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A B S T R A C T   

Phospholipase D1 (PLD1) plays a crucial role in cell differentiation of different cell types. However, the 
involvement of PLD1 in astrocytic differentiation remains uncertain. In the present study, we investigate the 
possible role of PLD1 and its product phosphatidic acid (PA) in astrocytic differentiation of hippocampal neural 
stem/progenitor cells (NSPCs) from hippocampi of embryonic day 16.5 rat embryos. We showed that over
expression of PLD1 increased the expression level of glial fibrillary acidic protein (GFAP), an astrocyte marker, 
and the number of GFAP-positive cells. Knockdown of PLD1 by transfection with Pld1 shRNA inhibited astrocytic 
differentiation. Moreover, PLD1 deletion (Pld1− /− ) suppressed the level of GFAP in the mouse hippocampus. 
These results indicate that PLD1 plays a crucial role in regulating astrocytic differentiation in hippocampal 
NSPCs. Interestingly, PA itself was sufficient to promote astrocytic differentiation. PA-induced GFAP expression 
was decreased by inhibition of signal transducer and activation of transcription 3 (STAT3) using siRNA. 
Furthermore, PA-induced STAT3 activation and astrocytic differentiation were regulated by the focal adhesion 
kinase (FAK)/aurora kinase A (AURKA) pathway. Taken together, our findings suggest that PLD1 is an important 
modulator of astrocytic differentiation in hippocampal NSPCs via the FAK/AURKA/STAT3 signaling pathway.   

1. Introduction 

In the development of the central nervous system (CNS), neural 
stem/progenitor cells (NSPCs) possess the ability to proliferate, self- 
renew, and produce both neuronal and glial lineages [19,49]. During 
forebrain development, neural stem cells generate neurons first, fol
lowed by astrocytes and then oligodendrocytes. This temporal sequence 
of differentiation in the CNS is strictly regulated by both intrinsic pro
grams and extracellular signals [1,20]. However, the molecular mech
anisms by which hippocampal NSPCs undergo differentiation into the 
distinct cell types are unclear. 

Astrocytes are the most abundant type of glial cells in the nervous 
system, where they impact the function of surrounding neurons in a 
variety of ways [8,28]. Astrocytes arise from neural stem cells that also 
produce neurons and oligodendrocytes [31]. Glial fibrillary acidic pro
tein (GFAP) has been recognized widely as a marker for astrocyte 

development, as the major intermediate filament protein of mature as
trocytes [32,52]. Differentiation of NSPCs into GFAP-positive mature 
astrocytes is induced by activation of signal transducer and activator of 
transcription 3 (STAT3) [4,34,48]. Therefore, STAT3 activation could be 
important for astrocytic differentiation in hippocampal NSPCs, but the 
molecular mechanisms that govern astrogenesis are largely unknown. 

Phospholipase D (PLD), an important regulator of lipid metabolism, 
is a ubiquitous enzyme that catalyzes the hydrolysis of head groups from 
phospholipids to produce phosphatidic acid (PA) in response to various 
extracellular stimuli [11,13]. PA is a lipid second messenger that par
ticipates in multiple signaling processes involved in cell proliferation, 
differentiation, membrane trafficking, hormone response, and cyto
skeletal organization [5,27,50]. Two mammalian PLD isozymes, 
including PLD1 and PLD2, have been identified in mammalian cells and 
characterized extensively in most cell types and tissues [15]. The two 
isozymes are regulated differently because they possess distinct cellular 
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localization and functions [43]. Recent studies have revealed that PLD1 
is important in embryonic and adult brain development and is involved 
in neurogenesis, establishment of the neural circuit, and dendritic spine 
morphogenesis [29,38]. PLD1-deficient mice have delayed brain 
development and reduced cognitive function [7], which indicates a 
crucial role of PLD1 in neural development. In addition, we have re
ported that PLD1 is involved in the neuronal differentiation of rat 
cortical neural stem cells [40,41,54] and H19–7 cells [37,55]. PLD1 is 
expressed in both neuron and glia cells in the brain [24], but most 
research has focused on the effects of PLD1 on neurogenesis and not on 
astrogenesis. 

In the present study, we first investigated the role of PLD1 in astro
cytic differentiation of hippocampal NSPCs and found that PLD1 over
expression promotes astrocytic differentiation and rescued the 
astrogenesis defects caused by PLD1 knockdown. We also demonstrated 
that PA, a product of PLD1, activates the FAK/AURAK/STAT3(Y705) 
signaling pathway required for astrocytic differentiation, suggesting 
that PLD1 can promote the astrogenesis of hippocampal NSPCs. 

2. Materials and methods 

2.1. Reagents and antibodies 

For cell culture experiments, Dulbecco's modified Eagle medium/ 
Ham's nutrient mixture F-12 (DMEM/F-12 1:1 mixture), human insulin, 
and fetal bovine serum (FBS) were purchased from Gibco (Grand Island, 
NY, USA), and basic fibroblast growth factor (bFGF) was purchased from 
R&D Systems (Minneapolis, MN, USA). A penicillin-streptomycin solu
tion and trypsin-EDTA were purchased from WelGENE, Inc. (Daegu, 
Korea). C8-PA (#830842P) was purchased from Avanti Polar Lipids 
(Alabaster, AL, USA). Aurora A-specific inhibitor I (#S1451) was pur
chased from Selleckchem (Huston, TX, USA) and PF-573228 (here after 
referred to as PF-228) was purchased from Sigma-Aldrich (Saint Louis, 
MO, USA). The antibodies used were purchased as follows: rabbit 
polyclonal anti-PLD1 (#3832S), rabbit polyclonal anti-phospho-STAT3 
(Tyr 705) (#9131S), mouse monoclonal anti-STAT3 (#9139S), and 
rabbit polyclonal anti-FAK (#3285S) were purchased from Cell 
Signaling Technology (Beverly, MA, USA); rabbit polyclonal anti- 
phospho-FAK (Tyr 397) (#44-624G) was purchased from Invitrogen 
(Carlsbad, CA, USA); rabbit polyclonal anti-GFAP (#Z0334) was pur
chased from Dako (Glostrup, Denmark); mouse monoclonal anti-GFAP 
(#MAB360) was purchased from Merck Millipore (Darmstadt, Ger
many); mouse monoclonal anti-phospho-AURKA (Thr 288) (#SC- 
293126) and mouse monoclonal anti-AURKA(#SC-56881) were pur
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA); rabbit 
polyclonal anti-calnexin antibody (#ADI-SPA-860-F) was purchased 
from Enzo Life Sciences (Farmingdale, NY, USA); Alexa Fluor® 594-con
jugated secondary goat anti-rabbit IgG (H + L) antibody (#A-11037) 
was purchased from Life Technologies (Eugene, OR, USA). All other 
chemicals were of analytical grade. 

