITACHI CS150GX) for 20 min, yielding a pellet desig-
nated as a high-density microsomal fraction (HDM). The supernatant 
was centrifuged again at 180 000 × g for 75 min, by which stage 
the pellet could be designated as a low-density microsomal fraction 
(LDM). The pellet obtained from the initial spin was layered onto 
1.12 M sucrose in buffer A and centrifuged at 100 000 ×g in a Beck-
man SW-41 rotator (Beckman L-80 ultracentrifuge) for 60 min. The 
white fluffy band at the interface was designated as the PM fraction, 
whereas the pellet was designated as the mitochondria/nuclei frac-
tion (M/N). The PM fraction was diluted in buffer A and pelleted 
at 40 000 × g for 20 min. All fractions were subjected to western 
blot analysis.

Fluorescence microscopy
Immunostaining was performed as previously described [34]. 

In brief, COS-7 cells were transiently transfected with HA-tagged 
rSac3 (0.4 µg DNA/35 mm dish) using the FuGene 6 and according 
to the manufacturer’s instructions. After 20 h, cells were fixed in 4% 
formaldehyde and permeabilized with CMA (chloroform:methanol:
acetone in the ratio 1:2:1) at –20 °C for 30 min. After being blocked 
at room temperature for 1 h, cells were stained with various antibod-
ies. These include the monoclonal antibodies against HA (1:500, 
Sigma), EEA1 (early endosomal antigen 1) (1:100, BD Bioscience, 
Franklin Lakes, NJ, USA), M6PR (mannose 6-phosphate receptor) 
(1:200, Abcam Ltd, Cambridge, UK) and MCFD2 (multiple coagu-
lation factor deficiency protein 2) (1:150, [35]), and the polyclonal 
antibodies against HA (Y-11, 1:100, Santa Cruz Biotechnology, CA, 
USA), Rab11 (1:200, Zymed Laboratories, South San Francisco, CA) 
and Caveolin-1 (1:100, Santa Cruz, CA). FITC- and Cy3-conjugated 
secondary antibodies (1:500) were obtained from the Jackson Immu-
noResearch Laboratories (West Grove, PA, USA). The dyes used for 
cell organelle staining were wheat germ agglutinin (WGA) (1:200, 
Sigma), ConA (1:200, Molecular Probes, Inc., Eugene, OR, USA), 
LysoTracker (1:200, Molecular Probes) and MitoTracker (1:5000, 
Molecular Probes). Fluorescence images were obtained by using 
confocal microscopy with a depth of field of 0.5-0.6 µm (TCS SP2, 
Leica, Heidelberg, Germany).

Production of anti-rSac3 antibody
The coding region of the Sac domain of rSac3 (amino acid 590-

907) was amplified by PCR and subcloned into the pQE31 vector 
(Qiagen). The His6-tagged fusion protein was expressed in Esch-
erichia coli M15 (Qiagen) and purified using the Ni-NTA column 
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according to the manufacturer’s instructions. In brief, 1 l of bacteria 
culture was grown at 37 °C to an OD600 of 0.4 prior to induction with 
0.1 mM isopropylthio-β-d-thiogalactopyranoside (IPTG) for 3 h at 
30°C. Cells were pelleted and sonicated in 60 ml lysis buffer (50 mM 
Tris-HCl, pH 8.5, 5 mM β-mercaptoethanol, 100 mM KCl, 1 mM 
PMSF, 1 µg/ml leupeptin, 1% Triton X-100) on ice. The lysate was 
centrifuged at 18 000 × g for 15 min at 4 °C. The supernatant was 
then incubated with a Ni-NTA resin for 2 h with gentle agitation at 
4 °C. Following incubation, the resin was poured into a column and 
washed with 10 resin volume of Tris buffer A (20 mM Tris-HCl, pH 
8.5, 500 mM KCl, 20 mM imidazole, 5 mM b-mercaptoethanol, 10% 
glycerol) and 5 resin volume of Tris buffer B (20 mM Tris-HCl, pH 
8.5, 1 M KCl, 5 mM β-mercaptoethanol, 10% glycerol). The His6-
tagged fusion protein was eluted with 5 resin volume of Tris buffer 
C (20 mM Tris-HCl, pH 8.5, 100 mM KCl, 100 mM imidazole, 
5mM β-mercaptoethanol, 10% glycerol). The elution product was 
dialyzed in PBS at 4 °C overnight and used to immunize two rabbits 
to generate anti-rSac3 antiserum.

