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P48 Ebp1 is expressed in rapidly proliferating cells such as
cancer cells and accelerates cell growth and survival.
However, its expression pattern and role in central nervous
system development have not been studied. Here, we
demonstrated the spatiotemporal expression pattern of p48
Ebp1 during embryonic development and the postnatal period.
During embryonic development, p48 Ebp1 was highly expressed
in the brain. Expression gradually decreased after birth but was
still more abundant than p42 expression after birth. Strikingly,
we found that p48 Ebp1 was expressed in a cell type specific
manner in neurons but not astrocytes. Moreover, p48 Ebp1
physically interacted with beta tubulin but not alpha tubulin.
This fits with its accumulation in distal microtubule growth
cone regions. Furthermore, in injured hippocampal slices, p48
Ebp1 introduction promoted axon regeneration. Thus, we
speculate that p48 Ebp1 might contribute to microtubule
dynamics acting as an MAP and promotes CNS axon
regeneration. [BMB Reports 2017; 50(3): 126-131]

INTRODUCTION

The ErbB3 binding protein Ebp1 is a member of the PA2G4
family of proliferation-regulated proteins (1). Despite its initial
isolation due to interaction with ErbB3 (2), Ebp1 is expressed
in all tissues and cells, including cells that do not express the
ErbB3 receptor, such as muscle progenitors (3). Ebp1 is
evolutionarily conserved (1, 4), suggesting that it functions as a
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general signaling molecule. The PA2G4 gene encodes two
Ebp1 isoforms, p48 and p42. P48 is 54 amino acids longer
than p42 at its N-terminus. The p48 long-form localizes to
both the cytoplasm and the nucleolus and suppresses apoptosis,
whereas the p42 short-form resides predominantly in the
cytoplasm and promotes cell differentiation (5, 6). In mammalian
cells, p48 is the most common Epb1 form. The p42 isoform is
barely detectable because it is polyubiquitinated and sub-
sequently degraded in human cancers (7). In addition, the p42
crystal structure is missing one and a half helices at the
amino-terminus, suggesting that this protein is unstable, and
that conformational changes associated with 54 fewer amino
acid residues account for these possible differential Ebp1
isoform roles (8).

Previously, we showed that the long Ebp1 isoform prevents
apoptotic cell death by interacting with nuclear Akt/PKB
(protein kinase B) (5) in nerve growth factor (NGF)-treated
PC12 cells, fitting with the observation that Ebp1 binds B-cell
leukemia/lymphoma2 (Bcl2) mRNA and contributes to Bcl2
overexpression (9). P48 Ebp1 is highly expressed in proli-
ferating cells such as muscle progenitor cells and in multiple
cancer cell lines including glioblastoma, breast cancer, lung
cancer, and oral squamous cell carcinoma and promotes
cancer cell proliferation and tumor progression (3, 7, 10-12).
We have shown that p48 Ebp1 promotes tumor suppressor
p53 degradation in human glioma cells and leads to poor
clinical outcomes through HDM2 regulation (10, 13). Moreover,
we showed that cyclin-dependent kinase 2 (CDK2) phosphory-
lates serine 34 on p48, which does not exist in p42, and
provokes the tumorigenic function of p48 in human cancer
cells (11). The shorter p42 isoform has been considered to be
a potent tumor suppressor due to its inhibitory growth
function (14, 15). Very recently, we investigated the molecular
mechanisms underlying p42 tumor-suppressing activity in
human cancer cells. P42 specifically interacts with the p85
PI3K regulatory domain and rapidly reduces p85 protein levels
by linking p85 to HSP70/CHIP-mediated proteaosomal
degradation, thereby inhibiting PI3K activity in brain tumor
cells (16, 17).