2.2. Mice 

Pld1− /− mice were generated as previously described [10]. Hetero
zygous breeders were crossed to generate WT, heterozygous, and 
knockout littermates, and genotypes were determined by PCR analysis 
(Fig. S1). All experiments were conducted with 10-week-old male Pld1− / 

− mice. All animal experiments were approved by the Institutional An
imal Care and Use Committee (IACUC) of Hanyang University (HY- 
IACUC-20-0233) and were conducted according to relevant guidelines 
and regulations. 

2.3. Genotyping of Pld1 KO mice 

Two-millimeter mouse tails were mixed with 200 μl of 50 mM 
alkaline lysis reagent (50 nM NaOH). The samples were heated to 95 ◦C 

for 10 min and then added 50 μl of neutralization buffer (1 M Tris-Hcl, 
pH 8.0). The samples were centrifuged, and the supernatants were used 
for PCR. The primers were as follows: wild type (pld+/+) sense: 5′- 
ACTTTCCTTGGCTGCACTGT-3′, common (pld+/+ and pld− /− ) antisense: 
5-CCCAACATGGGAGAAACAAG-3′, and knockout (pld− /− ) sense: 5′- 
GAGGGGGTGGAAAGAGAACC -3′. The PCR conditions were 94 ◦C for 5 
min, followed by 35 cycles of 94 ◦C for 1 min, 57 ◦C for 1 min and 
extension at 72 ◦C for 1 min. The PCR products were analyzed on a 1.5 % 
agarose gel. 

2.4. Primary culture of hippocampal neural stem/progenitor cells 

All procedures using animals were performed according to the 
Hanyang University guidelines for the care and use of laboratory ani
mals and were approved by the Institutional Animal Care and Use 
Committee of Hanyang University (HY-IACUC-18-0028). Pregnant 
Sprague–Dawley (SD) rats were obtained from Orient Bio Inc. (Seoul, 
Korea). Whole brains were collected from SD rat embryos at E16.5 (E1 
was defined as 12 h after detection of a vaginal plug). Embryonic 
hippocampi were mechanically dissected from the brains and placed in 
ice-cold Ca2+/Mg2+-free HBSS (Gibco), followed by removal of blood 
vessels and meninges. The hippocampal tissue was incubated with 0.05 
% trypsin-EDTA at 37 ◦C for 5–10 min and dissolved in N2 medium 
supplemented with 10 % (v/v) heat-inactivated FBS. After centrifuga
tion at 200 ×g for 5 min, the pelleted cells were gently resuspended in 
culture medium and plated at 2 × 105 cells on 10-cm culture dishes 
(Nunc A/S, Roskilde, Denmark) precoated with 15 μg/ml poly-L- 
ornithine (Sigma-Aldrich) and 1 μg/ml fibronectin (Invitrogen) and 
incubated at 37 ◦C in a 5 % CO2/95 % air-humidified incubator. The 
cells were then cultured for 5–6 days in serum-free N2 medium sup
plemented with 20 ng/ml bFGF. The medium was changed every other 
day, while the bFGF was supplemented every day to expand the popu
lation of proliferative stem/precursors. Cell clusters generated by stem/ 
precursor cell proliferation were dissociated in 0.05 % trypsin-EDTA and 
plated at 6 × 104 cells per well on coated 24-well plates, 1 × 106 cells per 
well on coated 6-well, or 2 × 106 cells on coated 6-cm culture dishes. 
Passage 1 neural stem/precursor cells were used in all experiments. 

2.5. Construction of small hairpin RNA (shRNA)-expressing vectors and 
lentivirus production 

For PLD1 silencing, the pLB lentiviral vector (Addgene, Cambridge, 
MA, USA) containing shRNA was constructed using the Pld1 shRNA 
target sequences (sense: 5′-GAATTCACATGGCAAGTTAAG-3′ and anti
sense: 5′-CTTAACTTGCCAT GTGAATTC-3′). The annealed oligonucle
otide was digested at XhoI and HpaI restriction sites, and the restriction 
product was inserted into the pLB vector digested with the same re
striction enzymes. The final plasmid construct, pLB-shPld1-GFP, was 
verified by sequencing analysis. Lentivirus was produced by co- 
transfection of control empty shRNA vector or pLB-shPld1-GFP with 
lentiviral packaging plasmids pLP1, pLP2, and pLP/VSVG (Invitrogen) 
and transfected into 293 T cells (ATCC, Manassas, VA, USA) using Lip
ofectamine 3000 (Invitrogen). Supernatants containing viral particles 
were harvested 48 h after 293 T cell transfection. For viral transduction, 
prepared hippocampal NSPCs were incubated with the viral suspension 
(4 × 106 particles/ml) containing polybrene (1 μg/ml; Sigma-Aldrich) 
for 24 h, followed by transfer to bFGF-supplemented N2 medium. 

2.6. Transient transfection of hippocampal NSPCs 

NSPCs were transfected using an AMAXA Nucleofector™ Kit V 
(#VCA-1003, AMAXA Biosystems, Köln, Germany) according to the 
manufacturer's instructions, except for the following modifications. For 
each nucleofection sample, 5 × 106 cells were centrifuged at 300 ×g for 
5 min and resuspended in 100 μl of pre-warmed AMAXA Nucleofector 
solution. Each 100 μl of cell suspension was mixed with either 10 μg of 
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pCMV6-Entry (empty vector) or pCMV6-Entry encoding MycDDK- 
tagged rPld1 complementary DNA (cDNA) (pCMV6-Entry-rPld1- 
MycDDK) (#RR213792, OriGene Technologies, Rockville, MD, USA). 
The DNA-cell suspensions were immediately transferred into AMAXA 
nucleofection cuvettes and electroporated using the Nucleofector pro
gram G-013 in the nucleofection device (Nucleofector I). The pLB vector 
or pLB-shPld1-GFP was introduced into cells for knockdown experiments 
using the AMAXA Nucleofector Kit V. 