Expression of GST and rSac3 Sac domain fusion proteins
The coding region of the Sac domain of rSac3 (amino acid 82-609) 

was amplified by PCR and subcloned into pGEX-4T-3 downstream 
of the coding sequence of glutathion S-transferase (GST). The fusion 
protein was expressed in E. coli BL21 CondonPlus (Stratagene). 
Protein expression was induced overnight at 16 °C by the addition 
of 0.1 mM IPTG. The GST fusion protein was purified from bacterial 
lysate using the glutathione sepharose 4B resin (Amersham Pharma-
cia Biotech, Piscataway, NJ, USA), according to the manufacturer’s 
instructions. In brief, bacteria from a 400-ml culture were disrupted 
through sonication in 40 ml 50 mM Tris-HCl (pH 8.5), 100 mM KCl, 
5 mM β-mercaptoethanol, 1% Triton X-100 (v/v), 1 mg/ml leupeptin 
and 1 mM PMSF. The lysate was centrifuged at 18 000 × g for 20 
min to remove debris. GST-tagged proteins were then isolated from 
the soluble supernatant, extracted through the addition of 0.5 ml 
equilibrated glutathione sepharose 4B resin and incubated for 2 h 
at 4 °C with gentle agitation. Resins were then washed twice with 
the lysis buffer and three times with 50 mM Tris-HCl (pH 7.2). The 
GST fusion protein bound to glutathione sepharose 4B resin was 
then assayed for PIPPase activity.

Site-directed mutagenesis
Site-directed mutagenesis of rSac3 was conducted by PCR. The 

primers were: 5′-CCGGCATCCTTCGAACCAACTGCGTGGA-
CTGTTTGGTTCGTACCA-3′ and 5′-CGGAATTCCCAGAGA-
TGAGGTTTCCC-3′. The underlined nucleotides indicate the 
change introduced for the point mutation. The PCR-derived 392-bp 
fragment was digested by BstXI and NcoI, and then subcloned into 
rSac3 cDNA. The correctly mutagenized clone was confirmed by 
sequence analysis and the same region of rSac3 (amino acid 82-609) 
was subcloned again into pGEX-4T-3. The same procedure was use 
for the expression and purification of the site-directed mutagenic 
protein.

Phosphoinositide phosphatase activity assay
PI(3)P, PI(4)P, PI(5)P, PI(3,5)P2, PI(4,5)P2, PI(3,4,5)P3 and diC18-

phosphatidylserine were all purchased from Sigma. The phosphatase 
activity assays were carried out with 5 μl of the resin-bound GST-Sac 
domain fusion protein, or the resin-bound GST site-mutated Sac 
domain fusion protein, in a final volume of 50 µl 50 mM Tris-HCl 
(pH 7.2), 1 mM MgCl2, 10 µg/ml porcine gelatin, 20 µM diC18-phos-

phatidylserine. 20 µM of each of PI(3)P, PI(4)P, PI(5)P, PI(3,5)P2, 
PI(4,5)P2, PI(3,4,5)P3 was added as substrates. The mixture was 
further incubated at 37 °C for 30 min. Reactions were terminated 
by adding 50 µl 100 mM N-ethylmaleimide (NEM) to the reaction 
mixture, followed by centrifugation at 18 000 × g at 4 °C for 15 
min. The released phosphate in the supernatant was quantified using 
the malachite green assay. To measure the kinetic properties of the 
recombinant GST-tagged Sac domain from rSac3, PI(3)P, PI(4)P or 
PI(3,5)P2 (5-200 µM) was incubated with 3 mg GST-Sac domain fu-
sion protein at 37 °C for 15 min. The reaction product was measured 
using the malachite green method.

Malachite green assay
The malachite green assay was performed as previously described 

[36]. In brief, 50 μl malachite green solution was added to 50 μl 
supernatant, and the color was allowed to develop for 15 min at 
room temperature. Absorbance at 620 nm was measured, and the 
released phosphate was quantified by comparison with inorganic 
phosphate standards.

Step-down inhibitory avoidance task
The step-down inhibitory avoidance task was performed as de-

scribed previously [31].

Statistics
Each experiment was repeated at least three times. Data shown are 

expressed as the mean ± S.E.M. One-way ANOVA followed by Fisher 
LSD analyses were used to compare the effects of all treatments. The 
Statistica 6 software was used for statistical analysis.

