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Background: Adult neural stem cells have the potential for self-renewal and differentiation into multiple cell lineages via sym-
metric or asymmetric cell division. Preso1 is a recently identified protein involved in the formation of dendritic spines and the 
promotion of axonal growth in developing neurons. Preso1 can also bind to cell polarity proteins, suggesting a potential role for 
Preso1 in asymmetric cell division. 
Methods: To investigate the distribution of Preso1, we performed immunohistochemistry with adult mouse brain slice. Also, po-
larized distribution of Preso1 was assessed by immunocytochemistry in cultured neural stem cells. 
Results: Immunoreactivity for Preso1 (Preso1-IR) was strong in the rostral migratory stream and subventricular zone, where pro-
liferating transit-amplifying cells and neuroblasts are prevalent. In cultured neural stem cells, Preso1-IR was unequally distribut-
ed in the cell cytosol. We also observed the distribution of Preso1 in the subgranular zone of the hippocampal dentate gyrus, an-
other neurogenic region in the adult brain. Interestingly, Preso1-IR was transiently observed in the nuclei of doublecortin-ex-
pressing neuroblasts immediately after asymmetric cell division. 
Conclusion: Our study demonstrated that Preso1 is asymmetrically distributed in the cytosol and nuclei of neural stem/progeni-
tor cells in the adult brain, and may play a significant role in cell differentiation via association with cell polarity machinery.
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INTRODUCTION

Preso1 (also known as Frmpd4) is a member of the Frmpd 
family of proteins. It contains several functional domains in-
cluding 4.1, ezrin, radixin, and moesin (FERM), WW (domain 
with two conserved Trp residues), and postsynaptic density 
(PSD) 95/Dig/ZO-1 (PDZ) [1]. In particular, the FERM do-

main acts as a molecular linker between the membrane and 
cytoplasm and is involved in control of cell actin dynamics. In 
addition, the PDZ domain, a well-known protein interaction 
module, is incorporated into protein complexes such as post-
synaptic density (PSD) in many proteins.
 Preso appears to promote the formation of dendritic spine in 
neurons [1]. Preso1 interacts with one of the guanine nucleotide 
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exchange factors, PAK-interacting exchange factor-β, through 
its PDZ domain to promote dendritic spine formation in neu-
rons. In addition, Preso1 is distributed at the tip of growing 
dendrites in immature neurons and plays an important role in 
dendritic branch formation [2]. Inhibition of Preso1 activity in 
vivo causes defects in synaptic plasticity and pain perception, 
suggesting the importance of Preso1 in neuronal functions [3].
 Recently, Preso1 has also been shown to bind to cell polar-
ization proteins such as Leu-Gly-Asn repeat-enriched protein 
(LGN) and activator of G-protein signaling 3 [4]. Unequal dis-
tribution of these proteins within a cell provides the basis for 
asymmetric cell division and differentiation, which are essen-
tial features of stem cells. The actin cytoskeleton serves as a 
platform for molecular networks of protein cargo and myosin 
motors, which are required for unequal protein distribution.
 Here, we demonstrated that immunoreactivity for Preso1 
(Preso1-IR) was predominantly expressed in neurogenic areas 
such as the subventricular zone (SVZ) of the lateral ventricle 
and the subgranular zone (SGZ) of the dentate gyrus (DG) in 
the adult mouse brain. In particular, Preso1-IR was asymmet-
rically distributed in the cytosol and nuclei of neural stem/pro-
genitor cells. Considering that asymmetric cell division is crit-
ical for cell fate specification during stem cell division, asym-
metric distribution of Preso1 may contribute to cell fate deter-
mination.

METHODS

Animals 
Two-month-old male C57BL/6 mice were obtained from Ori-
ent Bio, Inc. (Seongnam, Korea). All experiments were carried 
out in accordance with the ethical guidelines of Korea Univer-
sity and with the approval of the Animal Care and Use Com-
mittee of Korea University.