2.7. RNA interference 

For Stat3 knockdown experiments, Stat3 siRNA (5′-CUGU
CUUUAGGCUGAUCAU-3′, #25125–1) was purchased from Bioneer 
(Daejeon, Korea). Negative control siRNA (ON-TARGET plus non- 
targeting pool, #D-001810-10-20) was purchased from Dharmacon 
(Lafayette, CO, USA). Transient siRNA transfections were performed in 
6-well plates by introducing 150 nM Stat3 siRNA or negative control 
siRNA into cells using Lipofectamine RNAiMAX transfection reagent 
(Invitrogen), according to the manufacturer's protocol. 

2.8. RNA extraction and reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) 

Total RNA was extracted from cultured cells using NucleoZOL re
agent (Macherey-Nagel, Düren, Germany). To prepare cDNA by qPCR, 
purified total RNA (300 ng) was reverse transcribed using GoScript™ 
Reverse Transcriptase and random primers (Promega Corporation, 
Madison, WI, USA). The qPCR was performed using a SensiFAST™ SYBR 
No-ROX Kit (Bioline, London, UK) on a CFX Connect™ Real-Time PCR 
Detection System (Bio-Rad, Hercules, CA, USA). The primers used for 
RT-qPCR were as follows: Rat Gfap sense: 5′-GAGATCGCCACCTA
CAGGAA-3′ and antisense: 5′-GCTCCTGCTTCGACTCCTTA-3′, Rat 
Gapdh sense: 5′-GGCATTGCTCTCAATGACAA-3′ and antisense: 5′- 
AGGGCCTCTCTCTTGCTCTC-3′. Thermocycling conditions were 95 ◦C 
for 10 min, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. 
Each sample was tested in duplicate, and at least three samples obtained 
from independent experiments were analyzed. Relative quantification 
was carried out using the 2-ΔΔCt method. Relative gene expression was 
normalized to the that of the internal control, GAPDH. 

2.9. Western blot assays 

Cells were lysed in ice-cold RIPA lysis buffer (50 mM Tris-HCl pH 7.5, 
150 mM NaCl, 0.1 % (v/v) NP-40, 0.25 % (v/v) sodium deoxycholate) 
supplemented with 1× Complete EDTA-free Protease Inhibitor Cocktail 
(Roche Diagnostics, Indianapolis, IN, USA) and 1× Halt™ Phosphatase 
Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA, USA). Pro
tein samples (20–30 μg) were loaded on 8–10 % SDS–polyacrylamide 
gels and then transferred to nitrocellulose membranes (Amersham 
Pharmacia Biotech, Amersham, UK) after electrophoresis. After blocking 
with 5 % (w/v) non-fat dried milk for 1 h, membranes were incubated 
with primary antibodies against rabbit polyclonal anti-PLD1 (1:500 
dilution), mouse monoclonal anti-GFAP (1:500 dilution), rabbit poly
clonal anti-phospho-STAT3 (Tyr 705) (1:1000 dilution), mouse mono
clonal anti-STAT3 (1:1000 dilution), mouse monoclonal anti-phospho- 
AURKA (Thr 288) (1:200 dilution), mouse monoclonal anti-AURKA 
(1:200 dilution), rabbit polyclonal anti-phospho-FAK (Tyr 397) 
(1:1000 dilution), rabbit polyclonal anti-FAK (1:1000 dilution), and 
rabbit polyclonal anti-calnexin antibody (1:2000 dilution), followed by 
HRP-conjugated secondary antibodies anti-rabbit IgG (#111–035-003) 
and anti-mouse IgG (#115–035-003) (1:10,000 dilution, Jackson 
ImmunoResearch, West Grove, PA, USA). Since calnexin is widely used 
as a house keeping gene [6,14,39] and is stably expressed in rat hip
pocampal neural precursor cells in this study, it was used as loading 
control. Specific bands were detected by an enhanced chem
iluminescence western blotting detection system (Thermo Fisher 

Scientific, Rockford, IL, USA) and were quantified using Quantity One® 
software (Bio-Rad). 

2.10. Immunofluorescence on cultured cells 

Cells were fixed with 4 % (w/v) paraformaldehyde in phosphate- 
buffered saline (PBS) for 20 min and then washed three times with 
0.1 % (w/v) BSA in PBS at room temperature. After blocking with 10 % 
(v/v) normal goat serum in 0.1 % BSA in PBS containing 0.3 % (v/v) 
Triton X-100 for 1 h at room temperature, cells were immunostained 
with rabbit polyclonal anti-GFAP primary antibody (1:500 dilution) at 
4 ◦C overnight. Subsequently, cells were washed three times with PBS 
and then labeled with 1:2000 dilution of Alexa Fluor® 594-conjugated 
goat anti-rabbit IgG (H + L) secondary antibody for 1 h before 
mounting with Vectashield mounting medium (Vector Laboratories, 
Burlingame, CA, USA) containing 4,6-diamidino-2-phenylindole (DAPI). 
Immunoreactive cells were detected and photographed using an epi
fluorescence microscope (Nikon Instruments, Melville, NY, USA) at 
magnifications ranging from 20× to 40 × . 