Results

Isolation and characterization of rSac3
To search for learning and memory-related functional 

genes, we utilized the step-down inhibitory avoidance task 
as a behavioral paradigm [31]. Hippocampal tissues from 
animals that did or did not receive step-down training were 
used to isolate RNA. For differential screening of an adult 
rat brain cDNA library, radioactive probes were generated 
from cDNA samples that were synthesized from RNA. 
Positive clones were analyzed, and the DNA sequences 
were used to search the GenBank to determine known or 
novel cDNA clones. A novel cDNA was identified and 
the full-length cDNA was obtained as described in the 
experimental procedures. This novel cDNA showed a high 
degree of sequence similarity to a human cDNA sequence, 
KIAA0274 (82.6%). Sequence analysis indicates that this 
cDNA contains a 2724-bp open reading frame that is capa-
ble of encoding a protein of 907 amino acids with a relative 
molecular mass of 100 kDa (Figure 1A). Since KIAA0274 
was predicted as the human Sac3 gene (hSac3), we named 
this gene as rat Sac3 (rSac3, GenBank accession number: 
DQ666853). Rat genome sequence analysis showed that 
the rSac3 gene is localized at rat chromosome 20q12, and 
spans approximately 77 kb with 23 exons. The N-terminal 
amino-acid sequence of rSac3 showed homology with the 
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Sac domain, which was first found in Saccharomyces cere-
visiae Sac1p [10]. The Sac domain of rSac3 contains seven 
conserved motifs, and shares identities with that of hSac3 
(96.3%), hSac1 (34.9%), hSac2 (35.6%), S. cerevisiae 
Sac1p (31.4%), Fig4p (50.0%), rat synaptojanin 1 (33.3%) 
and rat synaptojanin 2 (34.8%). The highly conservative 
catalytic sequence RTNCVDCLDRTN in the sixth motif 
of the Sac domain of rSac3 (Figure 1B) indicates that this 
protein might also have PIPPase activity. The C-terminal 
amino-acid sequence of rSac3 showed homology to S. cere-
visiae Fig4p, suggesting that it might belong to the second 
subfamily of Sac domain proteins (Figure 1C).

Northern blot analysis showed that the 4.0-kb rSac3 
transcript exists in many tissues, including cortex, hip-
pocampus, kidney, liver, lung, skeletal muscle, spleen and 
testis (Figure 2A). To examine the expression of the rSac3 
protein, we generated a polyclonal antibody against the C-

terminal portion of rSac3. This antibody was able to recog-
nize a 110-kDa band in COS-7 cells that overexpress rSac3 
(data not shown). Consistent with northern blot analysis, 
the antibody could detect rSac3 protein in the spinal cord, 
cerebellum, cortex and hippocampus regions of the central 
nervous system, as well as in the kidney, liver, lung and 
testis (Figure 2B). 

rSac3 is localized to the ER, Golgi complex and recycling 
endosomes

Since the anti-rSac3 antibody that we produced was 
not suitable for immunostaining, in order to determine the 
subcellular localization of rSac3 protein we transfected the 
HA-rSac3 expression vector into COS-7 cells, and analyzed 
its distribution by using markers associated with different 
subcellular compartments. Double staining showed that the 
rSac3 protein was mainly localized in the cytoplasm, with 

A
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a high to low gradient from the perinuclear to the region 
near the PM. No detectable signal could be observed in the 
nuclear and PM (Figure 3A a, e, i, m). It also showed that 
there was a colocalization of rSac3 with concanavalin A 
(ConA), an ER marker (Figure 3A a-d) [37], MCFD2, the 
ER-Golgi intermediate compartment marker (Figure 3A 

e-h) [35], WGA, a Golgi complex marker (Figure 3A i-l) 
[38] and Rab11, a trans-Golgi network and recycling endo-
some marker (Figure 3A m-p) [39, 40]. No colocalization 
of rSac3 with the early endosome marker early endosomal 
antigen 1 (Supplementary information Figure S1D-F) [41], 
the late endosome marker mannose 6-phosphate receptor 