Neural stem cell culture 
The SVZ was isolated from sections of adult mice brains and 
then digested with 0.8% papain (Worthington, Lakewood, NJ, 
USA) and 0.08% dispase II (Roche Applied Science, Indianap-
olis, IN, USA) in HBSS for 45 minutes at 37°C for dissocia-
tion [5]. Cells were then seeded in an ultra-low attachment sur-
face dish, maintained in suspension culture with DMEM/F12 
medium containing 1% N2, 2% B27 supplement, 1% penicil-
lin-streptomycin (Gibco BRL, Grand island, NY, USA), and 
treated daily with basic fibroblast growth factor (20 ng/mL, In-
vitrogen, Carlsbad, CA, USA), epidermal growth factor (20 

ng/mL, Invitrogen), and L-ascorbic acid (20 ng/mL, Sigma-
Aldrich, St. Louis, MO, USA) until neurospheres were formed. 
The neurospheres were passaged by dissociation into single 
cells via incubation with accutase (Innovative Cell Technolo-
gies, San Diego, CA, USA). Dissociated single cells (passage 
1 to 3) were plated on poly-D-lysine (50 µg/mL, Sigma)-coat-
ed plates.

Histology
For immunohistochemical analysis, the mice were deeply 
anesthetized with urethane (100 mg/kg, intraperitoneal injec-
tion) and perfused with 0.9% saline, followed with 4% para-
formaldehyde (PFA). Brains were dissected and fixed over-
night in 4% PFA and cryoprotected as previously described 
[6]. Brains were sectioned at 40 μm and were blocked with 3% 
bovine serum albumin and 0.1% Triton X-100 in phosphate-
buffered saline (PBS) for 1 hour. Samples were incubated 
overnight at 4°C with primary antibodies: rabbit anti-Preso1 
(1:500) [1], mouse anti-Nestin (1:500, Millipore, Billerica, 
MA, USA), rat antiglial fibrillary acidic protein (anti-GFAP; 
1:1,000, Invitrogen) goat antidoublecortin (anti-DCX; 1:500, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse an-
ti-GM130 (1:500, BD Transduction Laboratories, San Jose, 
CA, USA), mouse anti-Trim32 (1:500, Abnova, Taipei, Tai-
wan), and mouse anti-NeuN (1:1,000; Millipore). To visualize 
F-actin in the cells, neural stem cells (NSCs) were stained with 
rhodamine-phalloidin (1:500, Molecular Probes, Eugene, OR, 
USA) for 30 minutes. The specificity of the anti-Preso1 anti-
body has been confirmed in previous reports [1,2]. Sections 
were washed with PBS and incubated with secondary antibod-
ies at room temperature for 30 minutes. Subsequently, sections 
were washed, mounted, and examined under confocal micros-
copy (LSM510, Zeiss, Goettingen, Germany). 