Although much attention has been devoted to the distinct
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roles of the two Ebp1 isoforms in cellular functions, most of
the studies focused on their roles in cancer cells and
pathologic conditions. Therefore, little is known about their
roles in neural development. Knowledge of the spatial
temporal distribution of the two Ebp1 isoforms in the central
nervous system (CNS) during development may facilitate the
understanding of their function in vivo. Previously we showed
p48 Ebp1 is the predominantly expressed isoform in primary
cultured hippocampal neurons, promotes neurite outgrowth,
and acts as a downstream Trk signaling mediator (18). In this
study, we investigated the spatial and temporal expression of
p48 and p42 Ebp1 in murine brain. We found that p48 Ebp1 is
the predominant isoform expressed during brain development
and showed cell type specific expression in neurons but not
astrocytes in the cortex and hippocampus. p48 Ebp1
localization to distal microtubules in the growth cone was
reflected by its binding to beta tubulin but not alpha tubulin.
Importantly, we showed that AAV2-p48 Ebp1 introduction
successfully regenerated axon growth after injury in ex vivo
hippocampal slice cultures.

RESULTS

P48 Ebp1 is the major isoform expressed in the developing
murine brain

Our previous study indicated that p48 is selectively expressed
in the developing brain because rat brain extract from
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Fig. 1. P48 Ebp1 is a major isoform expressed in the developing
murine brain. (A) A series of mouse brain lysates from E14 to
P21 were subjected to RT-PCR analysis as indicated. GAPDH was
used as an internal control. (B) Immunoblotting analysis was
performed against two different antibodies, anti-N-p48 (specific for
p48 only) and anti-Ebp1, that recognized a common epitope for
p42 and p48 isoforms with a series of mouse brain lysates from
E14 to P21 as indicated. (C) Hippocampal and cortical regions
were isolated from mouse brain by time and subjected to
immunoblotting. B-actin was used as the loading control. *P <
0.05; **P < 0.005 versus control. Images shown are represen-
tative of at least three independent experiments, and each value
represents the mean + SEM of triplicate measurements.
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embryonic day (E) 18 and cultured hippocampal neurons
showed great p48 protein abundance, while p42 was almost
undetectable (18). To define the expression profiles for the two
Ebp1 isoforms during neural development, we conducted
RT-PCR and immunoblotting analysis in a series of mouse
brains by time: embryonic day (E) 14 through postnatal day (P)
21. p48 Ebp1l mRNA was highly expressed during the
embryonic stage and was less abundant after birth but was still
expressed at high levels compared to p42 mRNA, which
showed little detectable expression in early brain development
but was expressed in the postnatal brain (Fig. 1A). We
employed two different antibodies, anti-N-p48 (specific for
p48 only) and anti-Ebp1, that recognized a common p42 and
p48 isoform epitope. Immunoblotting showed that p48 was
highly expressed throughout development but was progressively
reduced after birth, while p42 began to be visible at P3. This
corresponded with our RT-PCR analysis (Fig. 1B). Moreover, in
the adult brain, we isolated the hippocampus and cortex and
investigated the expression patterns of the two Ebp1 isoforms
(Fig. 1C). In both the hippocampus and cortex, although both
p48 and p42 proteins were detectable, p48 was the
predominant isoform, supporting the hypothesis that p48 is
highly involved in cell proliferation.

P48 Ebp1 is mostly expressed in neurons compared to
astrocytes in the hippocampus

To examine cell type p48 expression specificity, we employed
an entorhinal cortex through hippocampal (EH) organotypic
slice co-culture (OSC), which permitted a well-preserved
cytoarchitecture and reflected the corresponding in vivo
maturation schedule and connectivity for different anatomical
subregions, as well as between-cell functional interactions (19,

Fig. 2. P48 Ebp1 is mostly expressed in the neurons rather than
astrocytes in the hippocampus. The entorhinal cortex through
hippocampus (EH) organotypic slices from P7 mice were cultured
for 9 days and immunostained. (A) Representative image of neuronal
marker MAP2 (green) with p48 Ebp1 in sub-regions of EH-DIV 9
slices. Scale bar, 50 um. (B) Representative image of astrocyte
marker GFAP (green) with Ebp1 in DIV 9 slices. Scale bar, 50 pum.
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20). In the experimental condition using P7 mouse brain, we
performed EH-OSC, grew slices in tissue culture for 9 days,
and then categorized subregions as entorhinal cortex (EC) and
hippocampal CA1, CA3, and dentate gyrus (DG) regions
(Supplementary Fig. 1). Immunohistochemical staining demon-
strated that p48 Ebp1 (red) was strongly expressed in all
regions colocalized with microtubule-associated protein (MAP)
2 (neuron marker; green) (Fig. 2A). Strikingly, the expression
patterns of p48 Ebp1 (red) and glial fibrillary acidic protein
(GFAP) (astrocyte marker; green) immunofluorescence showed
little co-localization in the EC or hippocampus (CA1) (Fig. 2B).
Thus, this data suggests that p48 Ebp1 is specifically expressed
in neurons rather than astrocytes during brain development.