2.11. Immunofluorescence in tissue sections 

Mice were perfused with 4 % paraformaldehyde in PBS and pro
cessed for histology. Brains were removed and fixed in 4 % para
formaldehyde for 24 h at 4 ◦C and embedded in paraffin. For 
immunofluorescence labeling, serial sections (5 μm/section) were 
deparaffinized. They were then incubated in 10 % normal goat serum 
(NGS) for 1 h at room temperature for blocking before primary antibody 
staining. Specimens were stained with mouse monoclonal anti-PLD1 
primary antibody (1:100 dilution) or rabbit polyclonal GFAP primary 
antibody (1:200 dilution) at 4 ◦C overnight. To detect primary anti
bodies, specimens were incubated for 1 h with 1:1000 dilution of Alexa 
Fluor® 488-conjugated goat anti-mouse IgG (H + L) secondary antibody 
or 1:1000 dilution of Alexa Fluor® 594-conjugated goat anti-rabbit IgG 
(H + L) secondary antibody. After three washes in PBS, they were 
mounted using Vectashield mounting medium. Images were acquired by 
confocal microscopy (Leica Microsystems, Wetzlar, Germany). 

2.12. Cell counting and analysis 

Cells were cultured on coverslips in 24-well plates, fixed with 0.1 % 
(w/v) picric acid/PBS containing 4 % paraformaldehyde, and incubated 
overnight at 4 ◦C with an anti-GFAP antibody (1:500 dilution). After 
incubation with a 1:2000 dilution of Alexa Fluor® 594-conjugated goat 
anti-rabbit IgG secondary antibody, cells were mounted on slides with 
Vectashield. Cell counting was performed in a microscopic field, using 
an eyepiece grid at a final magnification of 200× or 400×. GFAP- 
positive and DAPI-stained cells were counted in 5–10 (fractionator) 
microscope fields of each culture slide. For each condition, cells from 
four slides were stained and counted, and each experiment was repeated 
at least three times. Photos of the cells were captured with an epi
fluorescence microscope (Nikon Instruments). 

2.13. Statistical analysis 

Data were statistically analyzed using GraphPad Prism 8.0. The un
paired t-test was when comparing two groups. One-way ANOVAs fol
lowed by Tukey's multiple comparisons post hoc test were used when 
comparing more than two groups. All quantitative data are expressed as 
mean ± standard error of the mean (SEM), and values of p < 0.05 were 
considered statistically significant. In each experiment, all measure
ments were performed at least in triplicate, and data consistency was 
observed in repeated experiments. 
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3. Results 

3.1. PLD1 is required for astrocytic differentiation in hippocampal NSPCs 

Because astrogenesis initiates and continues during late embryonic 
development, dissected and mechanically dissociated cells from brain 
hippocampi of E16.5 rat embryos were used to isolate hippocampal 
NSPCs. For growth of these cells, fresh basic fibroblast growth factor 
bFGF (20 ng/ml) was present to prevent differentiation and promote 

proliferation. To determine whether PLD1 induces astrocytic differen
tiation, we first investigated the effects of PLD1 overexpression. Either 
pCMV6-Entry or pCMV6-Entry-rPld1-MycDDK was transiently trans
fected into the hippocampal NSPCs. Three days after transfection of 
hippocampal NSPCs with pCMV6-Entry or pCMV6-Entry-rPld1- 
MycDDK, the expression of GFAP, an astrocyte marker, was examined by 
real-time PCR analyses and western blotting. We showed that mRNA 
level of Gfap (Fig. 1A) and protein expression of GFAP (Fig. 1B and C) 
were significantly increased by PLD1 overexpression in the presence of 

Fig. 1. Effect of PLD1 on astrocytic differentia
tion of hippocampal NSPCs. 
(A − C) Hippocampal NSPCs were transiently 
transfected with pCMV6-Entry (empty vector) or 
pCMV6-Entry encoding MycDDK-tagged rPld1 
cDNA (pCMV6-Entry-rPld1-MycDDK) for 72 h in 
the presence of bFGF. (A) The mRNA level of the 
astrocyte marker glial fibrillary acidic protein 
(Gfap) was quantitated by real-time RT-PCR. 
Data represent the mean ± SEM of four inde
pendent experiments. *p < 0.05 compared with 
the +bFGF/vector control. (B) Proteins were 
analyzed by western blotting with anti-PLD1, 
anti-GFAP, and anti-calnexin antibodies. (C) 
Quantitative analyses of the GFAP level shown 
in (B). GFAP protein level was normalized to the 
levels of calnexin. Band intensities were quanti
fied using Quantity One® software. Data repre
sent mean ± SEM of three independent 
experiments. **p < 0.01 compared with the 
vector control. (D-E) Cells were transfected with 
pCMV6-Entry or pCMV6-Entry-rPld1-MycDDK 
for 72 h. (D) Fixed cells were immunostained 
with an anti-GFAP antibody (red) and DAPI 
(blue). Scale bar, 100 μm. (E) The proportions of 
GFAP-positive cells and total cells were deter
mined in randomly selected areas from five 
slides of each condition. Data are mean ± SEM. 
**p < 0.01 compared with the vector control. (F- 
G) Control shRNA or Pld1 shRNA was co- 
transfected with pCMV6-Entry or pCMV6- 
Entry-rPld1-MycDDK at various doses (0, 5, 10, 
15 μg) into hippocampal NSPCs for 72 h. (F) 
Samples containing 30 μg of protein were 
analyzed by 10 % SDS–PAGE followed by west
ern blotting using anti-PLD1, anti-GFAP, and 
anti-calnexin antibodies. (G) Quantitative ana
lyses of the GFAP levels shown in (F). GFAP 
protein level was normalized to the level of 
calnexin. Band intensities were quantified using 
Quantity One® software. Data represent the 
mean ± SEM of three independent experiments. 
$$p < 0.01 compared with the control shRNA/ 
vector control, *p < 0.05, **p < 0.01 compared 
with the Pld1 shRNA/vector control. (H–I) Cells 
were co-transfected with Pld1 shRNA and with 
pCMV6-Entry-rPld1-MycDDK at various doses 
(0, 5, 10, 15 μg) for 72 h. (H) The cells were 
stained with an anti-GFAP antibody (red) and 
DAPI (blue). Scale bar, 100 μm. (I) The numbers 
of GFAP-positive cells, and total cells were 
counted in randomly selected areas from five 
slides of each condition. Data are mean ± SEM. $ 

$p < 0.01 compared with the control shRNA/ 
vector control, **p < 0.01 compared with the 
Pld1 shRNA/vector control.   
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bFGF compared with the vector control. To confirm whether PLD1 has a 
modulatory effect on astrocytic differentiation, immunofluorescent 
analysis was performed using GFAP antibody. Astrocytes were quanti
fied by normalizing the total number of GFAP-positive cells to the total 
number of DAPI-labeled cell nuclei. As shown in Fig. 1D and E, the 
percentage composition of astrocytes (GFAP-positive cells) was signifi
cantly elevated after transfection with Pld1 compared to vector control 
cultures (29.8 ± 4.1 % versus 5.7 ± 0.6 %, p < 0.01), indicating that 
PLD1 promotes astrocytic differentiation of hippocampal NSPCs. 