RESULTS 

Distribution of Preso1-IR in the adult forebrain
The parasagittal image was used to investigate the distribution 
of Preso1 in the adult brain (Fig. 1). Preso1-IR was expressed 
in many brain regions, as previously reported [1]. In particular, 
we observed that Preso1-IR was highly expressed in the ros-
tral migratory stream (RMS), which is a migratory route for 
immature neuroblasts (Fig. 1A, B). Double labeling of Preso1 
with Nestin (a stem/progenitor cells marker) (Fig. 1C-E) or 
DCX (a neuroblast marker) (Fig. 1F-H) revealed that Preso1-
IR was predominantly localized in DCX-expressing neuro-
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Fig. 1. Distribution of Preso1-IR in the adult forebrain. (A-E) In the parasagittal view, Nestin (red)-expressing neuroblasts in the rostral 
migratory stream (RMS) are colabeled with Preso1 (green). (F-H) In the coronal section of the RMS, doublecortin (DCX)-expressing 
neuroblasts (red) also exhibited immunoreactivity for Preso1 (Preso1-IR; green). (I-K) In the subependymal layer (SEL) of the olfactory 
bulb (OB), NeuN-negative migrating neuroblasts strongly exhibited Preso1-IR, but Preso1-IR was markedly reduced in mature NeuN-
expressing neurons (red) in the granule cell layer (GCL). Nuclei were counterstained with Hoechst33342 (blue). The scale bar in B=500 
μm, in E, H, K=20 μm. LV, lateral ventricle.
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Fig. 2. Immunoreactivity for Preso1 (Preso1-IR) in the subventricular zone (SVZ) of the adult mouse. (A-C) The majority of glial fibril-
lary acidic protein (GFAP)-expressing astrocytes (red) and stem cells did not exhibit Preso1-IR (green). (D-F) A few Nestin-expressing 
transit amplifying stem cells (red) exhibited Preso1-IR (green). (G-I) The majority of doublecortin (DCX)-expressing neuroblasts (red) 
also exhibited strong Preso1-IR (green). (J) Schematic diagram of the Preso1-expressing stage (green) of adult neural stem cells (NSCs) 
in the SVZ. The scale bar in I=10 μm, enlarged inset in I=5 μm. TAC, transit-amplifying cell.  
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Fig. 3. Polarized distributions of immunoreactivity for Preso1 
(Preso1-IR) in cultured neural stem cells (NSCs). (A-C) NSCs 
were labeled with Preso1IR (green), F-actin (red), and nuclei 
(blue) were counterstained with rhodamine-phalloidin and 
Hoechst33342, respectively. Preso1-IR was unequally distributed 
in the cell cytosol. (D-F) NSCs migrating out from the neuro-
sphere cores were stained with Preso1 (green) and GM130 (red), 
a Golgi apparatus marker. Preso1-IR was evenly distributed re-
gardless of the cell polarity in migrating NSCs.

Fig. 4. Distribution of immunoreactivity for Preso1 (Preso1-IR) in the subgranular zone (SGZ) of the hippocampal formation. (A-C) 
Preso1-IR (green) was found throughout the adult hippocampus, while Nestin (red) was expressed in the SGZ. (D-F) In the SGZ, Pre-
so1-IR was strongly expressed in the nuclei of a subset of cells. Cells with nuclear Preso1-IR did not express Nestin (red). (G-L) Most 
doublecortin (DCX)-expressing neuroblasts (red) exhibited nuclear Preso1-IR (green). Nuclei were counter-stained with Hoechst33342 
(blue). The scale bar in F=5 μm, I=50 μm.
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blasts in the RMS. Upon arrival at the olfactory bulb (OB), 
neuroblasts matured into NeuN-expressing neurons. In the 
OB, Preso1-IR was substantially stronger in NeuN-negative 
cells (which are immature cells found in the subependyma) 
compared to mature NeuN-expressing OB neurons (Fig. 1I-
K). These results clearly indicate that Preso1 expression is 
down-regulated during OB neuronal maturation. 