Figure 1 Sac3 as a highly conserved gene with amino-acid sequence motifs of Sac and other domains. (A) Nucleotides and the 
corresponding amino-acid sequence of rat Sac3 (rSac3) cDNA. The amino-acid sequence of the Sac domain is underlined. (B) An 
amino-acid sequence comparison of rSac3 and other family members. Highlighted amino-acid residues indicate highly conserved 
residues among the entire group and identity between rat and human Sac3. An analysis of the overall homology organization also 
indicates seven motif blocks; these are shaded in gray. The conserved CX5R(T/S) in motif #6 commences at the rSac3 residue 486, 
and is highlighted by asterisks above the sequence. (C) A diagramatic presentation of the homology domains in Sac-domain-con-
taining proteins. The Sac domain (open box) is shared among all members of the group near their N-terminus. Synaptojanin 1 and 
synaptojanin 2 have a type II 5-phosphatase catalytic domain (filled box) and a proline-rich region (hatched box) near the C terminus 
of the protein. The striped box marks a homology domain between rSac3 and yeast Fig4p. Abbreviations: rSac3, rat Sac3; hSac1, 
hSac2, hSac3, human Sac1, Sac2, Sac3; sc Sac1p, Saccharomyces cerevisiae Sac1p; rSJ1, rSJ2, rat synaptojanin 1 and 2.

(A)

B

C
rSac3

S.cerevisiae Fig4p

hSac1

hSac2

S.cerevisiae Sac1p

synaptojanin 1

synaptojanin 2

Sac domain                   5-phosphatase

Proline rich                    Fig4p homology
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(Supplementary information Figure S1G-I) [7] or the lipid 
fraft marker caveolin-1 [42] could be detected. We also 
used different subcellular compartment markers, such as 
the mitochondria marker MitoTracker [43] and the lyso-
some marker LysoTracker [44], to determine the subcellular 
localization of rSac3, but could not detect any double-posi-
tive signal. Similar results were obtained by transfecting 
EGFP-tagged rSac3 into COS-7 cells (data not shown). 

To further confirm the subcellular localization of rSac3, 
we separated the different subcellular compartments of 
rSac3 stably tranfected PC12 cells by ultracentrifuga-
tion, and subjected the different fractions to western blot 
analysis. The rSac3 protein was concentrated in the LDM 
fraction, which contained the ER, Golgi complex and 
intracellular trafficking vesicles. A small amount of rSac3 
protein could be detected in the HDM fraction. No positive 
signal could be found in the cytosol, PM and M/N fractions 
(Figure 3B, upper panel). Consistent with immunostaining 
data, Rab11 also co-existed with rSac3 in the LDM frac-
tion but it was also present in the HDM, M/N and cytosol 
fractions (Figure 3B, lower panel).

Taken together, these results show that the rSac3 pro-
tein mainly localizes in the ER, ER-Golgi intermediate 
compartments, Golgi complex and recycling endosomes, 
suggesting that this protein spans from the ER and Golgi 
complex, through the trans-Golgi network, to the intracel-
lular vesicular trafficking compartments, and may play 
crucial roles in vesicular trafficking from the ER and Golgi 
complex to the PM.

The Sac domain of rSac3 displays PIPPase activity 
To test the intrinsic PIPPase activity of rSac3, we ex-

pressed a fusion protein of GST and the Sac domain of rSac3 
(amino acid 82-609), and measured the PIPPase activity of 
this fusion protein with in vitro assays. The Sac domain of 
rSac3 exhibited PIPPase activity when PI(3)P, PI(4)P and 
PI(3,5)P2 were used as substrates, whereas PI(5)P, PI(4,5)P2 
and PI(3,4,5)P3 were not suitable substrates for this protein 
(Figure 4A). To further analyze the kinetic properties of 
the Sac domain of rSac3, we determined the apparent Km 
values of PIPPase using Lineweaver-Burk plot analysis, 
and found that the Km values of the rSac3 Sac domain 
for PI(3)P, PI(4)P and PI(3,5)P2 were comparable with 
other Sac-domain-containing proteins (Figure 4B) [24]. 
The sequence of RXNCV(L)DCLDRTN within the sixth 
motif of the Sac domain represents the catalytic core of 
the Sac PIPPase [10], and previous studies of this region 
have revealed that mutations in this region could block 
its enzymatic activity [23]. To confirm the importance of 
this sequence in the enzymatic activity of the Sac domain 
in rSac3, we introduced a point mutation, D491V, into 
this sequence. When PIPPase activity was assayed, the 
phosphatase activity of the mutant protein, rSac3-D491V, 
was barely detectable with all phosphoinositides acting 
as substrates (Figure 4A). These results show that the Sac 
domain of rSac3 has intrinsic PIPPase activity, and the 
catalytic core of the phosphatase activity localizes in the 
sequence RXNCV(L)DCLDRTN, within the sixth motif 
of the Sac domain.