To further assess the role of PLD1 in expression of GFAP in hippo
campal NSPCs, rescue experiments were performed. To exclude the off- 
target effects of Pld1 shRNA, hippocampal NSPCs were co-transfected 
with shRNA targeting Pld1 mRNA and plasmid DNA encoding Pld1 for 
3 days. Importantly, the inhibitory effect of Pld1 shRNA on GFAP 
expression was fully rescued by exogenous addition of Pld1, confirming 
that PLD1 most likely impacts astrocytic differentiation (Fig. 1F and G). 
Consistently, immunofluorescent staining showed that GFAP-positive 

cells were rescued (12.5 ± 1.6 % versus 3.5 ± 0.9 %, p < 0.01, 
Fig. 1H and I), indicating that PLD1 deficiency suppresses astrocytic 
differentiation of hippocampal NSPCs. 

To confirm the role of PLD1 in astrocytic differentiation, we used 
Pld1− /− mice as the Pld1 knockout, while Pld1+/+ littermates were used 
as the wild-type. As shown in Fig. 2A and B, GFAP-positive cells were 
significantly decreased in the hippocampus of Pld1− /− mice compared to 
Pld1+/+ mice (4.0 ± 1.7 % versus 28.7 ± 5.8 %, p < 0.01). Moreover, we 
found that PLD1 co-localized with GFAP in the hippocampus of Pld1+/+

mice (Fig. 2A) indicating the correlation between PLD1 and GFAP in 
astrocytic differentiation. Consistent with immunohistochemical stain
ing results, expression level of GFAP was inhibited in the hippocampus 
of Pld1− /− mice (Fig. 2C and D). Taken together, these results indicate 
that PLD1 is crucial for expression of GFAP and astrocytic differentiation 
in hippocampal NSPCs. 

Fig. 2. Reduced level of GFAP in the hippocampus of Pld1− /− mice. 
(A) Immunofluorescent detection of endogenous GFAP (red) and PLD1 (green) in hippocampus sections from Pld1+/+ and Pld1− /− mice. Sections were counterstained 
with DAPI. The dotted box area is magnified. Scale bar, 50 μm. (B) The numbers of GFAP-positive cells and total cells in the hippocampus were counted in randomly 
selected areas from five slides of each condition. Data are mean ± SEM (n = 6 for each group). **p < 0.01 compared with the Pld1+/+ mice. (C) Representative 
western blot of PLD1 and GFAP in hippocampus from Pld1+/+ and Pld1− /− mice. (D) Quantitative analyses of the GFAP level shown in (C). GFAP protein level was 
normalized to the level of calnexin. Band intensities were quantified using Quantity One® software. Data are mean ± SEM (n = 6 for each group). *p < 0.05 
compared with Pld1+/+ mice. 
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3.2. PA, a PLD1 product, can promote astrocytic differentiation by itself 

Mammalian PLD1 displays enzymatic activity, catalyzing the hy
drolysis of phosphatidylcholine to produce PA and free choline. Because 
free choline is not thought to fulfill any intracellular signaling role [42], 
most of the biological function of PLD1 is thought to be mediated by PA, 
which is a substrate that generates other signaling or bioactive lipids 
[9,46]. To examine whether PA, a PLD1 product, is required for 

astrocytic differentiation, we treated cells with a water-soluble synthetic 
short-chain PA (C8-PA) in a time-dependent manner. PA-mediated 
signaling can be complicated by further metabolization to diac
ylglycerol or lysophosphatidic acid in the cells, which would initiate 
signaling through the membrane-bound lysophosphatidic acid receptors 
[3]. To rule out potential complications from exogenous PA-derived 
metabolites, a C8-PA species that would not be converted into active 
LPA was used and delivered into cells [12]. When we added 100 μM of 

Fig. 3. Effect of C8-PA on astrocytic differentiation of hippocampal NSPCs. 
(A-C) Hippocampal NSPCs were treated with C8-PA (100 μM) for the indicated time durations in the presence of bFGF. (A) Gfap mRNA level was analyzed by real- 
time RT-PCR. Data represent the mean ± SEM of five independent experiments. *p < 0.05, **p < 0.01 compared with the 0-day control. (B) Cells were lysed and 
analyzed by western blotting with anti-GFAP and anti-calnexin antibodies. (C) Quantitative analyses of the GFAP level shown in (B). GFAP protein level was 
normalized to that of calnexin. Band intensities were quantified using Quantity One® software. Data represent mean ± SEM of three independent experiments. *p <
0.05 compared with the untreated control. (D-E) Cells were stimulated with C8-PA (100 μM) for the indicated time points. (D) Fixed cells were stained with an anti- 
GFAP antibody (red) and DAPI (blue). Scale bar, 100 μm. (E) The numbers of GFAP-positive cells and total cells were counted in randomly selected areas from five 
slides of each condition. Data are mean ± SEM. *p < 0.05, ***p < 0.001 compared with the untreated control. 
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C8-PA to cells for the indicated time points, the mRNA (Fig. 3A) and 
protein levels of GFAP (Fig. 3B and C) were gradually increased under 
proliferation conditions. Moreover, GFAP-positive cells were signifi
cantly increased in C8-PA-treated cells compared with non-treated cells 
(36.3 ± 3.8 % versus 3.2 ± 1.3 %, p < 0.001, Fig. 3D and E), which is 

consistent with the overexpression of PLD1 on astrocytic differentiation. 
These results imply that PLD1 increases astrocytic differentiation 
through its enzymatic product PA. 