Preso1-IR in the SVZ of the adult mouse brain
As we observed strong Preso1-IR expression in migrating 
neuroblasts, we further investigated the expression patterns of 
Preso1-IR in NSCs in the SVZ via double labeling of Preso1 
with GFAP (a marker for NSCs in the SVZ) (Fig. 2A-C), Nes-
tin (Fig. 2D-F), and DCX (Fig. 2G-I). We found that most 
GFAP-expressing cells did not exhibit Preso1-IR, while a sub-
set of Nestin-expressing cells expressed Preso1-IR, and the 
majority of DCX-expressing neuroblasts exhibited strong Pre-
so1-IR. Thus, it appeared that Preso1-IR first appeared in 
transit-amplifying cells, and then was maintained by DCX-ex-
pressing neuroblasts (Fig. 2J).
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Fig. 5. Polarized Preso1 expression during asymmetric cell divi-
sion. (A-C) Tuj-1 (red) expressing neuronal daughter cell-ex-
pressed Trim32 (green) in cultured neural stem cells (NSCs). (D-
G) In the subgranular zone (SGZ), Trim32 (red)-expressing daugh-
ter cells also expressed nuclear Preso1-IR (green). (H) Schematic 
diagram of the Preso1 expression stages of the adult NSCs of the 
SGZ. RGL, radial glia-like; IPCs, intermediate precursor cells; 
GFAP, glial fibrillary acidic protein; DCX, doublecortin.
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Polarized distribution of Preso1-IR in cultured NSCs
Next, we explored the distribution of Preso1-IR in cultured 
adult NSCs (Fig. 3). Interestingly, NSCs dissociated from neu-
rospheres exhibited a flat morphology and Preso1-IR showed 
unequal distribution in the cell cytosol (Fig. 3A-C), in contrast 
to the F-actin counter-staining. However, when neurospheres 
adhered to the culture dish and were allowed to migrate out 
from the core, NSCs formed a typical bipolar morphology (Fig. 
3D-F). In migrating NSCs, however, Preso1-IR was rather 
evenly distributed in the leading and tail processes, which were 
distinguishable by the localization of the Golgi complex at the 
leading process. Thus, unequal distribution of Preso1 was not 
related to the polarization of cells during cell migration. 

Nuclear localization of Preso1-IR in the SGZ of the 
hippocampal formation
Next, we examined the distribution of Preso1-IR in another 
neurogenic region, the SGZ of the DG (Fig. 4). As previously 

reported, Preso1-IR was strongly expressed in the CA1 region 
of the hippocampal formation [1]. The DG also exhibited 
strong Preso1-IR expression. Interestingly, Preso1-IR was lo-
calized in the nuclei of a subset of cells in the SGZ. Double la-
beling of Preso1 with Nestin (Fig. 4A-F) and DCX (Fig. 4G-
L) indicated that nuclear Preso1-IR occurred exclusively in 
DCX-expressing neuroblasts. Since neuroblasts are produced 
from NSCs, this exclusive distribution of nuclear Preso1-IR 
may suggest the transient translocalization of Preso1 into the 
nucleus of neuronal daughter cells during asymmetric cell di-
vision. To confirm this, we used Trim32, a neuroblast marker 
generated from NSCs [7]. As expected, we also found that 
Trim32 signals were exclusively localized in Tuj-1-expressing 
neuroblasts during asymmetric cell division in DG NSCs in 
vitro (Fig. 5A-C). We next tested whether nuclear Preso1-IR 
was localized in newly generated neuroblasts in the DG. Dou-
ble labeling of Trim32 and Preso1 revealed that the Preso1 
signal was exclusively localized in Trim32-expressing cells in 
the SGZ (Fig. 5D-G). These results indicate that nuclear Pre-
so1-IR first appeared immediately after asymmetric cell divi-
sion, and was maintained transiently during early maturation 
as cells expressed DCX. Following this period, Preso1 ap-
peared to be translocated to the cytoplasm (Fig. 5H). 