Overexpression of rSac3 promotes neurite outgrowth in 
NGF-stimulated PC12 cells

To explore the potential involvement of rSac3 in neuro-
nal function and the central nervous system, we used the 
NGF-stimulated PC12 cell neuronal differentiation as an 
in vitro cellular system. Western blot analysis showed that 
the expression level of rSac3 was increased along with the 
neuronal differentiation of PC12 cells (Figure 5A, F(5,30) 
= 3.904, p = 0.0076). The upregulation of rSac3 started at 
day 2 (D2) after NGF stimulation, and it coincided with 
the neurite outgrowth of PC12 cells, suggesting that rSac3 
may play a role in this process. To further explore this 
possibility, we established PC12 cell lines that were stably 

Figure 2 Expression pattern of rSac3. (A) A northern blot analysis 
of rSac3 mRNA in various tissues. rSac3 is widely expressed in 
different tissues, with a major transcript at 4 kb. (B) Western blot 
analysis showed that the rSac3 protein is present in the spinal cord, 
cerebellum, cortex and hippocampus, as well as in the kidney, liver, 
lung and testis. Since heart and skeletal muscle did not express β-
actin, we used GAPDH as another loading control.
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transfected with rSac3 cDNA or control plasmid. From 
these cell lines, we randomly picked up two lines from each 
plasmid transfection (rSac3-PC12-1C and rSac3-PC12-2A 
versus HA-PC12-1A and HA-PC12-2D) for further study. 
We found no difference in the cell morphology or the rate 
of proliferation when comparing rSac3-transfected PC12 
cells with normal or control-plasmid-transfected PC12 
cells (data not shown). When these cells were stimulated 
with NGF to start neuronal differentiation, we observed 
that the neurite outgrowth of rSac3-PC12 cells was more 
robust than that of normal and control cells at day 3 (D3) 
and day 5 (D5) of NGF stimulation (Figure 5B). The neurite 

length measurement showed that the neurite outgrowth of 
rSac3-PC12 cells was significantly more extensive than 
that of normal and control PC12 cells starting from D2 of 
NGF stimulation (Figure 5C). Together, these results show 
that the rSac3 protein is upregulated in PC12 cells upon 
NGF stimulation, and that overexpression of rSac3 in PC12 
cells promotes neurite outgrowth during NGF-stimulated 
neuronal differentiation.

Inhibition of rSac3 expression results in reduced neurite 
outgrowth of NGF-stimulated PC12 cells

Since overexpression of rSac3 could promote neurite 

Figure 3 Subcellular localization of rSac3. (A) COS-7 cells were transfected with HA-rSac3 for 20 h, and were double stained with 
anti-HA antibody (a, e, i, m) together with specific dyes for ConA (b) and WGA (j), or with antibodies against MCFD2 (f) and Rab11 
(n). Fluorescence images were obtained by confocal microscopy, and were merged to visualize colocalization (c, g, k, o), high mag-
nification (HM) images were also shown (d, h, l, p). The scale bar indicates 10 μm. (B) PC12 cells that were stably transfected with 
HA-rSac3 were homogenized and fractionated according to the experimental procedure. The fractions were subjected to western 
blot analysis using anti-rSac3 (upper panel) or anti-Rab11 (bottom panel) antibodies. 
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outgrowth of NGF-stimulated PC12 cells, we examined 
whether the inhibition of rSac3 expression could impair 
the neurite outgrowth of PC12 cells. Using normal PC12 
cells that were stimulated with NGF, we added an antisense 
oligonucleotide against rSac3 into culture medium to inhibit 
its expression, while using a missense oligonucleotide as a 
control. The neurite length of cells treated with antisense 
oligonucleotide was much shorter than the length of cells 
treated with missense oligonucleotide or normal PC12 
cells at D3 and D4 of NGF stimulation (Figure 6A). The 
neurite outgrowth of PC12 cells treated with antisense 
oligonucleotide showed an approximately 20% decrease 
compared with the missense or normal groups (Figure 6B). 
Western blot analysis was used to confirm the inhibition 
of rSac3 expression by antisense oligonucleotide, and the 
results showed that the protein level of rSac3 was indeed 
suppressed in cells treated with antisense oligonucleotide, 
but not in cells treated with missense oligonucleotide or 
normal PC12 cells at D3 and D4 of PC12 cell neuronal 
differentiation (Figure 6C). These results show that the 
suppression of rSac3 by antisense oligonucelotide inhibits 
the neurite outgrowth of NGF-stimulated PC12 cells.