P48 Ebp1 is present in the growth cone and interacts with
microtubules

In accordance with our findings that p48 Ebp1 was specifically
localized throughout all developing hippocampal neurons
including the soma and neurites during NGF-mediated PC12
cell differentiation (18), we hypothesized that p48 Ebp1
possesses specific roles in neuronal development. The spatial
distribution of p48 Ebp1 was visualized not only in the soma,
but also prominently in leading edge neurite precursors during
early time points. Both antibodies demonstrated similar Ebp1
distributions, revealing that Ebp1 was found in the soma and
proximal axon tips, while its expression tapered off along the
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Fig. 3. P48 Ebp1 is present in the growth cone, interacting with
microtubules. (A) Cultured neurons were fixed at DIV 3. Neurons
were stained with anti-Ebp1 (red) and anti-Tuj1(green). Scale bar,
20 pm. Representative images at a higher magnification in the
region indicated by a box are shown in 2-4 panels. Scale bar, 5
um. (B) GST-pull down assay with purified GST-p48 or p42 and
cell lysates from differentiated PC12 cells (DIV) and immunoblotting
were performed with indicated antibodies. (C) GST-pull down
assay with purified beta tubulin and GFP-p48 orp42 Ebpl-
expressing cell lysates of PC12 cells. Immunoblotting was performed
with indicated antibodies. (D) PC12 cells were co-transfected with
flag-tagged beta tubulin and a series of GFP-Ebp1 constructs as
indicated. After 48 hours, cell lysates were subjected to immuno-
precipitation assay against anti-flag antibodies, and immunoblotting
was performed with indicated antibodies.
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distal axon. However, the anti-N-p48 antibody signal was
notably strong in the distal growing neurite growth cone,
suggesting that p48 Ebp1 expression is spatially and temporally
correlated between subcellular locations and the growth cone
during development (Supplementary Fig. 2). In the stage llI
hippocampal neuron, we found prominent endogenous Ebp1
expression in the growth cone central domain where micro-
tubules were highly enriched and was co-distributed with
Tuj1-labeled beta tubulin in distal microtubules (Fig. 3A).

Free tubulin dimers bind two GTP molecules, one at the
non-exchangeable alpha tubulin N-site and the other at the
exchangeable beta tubulin E-site. Beta tubulin along the
microtubule length is bound to GDP, and the plus end is
capped by a GTP-bound beta tubulin layer (21). Interestingly,
using differentiated cell lysates (DIV 2) from PC12 cells with
purified GST-p48 and p42 proteins, we found that both Ebp1
isoforms bound to endogenous beta tubulin but not alpha
tubulin (Fig. 3B). Reciprocally, we confirmed the specificity of
this interaction using purified beta tubulin and GFP-p48- or
GFP-p42-expressing cell lysates, showing the association
between beta tubulin and both Ebp1 isoforms (Fig. 3C). Our
mapping analysis showed that the Ebp1 N-terminal domain
(1-183) was sufficient and necessary for the interaction
between Ebp1 and beta tubulin (Fig. 3D). Taken together, this
data indicates that Ebp1 acts as an MAP and is involved in
microtubule dynamics during axon growth.

P48 Ebp1 contributes to axon regeneration in injured
hippocampal slices

Because we found that p48 Ebp1 was a microtubule-binding
protein localized to the distal growth cone in growing axons,
but its expression decreased after birth, we wondered whether
p48 Ebp1 reintroduction to damaged brain would stimulate
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Fig. 4. P48 Ebp1 contributes to axon regeneration in injured
hippocampal slices. Hippocampal slices were axotomized at the
perforant path (PP) after DIV 7, and AAV2-p48Ebp1 or control
virus was infected on DIV 9. Slices were cultured for an
additional 14 days. The anterograde axonal tracer biocytin was
placed on the entorhinal cortex. Biocytin was visualized using the
ABC-DAB method. (A) Representative images of biocytin tracing
(A) and quantification of regenerating axons (B). Black arrows
indicate regenerated fibers. Scale bar, 100 pm. **P < 0.005
versus control. Images shown are representative of at least three
independent experiments, and each value represents the mean +
SEM of triplicate measurements.