(caption on next page) 
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3.3. STAT3 activation is involved in PA-mediated GFAP expression in 
hippocampal NSPCs 

We next investigated which signaling pathway was responsible for 
PA-mediated astrocytic differentiation of hippocampal NSPCs. STAT3 is 
a well-known transcription factor that binds to the GFAP promoter re
gion. Activation of STAT3 can promote astrocytic differentiation of 
neural stem cells [47]. To determine whether STAT3 associates with PA- 
induced GFAP expression in hippocampal NSPCs, we first examined the 
phosphorylation of STAT3 by PA stimulation. As shown in Fig. 4A, PA 
significantly increased the phosphorylation of STAT3 at Tyr705 residues 
by addition of PA for 1 day compared to the untreated control. To 
confirm whether STAT3 contributes to PA-induced GFAP expression, 
hippocampal NSPCs were transiently transfected with STAT3 siRNA or 
control siRNA for 2 days and treated with the C8-PA for 1 day. PA- 
induced STAT3 activation was efficiently attenuated by STAT3 knock
down (Fig. 4B). We further found that PA-induced mRNA expression of 
Gfap (Fig. 4C) and protein level of GFAP (Fig. 4D and E) were suppressed 
by STAT3 siRNA, indicating that PA-induced GFAP expression is 
dependent on STAT3. Moreover, the number of GFAP-positive cells was 
markedly decreased by STAT3 knockdown compared with PA-treated 
cells (14.7 ± 2.3 % versus 35.1 ± 1.7 %, p < 0.01, Fig. 4F and G). 
These results suggest that STAT3 activity is involved in PA-mediated 
GFAP expression and astrocytic differentiation of hippocampal NSPCs. 

3.4. AURKA is required for PA-induced STAT3 activation and astrocytic 
differentiation 

As other studies have reported that Aurora Kinase A (AURKA) me
diates STAT3 activation [23,45], we investigated whether PA induces 
AURKA phosphorylation. We found that PA-mediated AURKA phos
phorylation at Thr288 reached the highest level after 24 h treatment 
(Fig. 5A). To examine whether activation of AURKA is involved in PA- 
induced STAT3 activation and astrocytic differentiation of hippocam
pal NSPCs, cells were treated with PA in the presence or absence of 
AurAi, an AURKA-specific inhibitor. As shown in Fig. 5B− D, direct in
hibition of AURKA phosphorylation by AurAi strongly suppressed PA- 
induced AURKA and STAT3 activation. Furthermore, we found that 
subsequent PA-induced mRNA expression of Gfap (Fig. 5E) and protein 
level of GFAP (Fig. 5F and G) were significantly decreased by AurAi. In 
addition, AurAi decreased PA-mediated GFAP-positive cells compared 
with PA-treated cells (18.8 ± 6.2 % versus 35.9 ± 4.5 %, p < 0.05, 
Fig. 5H and I). Taken together, these findings demonstrated that AURKA 
is implicated in PA-induced STAT3 activation and astrocytic 
differentiation. 

3.5. Effects of FAK on PA-induced AURKA/STAT3 activation and 
astrocytic differentiation 

One of the targets of PA is the focal adhesion kinase (FAK) [30], and 
several studies had revealed that FAK was a critical molecule in astro
cyte morphology [25]. Therefore, we examined the effect of FAK acti
vation on the PA-dependent astrocytic differentiation of hippocampal 

NSPCs. As shown in Fig. 6A, the phosphorylation of FAK (Tyr397) 
peaked at 1 h after PA stimulation. Next, we studied whether activation 
of FAK affects the PA-induced signaling cascade (AURKA/STAT3 
pathway). Western blot analysis revealed that addition of a FAK-specific 
inhibitor, PF-573228, before PA stimulation significantly reduced the 
amount of activated FAK in cells (Fig. 6B and C). As shown in Fig. 6D and 
E, PA-induced phosphorylation of AURKA and STAT3 was significantly 
decreased by PF-573228. These results demonstrated that FAK is an 
upstream molecule of the AURKA/STAT3 pathway in PA-induced 
astrocytic differentiation. Moreover, when the cells were pretreated 
with FAK inhibitor, PA-induced mRNA expression and protein levels of 
GFAP (Fig. 6F and G) were decreased compared with those in PA-treated 
cells. Furthermore, PA-induced astrocytic differentiation was strongly 
blocked by PF-573228 (14.4 ± 2.7 % versus 43.3 ± 4.4 %, p < 0.001), 
indicating that FAK activation is related to PA-induced astrocytic dif
ferentiation (Fig. 6H and I). These results suggest that PA-induced 
astrocytic differentiation is regulated by the FAK/AURKA/STAT3 
signaling pathway. 

Based on above results, we confirmed whether PLD1 has an effect on 
the FAK/AURKA/STAT3 pathway. Either pCMV6-Entry or pCMV6- 
Entry-rPld1-MycDDK was transiently transfected into the hippocampal 
NSPCs. After 24 h transfection, we performed western blotting to check 
the phosphorylation of FAK, AURKA, and STAT3. We showed that the 
phosphorylation level of FAK, AURKA, and STAT3 was increased by 
PLD1 overexpression compared with the vector control (Fig. S2A and 
2B). The results suggested that PLD1 is required for the FAK/AURKA/ 
STAT3 signaling pathway in hippocampal NSPCs. 

4. Discussion 

PLD1 has multiple roles in the brain, including neurite formation and 
dendritic branching [16,21,24,56]. We have previously shown that 
PLD1 facilitates synaptogenesis in rat cortical NSPCs and H19–7 cells 
[54,55]. Moreover, our previous study demonstrated that PLD1 in
creases the expression of Bcl-2, resulting in neurite outgrowth during 
neuronal differentiation of NSPCs [40]. However, the effects of PLD1 on 
astrocytic differentiation and the molecular mechanisms by which PLD1 
regulates astrogenesis have not yet been defined. In the present study, 
we investigated the potential roles of PLD1 and its product PA in the 
regulation of astrocytic differentiation in hippocampal NSPCs, and the 
findings are summarized in Fig. 7. 