Site-specific mutation in the catalytic sequence of rSac3 
abolishes its neurite outgrowth promoting activity

Our above data have shown that rSac3 had PIPPase 
activity and could promote the neurite outgrowth of NGF-
stimulated PC12 cells. We wondered whether these two 
functional activities had a direct link. To address this ques-
tion, we transiently transfected PC12 cells with cDNA cod-
ing for wild-type rSac3 (HA-rSac3) or a mutant harboring 
a mutation in the catalytic sequence of rSac3 (HA-rSac3-
D491V), and stimulated these cells with NGF for neuronal 
differentiation. Cells transfected with the vector plasmid 
(HA-pcDNA3-PC12) were used as the control. As shown in 
Figure 6D, the neurite length of rSac3-transfected cells was 
significantly longer than that of vector-transfected and nor-
mal PC12 cells. Cells that were transfected with the rSac3 
mutant, however, showed no neurite-outgrowth-promoting 
activity. Stably transfected cells also showed similar results 
(data not shown). These results link the PIPPase activity 
of rSac3 with its function in promoting neurite outgrowth, 
suggesting that this protein plays crucial roles in the neurite 
outgrowth of NGF-stimulated PC12 cells.

Discussion

Sac-domain-containing proteins constitute a newly 
identified family of proteins that share the property of 
PIPPase. What are the biological functions of such Sac 
domain proteins? To address this question, we utilized the 
rSac3 that we identified in a behavioral screening of a rat 
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Figure 4 Enzymatic properties of the rSac3 Sac domain. (A) A profile 
of PIPPase activity in vitro for the Sac domain of rSac3. Recombinant 
GST-tagged Sac domains of the native and site-directed mutagenic 
forms were analyzed. Various phosphoinositide phosphate substrates 
were incubated with either the native or the D491V mutant Sac 
domain fusion protein at 37 °C for 30 min. The released phosphates 
were measured using the malachite green method. The results were 
from six independent experiments (mean ± S.E.M.). (B) The kinetic 
properties of the recombinant GST Sac domain fusion protein. PI(3)P, 
PI(4)P or PI(3,5)P2 (5-200 mM) was incubated with the GST Sac 
domain fusion protein at 37 °C for 15 min. The reaction product 
was measured using the malachite green method. Km values were 
calculated using the Lineweaver-Burk analysis. Similar results were 
obtained from two independent experiments, and representative data 
are shown.
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Figure 5 rSac3 promotes neurite outgrowth in NGF-stimulated PC12 cells. (A) Elevated expression of rSac3 in PC12 cells after 
treatment with NGF is shown. Upper panel: PC12 cells were induced to differentiation with NGF and cells were harvested at various 
times after treatment with NGF. Cell lysates were used for western blot analysis with anti-rSac3 antibody. Bottom panel: rSac3 protein 
levels relative to day 0 (D0) levels were calculated and data were shown as the mean ± S.E.M. (n = 6). ** There was a significant 
difference of rSac3 expression level from different days after NGF stimulation: F(5,30) = 3.904, p = 0.0076; *p < 0.05 from day 3 
(D3) and day 4 (D4) versus day 0 (D0); **p < 0.01 from day 5 (D5) versus day 0 (D0), one-way ANOVA, followed by Fisher LSD 
analysis. (B) Normal PC12 cells and those stably transfected with either HA-rSac3 or a vector plasmid control (HA-pcDNA3) were 
cultured as described in the experimental procedure. Images were taken at days 1, 3 and 5 after NGF stimulation. (C) Neurite length 
was measured using the Scion Image software. Data are shown as the mean ± S.E.M. (n = 160). The neurite outgrowth of rSac3-PC12 
cells was significantly more extensive than that of normal and control PC12 cells that were started at day 2 after NGF stimulation. 
D1: F(4,35) = 0.459, p = 0.765; D2: F(4,35) = 68.82, p < 0.01; D3: F(4,35) = 64.33, p < 0.01; D4: F(4,35) = 108.07, p < 0.01; D5: 
F(4,35) = 83.32, p < 0.01; **p < 0.01 for HA-rSac3-PC12 cells versus normal PC12 or HA-pcDNA3-PC12 cells, one-way ANOVA, 
followed by Fisher LSD analysis. The scale bar indicates 100 μm.
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Figure 6 Enhanced neurite outgrowth by rSac3 was abolished by either inhibition of rSac3 expression or mutation in the catalytic core 
of the Sac domain. (A) PC12 cells were treated with either anti-rSac3 antisense oligonucleotides or missense oligonucleotides (as a 
control) from day 0. Images were taken at days 3 and 4 after NGF stimulation. (B) The neurite length of PC12 cells that were treated 
with rSac3 antisense oligonucleotides was significantly decreased compared with missense and normal groups (n = 160). Data are 
shown as the mean ± S.E.M. D3: F(2,21) = 38.93, p < 0.01; D4: F(2,21) = 23.26, p < 0.01; **p < 0.01 for the antisense group versus 
the control groups (normal or missense group, one-way ANOVA, followed by Fisher LSD analysis). (C) Western blot analysis showed 
that the rSac3 protein level was decreased by antisense oligonucleotides. Bottom panel: the protein level of rSac3 from the antisense 
group or missense group relative to that of the normal group at day 3 and day 4. Data are shown as the mean ± S.E.M. *Significantly 
different from normal, missense and antisense groups (D3: F(2,9) = 7.45, p = 0.012; D4: F(2,9) = 7.72, p = 0.011). *p < 0.05 for the 
antisense group versus the normal group at day 3 and versus the missense group at day 4; **p < 0.01 for the antisense group versus 
the missense group at day 3 and versus the normal group at day 4 (n = 4, one-way ANOVA, followed by Fisher LSD analysis). (D) 
PC12 cells were transiently transfected with various plasmids and were treated with NGF to induce neuronal differentiation. Neurite 
length was measured as described. Data are shown as the mean ± S.E.M. D3: F(3,28) = 43.01, p < 0.01; D4: F(3,28) = 83.59, p < 
0.01; **p < 0.01 for HA-rSac3-PC12 cells versus normal PC12 cells, HA-pcDNA3-PC12 cells or HA-rSac3-D491V-PC12 cells (n 
= 160, one-way ANOVA, followed by Fisher LSD analysis). The scale bar indicates 100 μm.
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brain cDNA library, and examined its effect on the cellular 
growth and differentiation of PC12 cells. The major find-
ings of this study are as follows: (1) the newly identified 
Sac-domain-containing protein, rSac3, shows PIPPase 