http://ombreports.org



axon regeneration. After EH-OSC for 9 days, we introduced
control AAV2 or AAV2-p48 into injured slices and maintained
tissue culture for another 14 days. We used biocytin labeling
for neuronal tissues and diaminobenzidine (DAB)-based
processing for brain slices to determine if axons would
regenerate. In agreement with a previous report (22), we saw
negligible axon regrowth in control virus-infected slices post
injury. However, both regenerating hippocampal axon number
and length were notably increased in AAV2-p48 Ebp1-infected
slices (Fig. 4A, B). This suggests that p48 Ebp1 introduction
after CNS injury could promote axon regeneration and is
perhaps a useful therapeutic approach for axotomy.

DISCUSSION

This study investigated Ebp1 isoform expression profile in the
developing mouse brain. P48 Ebp1 is a predominant isoform
in the brain, and its mRNA and proteins are significantly more
highly expressed in the developing embryo than in adults,
fitting with earlier results showing that p48 Ebp1 is highly
expressed in rapidly proliferating cells such as glioblastomas,
although still much more abundant than p42 expression,
which is visible after birth. Interestingly, p48 Ebp1 expression
in the hippocampus and entorhinal cortex is prominent in
neurons rather than astrocytes, implying neuron-specific roles
of p48 Ebp1 in the developing brain. Moreover, we found that
p48 Ebp1 is enriched in some axonal growth cone tips and
notably colocalized with microtubules, as shown by our in
vitro binding assay showing the physical interaction between
the p48 N-terminal domain and beta tubulin. Furthermore,
p48 Ebp1 overexpression in injured hippocampal slices
elicited robust axon regeneration. Thus, these results suggest
that p48 Ebp1 possesses microtubule-binding affinity and is
possibly involved in its dynamics, thereby contributing to axon
regeneration after injury in the CNS.

Since Ebp1 was first discovered to be an interacting partner
with the ErbB3 receptor, it has been considered a part of ErbB3
signaling. However, we have identified two Ebp1 isoforms,
p48 and p42, and have shown that the long p48 Ebp1 isoform
does not bind to ErbB3 and does not respond to neuregulin
treatment (data not shown). Rather, it enhances Akt activity
post-neurotrophin signaling including NGF and BDNF (18),
whereas the short p42 Ebp1 isoform binds to ErbB3 during
EGF treatment (6). Further support for ErbB3-independent p48
Ebp1 effects was shown during embryonic myoblast and adult
stem cell proliferation and differentiation, indicating that Ebp1
down-regulation reduced myoblast proliferation and differen-
tiation. These observations indicate that p48 acts as a general
signaling molecule independent of ErbB3, and p42 may be a
key binding partner for ErbB3 signaling. P42 invisible expression
during the embryonic stage was correlated with the ErbB3
expression profile. ErbB3 mRNA is extremely limited in the
developing mouse CNS. At E13, ErbB3 mRNA was not
detectable and by P7, the signal was visible and maintained in
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adult major white matter (23). Nevertheless during brain
development, ErbB1 and ErbB4 played more pivotal roles than
ErbB2 and ErbB3 for mediating early postnatal development
(24). Thus, although p42 mRNA and protein start to be
detectable during the postnatal development period, the major
Ebp1 isoform in the brain is probably p48 Ebp1 which is
reduced developmentally in the hippocampus and cortex,
reflecting its specific roles in early brain development.