A recent paper showed that PLD1 is a major source in the hippo
campus of mice, but not PLD2 [44]. Therefore, we focused on the role of 
PLD1 in hippocampal astrogenesis. We observed that PLD1 over
expression significantly augmented the expression of the astrocyte 
marker GFAP, whereas depletion of PLD1 diminished GFAP expression. 
In addition, PLD1 overexpression in the presence of Pld1 shRNA rescued 
suppressed GFAP expression. Furthermore, PLD1 knockout (Pld1− /− ) in 
mice has an effect on GFAP expression in the hippocampus. These results 
strongly indicate that PLD1 is required for astrocytic differentiation of 
hippocampal NSPCs. This is supported by a previous study showing that 
PLD1 is expressed not only in neurons, but also in astrocytes and thus 
plays a potential role in differentiation of astrocytes [24]. Astrocytes 

Fig. 4. Effect of STAT3 on PA-induced astrocytic differentiation of hippocampal NSPCs. 
(A) Hippocampal NSPCs were treated with C8-PA (100 μM) for the indicated time durations in the presence of bFGF, lysed, and harvested. Western blotting was 
performed using anti-phospho-STAT3 (Tyr705), anti-STAT3, and anti-calnexin antibodies to detect the respective protein bands. (B) Hippocampal NSPCs were 
transiently transfected with control siRNA or Stat3 siRNA for 48 h and then treated with C8-PA (100 μM) for 24 h. Cells were lysed and analyzed by western blotting 
with anti-phospho-STAT3 (Tyr705), anti-STAT3, and anti-calnexin antibodies. (C-E) Cells were transfected with control siRNA or Stat3 siRNA for 48 h and then 
stimulated with C8-PA (100 μM) for 72 h. (C) The mRNA level of Gfap was detected by real-time RT-PCR. Data represent the mean ± SEM of three independent 
experiments. **p < 0.01 compared with the control siRNA/C8-PA. (D) GFAP protein levels were determined by western blotting. (E) Quantitative analyses of the 
GFAP levels shown in (D). GFAP protein level was normalized to that of calnexin. Band intensities were quantified using Quantity One® software. Data represent the 
mean ± SEM of three independent experiments. *p < 0.05 compared with the control siRNA/C8-PA. (F-G) Hippocampal NSPCs were transiently transfected with 
control siRNA or Stat3 siRNA for 48 h and then treated with C8-PA (100 μM) for 72 h. (F) Fixed cells were stained for immunocytochemical analysis of astrocytic 
(GFAP, red) markers. Scale bar, 100 μm. (G) The proportions of GFAP-positive cells and total cells were determined in randomly selected areas from five slides of each 
condition. Data are mean ± SEM. **p < 0.01 compared with the control siRNA/C8-PA. 
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Fig. 5. Effects of AURKA on STAT3 activation and PA-induced astrocytic differentiation of hippocampal NSPCs. 
(A) Hippocampal NSPCs were stimulated with C8-PA (100 μM) for the indicated time durations in the presence of bFGF. Samples containing 30 μg of protein were 
analyzed by western blotting using anti-phospho-AURKA (Thr288) antibody and anti-AURKA antibody. (B–D) Hippocampal NSPCs were pretreated with 0.5 μM 
Aurora A-specific inhibitor (AurAi) for 2 h and treated with C8-PA (100 μM) for 24 h. (B) Cell lysates were analyzed by western blotting using anti-phospho-AURKA 
(Thr288), anti-AURKA, anti-phospho-STAT3 (Tyr705), anti-STAT3, and anti-calnexin antibodies to detect the respective protein bands. (C–D) Quantitative analyses 
of the phospho-AURKA (Thr288) and phosphor-STAT3 (Tyr705) levels shown in (B). Values were normalized to that of the total AURKA or STAT3 level. Band 
intensities were quantified using Quantity One® software. Data represent the mean ± SEM of three independent experiments. *p < 0.05 compared with the +bFGF/ 
C8-PA. (E-G) Cells were pretreated with 0.5 μM AurAi for 2 h and stimulated with C8-PA (100 μM) for 72 h. (E) Gfap mRNA level was measured by real-time RT-PCR. 
Data represent the mean ± SEM of four independent experiments. *p < 0.05 compared with C8-PA-treated cells. (F) Proteins (20 μg) were analyzed by 10 % 
SDS–PAGE followed by western blotting using anti-GFAP and anti-calnexin antibodies. (G) Quantitative analyses of the GFAP levels shown in (F). GFAP protein level 
was normalized to that of calnexin. Band intensities were quantified using Quantity One® software. Data represent the mean ± SEM of four independent experi
ments. *p < 0.05 compared with the +bFGF/C8-PA. (H–I) Hippocampal NSPCs were pretreated with 0.5 μM AurAi for 2 h and stimulated with C8-PA (100 μM) for 
72 h. (H) The cells were stained with an anti-GFAP antibody (red) and DAPI (blue). Scale bar, 100 μm. (I) The numbers of GFAP-positive cells and total cells were 
counted in randomly selected areas from five slides of each condition. Data are mean ± SEM. *p < 0.05 compared with the +bFGF/C8-PA. 
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mediate physiologic functions to support neuronal function, synaptic 
maturation, and brain homeostasis during development [33]. Therefore, 
it is necessary to investigate the effect of astrogenesis inhibition by PLD1 
deficiency on brain function through behavioral tests. Furthermore, the 
identification of the mechanism by which PLD1 deficiency causes brain 
dysfunction is expected to contribute to the development of therapeutic 
agents for neurodevelopmental diseases such as learning disabilities, 
autism, and attention-deficit/hyperactivity disorder (ADHD) in the 

future. 
In the developing CNS, STAT3 is a critical transcription factor for 

regulation of GFAP and astrogenesis. Previous studies have shown that 
GFAP expression in neural stem cells is dependent on phosphorylation of 
STAT3 [17,18,53]. Interestingly, we found that PA enhances STAT3 
(Tyr705) phosphorylation. Furthermore, inhibition of STAT3 activation 
by STAT3 siRNA suppresses the expression of GFAP and GFAP-positive 
cells induced by PA, indicating that PA-dependent STAT3 activation is 

(caption on next page) 
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essential for astrocytic differentiation. In line with our results, several 
reports have demonstrated that STAT3 suppression or conditional 
ablation repressed glial differentiation [35,47]. Previously, we reported 
that PA inhibits astrocytic differentiation by regulating the activity of 
STAT3 in neural stem cells isolated from E14 cerebral cortex which 
showed opposite results from the current study. Similarly, it has been 
reported that hippocalcin promotes neuronal differentiation by inhib
iting the activity of STAT3 in neural stem cells from the cerebral cortex 
[41], but it promotes astrocytic differentiation by increasing the activity 
of STAT3 in neural stem cells from the hippocampus [22]. It is possible 
that the same gene or factor may have the opposite action depending on 
the brain region and cell type. 