activity with PI(3)P, PI(4)P and PI(3,5)P2 as substrates in 
vitro, and a site-specific mutation in the catalytic core of 
rSac3 abolishes its enzymatic activity; (2) rSac3 localizes 
to the ER, Golgi complex and recycling endosomes; (3) 
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rSac3 expression is upregulated during NGF-stimulated 
PC12 cell neuronal differentiation, and overexpression of 
this protein could promote neurite outgrowth in PC12 cells; 
and (4) the inhibition of rSac3 expression by antisense oli-
gonucleotide reduces the neurite outgrowth of PC12 cells, 
and mutation in the catalytic sequence of rSac3 eliminates 
its neurite-outgrowth-promoting activity. Taken together, 
these results suggest that rSac3, functioning as a PIPPase, 
participates in forward membrane trafficking from the ER 
and Golgi to the PM, and helps essential components to 
promote neurite outgrowth.

Substrate specificity of rSac3
It has been shown that the substrate specificity of the Sac 

domain PIPPases may not always be the same between in 
vitro and in vivo studies. Different phosphoinositides local-
ize to distinct intracellular compartments. They influence 
membrane trafficking via their structural role as membrane 
components and via their high affinity and specificity bind-
ing to membrane trafficking associated proteins [45-47]. 
Similarly, the distinct subcellular localization of the Sac-
domain-containing proteins also limits their accessibility 
to specific phosphoinositides. For example, synaptojanin 
1 can use various phosphoinositides as substrates in vitro 
[31], but in vivo it limits its localization to the endocytic 
intermediates [14-18]. This is the place where PI(4,5)P2 
is concentrated [48, 49], so synaptojanin 1 can utilize 
PI(4,5)P2 as the substrate in vivo. As for yeast Sac1p, the 
Golgi localization restricts its substrate specificity to only 
PI(4)P, through which it regulates Golgi trafficking in 
yeast cells [25, 26]. In our study, we observed that rSac3 
localization formed a gradient from the ER and Golgi 
complex, through the trans-Golgi network, to the recycling 
endosomes (Figure 3). Thus, the possible substrate(s) for 
rSac3 in vivo would include the phosphoinositides that 
are concentrated in the ER, Golgi complex and ER-Golgi-
related compartments. The main phosphoinositide in the 
ER and Golgi complex is PI(4)P, which participates in 
maintaining the ER and Golgi structure and regulating the 
vesicles that are exported from the trans-Golgi network 
to the PM [50]. As for PI(3)P and PI(3,5)P2, the former 
has been detected primarily in the early endosomes [51], 
and the latter is in multivesicular endosomes on the yeast 
vacuoles (the mammalian counterparts are lysosomes) [52, 
53]. Based on these observations, we speculate that rSac3 
might use PI(4)P as its substrate in vivo.