Axon regeneration after injury relies on microtubule
cytoskeletal reconstruction, reorganization, and stabilization at
the axonal tip, where a balance between polymerization and
depolymerization is critical for normal axon growth (25, 26).
Growing numbers of microtubule regulators have been identi-
fied, but little information on how they regulate microtubule
dynamics after injury has been generated. In developing
neurons, p48 Ebp1 is localized to growing neurite tips,
enriched in axonal growth cones, and shows almost complete
colocalization with microtubules. Moreover, p48 Ebp1
associates with beta tubulin but not alpha tubulin, implying a
possible p48 Ebp1 role in microtubule dynamics. Previously,
we showed that p48 knockdown impaired neurite outgrowth
in a rat hippocampal cell line (H19-7/IGF-IR) (18). This might
be because p48 Ebp1 acts as an MAP to regulate microtubule
dynamics in axon growth cones. Along with p48 Ebp1 effects
on neurite elongation in the injured hippocampal slice, forced
expression of p48 Ebp1 profoundly provoked axon regeneration.
It will be worth identifying p48 Ebp1-specific mechanisms
regulating microtubule dynamics and how they localize to
dynamic microtubule tips in growth cones.

MATERIALS AND METHODS

Primary neuron and cell culture

E18 rat embryo brains were dissected, and hippocampi were
removed and placed in a 15 ml tube with 14 ml of Hanks'
Balanced Salt Solution (HBSS) on ice. Isolated hippocampi
were cultured as previously described (18). HEK293T cells and
PC12 cells were cultured as previously described (27).

Reverse transcriptase polymerase chain reaction (RT-PCR)
Brain lysates were obtained from E14-P21 mice. Total RNA
was extracted with QIAzol“R) reagent (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions. The reverse
transcription reaction was performed using a Superscript nm
kit (Invitrogen). Expression of the two Ebp1 isoforms (Genbank
accession number, NM_006191.2) was verified using GoTaq"
Green Master mix (Promega, Madison, WI, USA). The RT-PCR
primer sequences for Ebp1 were: (forward) 5-ACAGCCTGTG
GCTGGGAAGGG-3’ (nucleotides 343 to 363), (reverse) 5'-
CTTCAAAGGGGAGAAGTG-3’ (nucleotides 681 to 698) (product
size, 356 and 290 bp).

Immunofluorescence
Immunostaining was performed as previously described (28,
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29) with the following modifications. Cells grown on coverslips
in 24-well plates were fixed in 4% paraformaldehyde for 15
min, permeabilized in PBS containing 0.25% Triton X-100 for
10 min, and blocked in 1% BSA for 30 min. Cells were
immunostained using primary antibodies and the appropriate
Alexa Fluor 594 goat anti-rabbit and Alexa Fluor 488 goat
anti-mouse secondary antibodies. Nuclei were counterstained
with DAPI stain. Immunostained images were acquired using a
laser scanning confocal microscope (LSM 710, Carl Zeiss,
Germany). The confocal microscope was controlled using ZEN
software, and the acquisition was performed in the Research
Core Facility, SBRI.

Mouse hippocampal slice culture

Hippocampal slice cultures were prepared from P7 mouse
brains. The 300-um-thick brain slices were obtained by
vibratome sectioning (Leica V11200, Leica Biosystems) in
chilled MEMp [50% (vol/vol) minimum essential medium
(MEM), 25 mM HEPES, and 2 mM glutamine without
antibiotics, adjusted to pH 7.2-7.3 with T M NaOH]. The slices
were transferred onto semi-porous membrane inserts (Millipore,
0.4 pum pore diameter, Schwalbach, Germany). Intact slices
were cultured at 37°C and 5% CO; in a standard medium
MEMi [50% (vol/vol) MEM, 25 mM HEPES, 25% (vol/vol)
HBSS, 25% (vol/vol) heat-inactivated horse serum, 2 mM
glutamine, 1 ml penicillin/streptomycin solution, and 0.044%
(vol/vol) NaHCO;, adjusted to pH 7.2-7.3 with T M NaOH.]
The medium was changed every other day. Hippocampal
slices were either applied for immunostaining (Fig. 2) or
axotomized (Fig. 4) after DIV 7, and AAV2s were used for
infection at DIV 9. Slices were cultured for an additional 14
days. Biocytin anterograde axonal tracer was placed on the
entorhinal cortex at DIV 21. Hippocampal slices were fixed
with 4% PFA at DIV 22. Biocytin was visualized using the
ABC-DAB method.

Statistical analysis

Data are expressed as mean + SEM of triplicate measurements
from three independent experiments. Statistical analysis was
performed using Sigmaplot Statistical Analysis Software (Systat
software). All studies were performed in a blinded manner.
Statistical significance was defined by Student’s t-test (*P <
0.05; **P < 0.005).
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