DISCUSSION

In this study, we explored the distribution of Preso1-IR in 
NSCs and neuronal progenitor populations in the adult mouse 
brain. As we clearly demonstrated, Preso1-IR was enhanced in 
the cytosol of neuroblasts in the RMS and in the nuclei of neu-
roblasts in the SGZ. Upon differentiation, OB neurons exhib-
ited a low level of Preso1-IR, whereas DG neurons maintained 
a moderate level of Preso1-IR in their cytosol. These results 
indicate that Preso1 function is controlled by its expression 
level and intracellular localization in a cell type- and stage-
specific manner. We recently found that ezrin/radixin/moesin 
(ERM) family proteins which also have FERM domains were 
expressed differently among cells localized in the stem cell 
niche [5]. For example, ezrin is strongly expressed in the 
NSCs and astrocytes surrounding the RMS, but is transiently 
expressed in migrating neuroblasts. On the other hand, radixin 
is exclusively found in migrating neuroblasts. Furthermore, 
these ERM proteins play critical roles in the regulation of neu-
roblast migration following brain injury [5]. They also exhibit 
distinct cell-type-dependent expression profiles, suggesting 
the specificity of their biological functions.
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 We found that Preso1-IR was asymmetrically localized in 
the cytosol of proliferating NSCs. In particular, Preso1-IR was 
found in the nuclei of neuroblasts following asymmetric cell 
division of NSCs in the SGZ. PDZ domains play an essential 
role in the polarized localization of integral membrane pro-
teins [8]. Several Frmpd family proteins are involved in asym-
metric protein distribution during cell division and in lateral 
protein targeting via interactions with polarity proteins [4,9]. 
For asymmetric cell division, the asymmetric protein LGN 
plays an essential role in orienting the mitotic spindle along 
the axis of cell polarity. Frmpd proteins may be involved in 
asymmetric cell division via protein-protein interacting mod-
ules [4,10]. Although Preso1-IR was not found in the mitotic 
spindle, its distribution was unequal within the cell and inde-
pendent of cell polarity formed along the migratory axis. 
Therefore, it is plausible that unequal distribution of Preso1 is 
mediated by interactions with other novel proteins.
 It is interesting that Preso1-IR was found in the nuclei of 
hippocampal neuroblasts. Preso1 contains one WW, one 
FERM, and two PDZ domains that are associated with various 
intracellular effectors. A number of members of the FERM 
family of proteins are localized to the plasma membrane-actin 
cytoskeleton interface through their FERM domain [11,12]. 
However, several FERM-containing proteins, such as ERM-
binding phosphoprotein 50 (EBP50) and ezrin/moesin, have 
also been found in the nuclei under certain biological condi-
tions [13,14]. Although the function of nuclear ERM proteins 
remains unclear, these results suggest that some of cytoskele-
tal linker proteins can contribute to nuclear function through 
nucleo-cytoplasmic shuttling. Since ERM proteins can bind to 
monomeric and polymerized forms of actin, they may have 
nuclear functions related to nuclear actin binding. For nuclear 
transport of these proteins, short nuclear localization sequenc-
es (NLSs) are required. Nuclear ERM proteins, such as EBP50 
or CD44ICD, have functional NLSs [14-16]; however, we 
failed to identify any NLSs in Preso1, and it remains unclear 
whether Preso1 has atypical NLSs or if its nucleo-cytoplasmic 
shuttling is mediated by binding with uncharacterized nuclear 
proteins.
 In addition, there are several transcription factors that con-
tain PDZ domains. For instance, similar to Preso1, Yes-associ-
ated protein 65 (YAP) contains PDZ and WW domains, while 
it lacks a FERM domain [17]. The YAP protein plays a critical 
role in neural induction and regulates pax3 transcription in 
neural crest progenitors during early development [18]. As a 
homolog of YAP, transcriptional coactivator with PDZ-binding 

motif (TAZ) also has PDZ and WW domains [19]. Interesting-
ly, TAZ activity is regulated by nucleo-cytoplasmic shuttling 
during stem cell differentiation [20]. Phosphorylated TAZ 
binds to the 14-3-3 protein and thus localizes to the cytoplasm 
[19]. When TAZ is dephosphorylated, it is translocated to the 
nucleus, where it interacts with other transcription factors such 
as Pax3 [21], Pax8 [22], and RUNX2 [23]. This contributes to 
the tissue-specific differentiation of mesenchymal stem cells. 
Moreover, interaction of nuclear TAZ with SMAD2/3 is re-
quired to ensure the self-renewal capacity of human embryon-
ic stem cells [24]. Collectively, these results suggest that nu-
clear Preso1 may be involved in renewal vs. differentiation of 
hippocampal neural progenitor cells. 
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