Catalytic region of rSac3
A previous study on the catalytic core of Sac do-

main PIPPase has shown that the conserved sequence, 
RXNCV(L)DCLDRTN, within the sixth motif of the 
Sac domain is important for the enzymatic activity [10]. 

Amino-acid replacement of cysteine at the first position, 
arginine at the second position and threonine abolishes the 
enzymatic activity of the Sac-domain-containing protein 
Inp51. The site-specific mutation of the first cysteine within 
this conserved sequence of hSac1 protein also blocks PIP-
Pase activity [23]. The replacement of the first aspartic 
acid by asparagine in the same sequence of rSac1 protein 
reduces its phosphatase activity to PI(4)P, but retains its 
enzymatic activity to PI(3)P and PI(3,5)P2 [54]. Given that 
the Sac domain of rSac3 also shows PIPPase activity in 
vitro, we wondered whether other amino acids within this 
sequence also contribute to the enzymatic activity of rSac3. 
We introduced a new site-specific mutation by replacing 
aspartic acid at the second position with valine (the D491V 
mutation). When we measured the effects of this mutation 
on the PIPPase activity of rSac3, we were surprised that 
this new site-specific mutation totally abolished the enzyme 
activity of rSac3 (Figure 4). This is the first demonstration 
that the aspartic acid at the second position within this 
sequence is essential for the PIPPase activity of the Sac 
domain. These results further support the notion that this 
conserved sequence is the catalytic core of Sac domain 
phosphatases, in which a single amino-acid mutation may 
impair the enzymatic activity of the Sac-domain-contain-
ing proteins.

Possible function of rSac3
Neurite outgrowth is a key feature of neuronal differ-

entiation and is essential for the establishment of synaptic 
connections during the development of the nervous system. 
The outgrowth of neurite from the soma greatly expands 
the membrane area of the cell surface. Therefore, massive 
membrane components, such as membrane lipids and 
membrane proteins, need to be synthesized in the ER lumen 
and transported from the Golgi complex, through the trans-
Golgi network-derived exocytic vesicles, to the PM. Most 
members of Sac domain PIPPases function in intracellular 
membrane trafficking [6, 20, 27]. In yeast, Sac1p is an im-
portant regulator for maintaining the secretory function of 
ER by controlling the supply of ATP inside the ER lumen 
[27]. In synaptojanin 1 mutant mice, the clathrin-coated 
vesicles accumulate in the cytomatrix-rich area that sur-
rounds the synaptic vesicle cluster in nerve endings, which 
suggests that synaptojanin 1 facilitates the progression of 
recycling vesicles back to the synaptic vesicle pool [6, 19]. 
Here, we show that rSac3 can affect the neurite outgrowth 
of NGF-stimulated PC12 cells, and that this function is 
dependent on the enzymatic activity of PIPPase (Figures 
5 and 6). In contrast to synaptojanin 1, rSac3 colocalizes 
with markers specific for organelles including ER, Golgi 
complex and recycling endosomes (Figure 3), suggesting 
that rSac3 probably participates in forward membrane 
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trafficking. Previous work has also indicated that other PIP-
Pases, such as inositol polyphosphate 5-phosphatase and 
PTEN, function as PI(3)K pathway inhibitors and inhibit 
neurite outgrowth in PC12 cells [55, 56]. Considering that 
both of these two PIPPases are not Sac domain proteins 
and hydrolyze PI(3,4,5)P3, our work reveals that rSac3 is a 
3-Pi and 4-Pi PIPPase, and may promote neurite outgrowth 
through a different pathway. That is, rSac3, as a mammalian 
Sac domain PIPPase, modulates the PI(4)P pool in the ER 
and Golgi complex, thus regulating forward membrane 
trafficking from the ER and Golgi complex to the PM to 
promote the neurite outgrowth of differentiating neurons. 
This role of rSac3 also suggests that Sac domain PIPPase 
proteins may participate in forward membrane trafficking 
from the ER and Golgi complex to the PM, thus functioning 
as regulators of this crucial process of neuronal cell growth 
and differentiation.
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