The serine/threonine AURKA mitotic kinase is best known for 
unlocking the G2/M transition via centrosome maturation [26]. The 

position of the centrosome is regulated precisely during neurogenesis, 
migration, and differentiation [2,36]. Recent reports suggest that inhi
bition of AURKA blocks STAT3 tyrosine phosphorylation [45]. The 
current study provides evidence that AURKA activation is required for 
PA-mediated STAT3 phosphorylation, leading to astrocytic differentia
tion. FAK has been implicated in regulating cytoskeletal rearrangement 
in astrocytes [25], and it has been reported that FAK phosphorylation is 
regulated by PLD2/PA [30]. However, the role of PLD1 in FAK phos
phorylation has not yet been studied. Here, we observed that PA- 
induced GFAP expression was decreased by treatment with an FAK in
hibitor. In addition, FAK mediated the activation of the AURAK/STAT3 
signaling pathway in PA-induced astrocytic differentiation. Therefore, 
we suggest that astrogenesis in hippocampal NSPCs is strongly associ
ated with activation of the FAK/AURKA/STAT3 signaling pathway. 
However, a previous study has shown that AURKA acts as an upstream 
molecule of FAK phosphorylation [51]. Also to be considered, phos
phorylation of FAK by PA treatment increased at 1 h (Fig. 6A), and 
phosphorylation of AURKA increased at 24 h after treatment with PA 
(Fig. 5A). The reason for such a time interval is probably that the 
phosphorylation of FAK by PA did not directly affects phosphorylation 
of AURKA, and it is possible that other signaling factors were involved. 
Therefore, it is necessary to discover how FAK affects AURKA activation 
during PLD1/PA-induced astrocytic differentiation. 

Altogether, we demonstrate a novel function of PLD1 in astrocytic 
differentiation of hippocampal NSPCs. First, we found that PLD1 pro
motes astrocytic differentiation, and that PA, an enzymatic product of 
PLD1, mimics the effects of PLD1 on astrogenesis. Second, stimulation 
with PA leads to an increase of GFAP expression by inducing phos
phorylation of STAT3. Third, PA-mediated STAT3 activation occurs 
through the FAK/AURKA pathway, resulting in astrocytic differentia
tion. To the best of our knowledge, this is the first report to show that 
PLD1 and PA promote astrocytic differentiation through a FAK/AURKA/ 
STAT3 pathway in hippocampal NSPCs. 
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Fig. 6. Effect of FAK on AURKA/STAT3 activation during PA-induced astrocytic differentiation of hippocampal NSPCs. 
(A) Hippocampal NSPCs were treated with C8-PA (100 μM) for the indicated time durations in the presence of bFGF. Proteins (20 μg) were analyzed by western 
blotting with anti-phospho-FAK (Tyr397), anti-FAK, and anti-calnexin antibodies. (B–C) Hippocampal NSPCs were pretreated with 5 μM PF-573228 (PF-228) for 2 h 
and stimulated with C8-PA (100 μM) for 1 h. (B) Samples of protein were determined by western blotting using anti-phospho-FAK (Tyr397), anti-FAK, and anti- 
calnexin antibodies. (C) Quantitative analyses of the phosphorylated FAK (Tyr397) level shown in (B). The phosphorylated FAK level was normalized to the total 
FAK level. Band intensities were quantified using Quantity One® software. Data represent the mean ± SEM of three independent experiments. **p < 0.01 compared 
with the +bFGF/C8-PA. (D-E) Cells were pretreated with 5 μM PF-228 for 2 h and treated with C8-PA (100 μM) for 24 h. (D) Western blotting was performed using 
anti-phospho-AURKA (Thr288), anti-AURKA, anti-phospho-STAT3 (Tyr 705), anti-STAT3, and anti-calnexin antibodies to detect the respective protein bands. (E) 
Quantitative analyses of the phospho-AURKA (Thr288) and phosphor-STAT3 (Tyr705) levels shown in (D). Values were normalized to that of the total AURKA or 
STAT3 level. Band intensities were quantified using Quantity One® software. Data represent the mean ± SEM of three independent experiments. *p < 0.05 compared 
with the +bFGF/C8-PA. (F-G) Cells were pretreated with 5 μM PF-228 for 2 h and treated with C8-PA (100 μM) for 72 h. (F) Gfap mRNA level was measured by real- 
time RT-PCR. Data represent the mean ± SEM of three independent experiments. ***p < 0.001 compared with C8-PA-treated cells. (G) GFAP and calnexin protein 
levels were determined by western blotting. GFAP protein level was normalized to the level of calnexin. Band intensities were quantified using Quantity One® 
software. Data represent the mean ± SEM of three independent experiments. **p < 0.01 compared with the +bFGF/C8-PA. (H–I) Hippocampal NSPCs were 
pretreated with 5 μM PF-573228 (PF-228) for 2 h and stimulated with C8-PA (100 μM) for 72 h. (H) Fixed cells were stained for immunocytochemical analysis of 
astrocytic (GFAP, red) markers. Scale bar, 100 μm. (I) The proportions of GFAP-positive cells and total cells were determined in randomly selected areas from five 
slides of each condition. Data are mean ± SEM. **p < 0.01 compared with the +bFGF/C8-PA. 

Fig. 7. Proposed model for PLD1-induced astrocytic differentiation in hippo
campal NSPCs. 
The model suggests that PLD1 induces astrocytic differentiation through the 
PA/FAK/AURKA/STAT3 pathway, leading to increased GFAP expression in 
hippocampal NSPCs. 
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