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Neuroglobin Promotes Neurite Outgrowth via Differential Binding

to PTEN and Akt
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Abstract Neuroglobin, the third mammalian globin with a
hexa-coordinated heme, exists predominantly in neurons of
the brain. Neuroglobin plays an important role in neuronal
death upon ischemia and oxidative stress. The physiologi-
cal function of neuroglobin remains unclear. Here, we
report a novel function of neuroglobin in neurite develop-
ment. Knocking-down neuroglobin exhibited a prominent
neurite-deficient phenotype in mouse neuroblastoma N2a
cells. Silencing neuroglobin prevented neurite outgrowth,
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while ectopic expression of neuroglobin but not homolo-
gous cytoglobin promoted neurite outgrowth of N2a cells
upon serum withdrawal. In primary cultured rat cerebral
cortical neurons, neuroglobin was upregulated and prefer-
entially distributed in neurites during neuronal develop-
ment. Overexpression of neuroglobin but not cytoglobin in
cultured cortical neurons promoted axonal outgrowth,
while knocking-down of neuroglobin retarded axonal out-
growth. Neuroglobin overexpression suppressed phospha-
tase and tensin homolog (PTEN) but increased Akt
phosphorylation during neurite induction. Bimolecular flu-
orescence complementation and glutathione S-transferase
pull-down assays revealed that neuroglobin and various
mutants (ES3Q, E118Q, K119N, H64A, H64L, and Y44D)
bound with Akt and PTEN differentially. Neuroglobin
E53Q showed a prominent reduced PTEN binding but
increased Akt binding, resulting in decreased p-PTEN,
increased p-Akt, and increased neurite length. Taken
together, we demonstrate a critical role of neuroglobin in
neuritogenesis or development via interacting with PTEN
and Akt differentially to activate phosphatidylinositol
3-kinase/Akt pathway, providing potential therapeutic
applications of neuroglobin for axonopathy in neurological
diseases.
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Introduction

Neuritogenesis or neurite outgrowth is essential for neuro-
nal path findings and the establishment of synaptic connec-
tions during the development of the central nervous system
(CNS) [1, 2]. Inducing neurite outgrowth is a crucial but
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tough step in treating diseases such as traumatic CNS
injury, stroke, or neurodegenerative diseases [2—4]. Along
with aging, regenerating neurite is of particular difficulty as
neurons lose their ability to produce neurite after matura-
tion [5]. Understanding clearly the molecular mechanisms
regulating neurite outgrowth is required for searching
effective drugs or improving treatments for various neuro-
logical diseases. Neurite outgrowth is an early neuronal dif-
ferentiation process to establish neuronal connectivity
during brain development. The mechanisms of neurite out-
growth in CNS are complicated and controlled by driving
forces of neurite outgrowth in neurons and environmental
neurite outgrowth-promoting or inhibiting forces. Key
intracellular signaling molecules or pathways controlling
neurite outgrowth include growth factors, Akt, phosphati-
dylinositol 3-kinase (PI3K), mitogen-activated protein
kinases, glycogen synthase kinase 3f (GSK-3p), protein
kinase C (PKC), and Ca?/calmodulin-dependent protein
kinase (CaMKII) [6-10].

Neuroglobin (Ngb), a neuronal- or brain-specific respira-
tory protein, is the third heme-containing globin discovered
in mammalian brains [11]. Until now, the physiological
function of Ngb remains elusive. However, the differential
expression of Ngb in developing and aging brains suggests
an important role of Ngb in brain development and aging
[12]. Previous studies of Ngb focus mainly on the role of
Ngb in hypoxic of ischemic neurons, and most studies
showed a neuroprotective effect of Ngb against hypoxic/
ischemic injury [13, 14]. The increased expression of Ngb
in the cortical peri-infarct region of stroke patients suggests
a potential role of Ngb in neuronal function recovery after
ischemia.

In addition to its native small ligands such as oxygen
(O,) and nitric oxide (NO), Ngb also interacts with pro-
teins, suggesting its important role in coupling O,/NO sig-
nal and intracellular signaling pathways. For example, the
binding of Ngb with G-protein subunit, 14-3-3C, or cyto-
chrome C contributes to Ngb’s protection in neurons or
astrocytes from hypoxia- or ischemia-caused cell death
[15-17]. Tt is also reported that Ngb exerts a protective role
upon H,O, oxidative stress by increasing p-Akt [18]. In
addition, Ngb attenuates Alzheimer-like tau hyperphos-
phorylation by activating Akt signaling [19]. These data
suggest complicated biological functions and mechanisms
of action of Ngb under physiological or pathological condi-
tions as a representative of the hexa-coordinated globins.

In this study, we demonstrate that neuroglobin is required
for neuronal development by promoting neurite outgrowth.
To the best of our knowledge, we are the first to report such
a physiological function of neuroglobin. Moreover, we find
that Ngb promotes neurite development by interacting with
Akt and its upstream regulator phosphatase and tensin
homolog (PTEN).
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Methods and Materials

The Ngb overexpression plasmid (p-Ngb-EGFP-N1) and its
mutants (ES3Q, E118Q, K119N, H64A, H64L, and Y44D)
were constructed previously [20]. The Ngb short hairpin RNA
(shRNA)-expressing plasmid (p-Ngb-shRNA-Genesil-1, sh-Ngb)
for Ngb knock-down was constructed as in a previous study, and a
nonspecific DNA fragment (scramble) was used as a negative con-
trol [20]. All other expression vectors were kindly provided by
Prof. Haian Fu (Department of Pharmacology, School of Medicine,
Emory University, Atlanta, GA, USA). All plasmids were con-
firmed by sequencing before use.

Cell Line Cultures and Transfection

N2a cells were cultured with 1:1 Dulbecco's modified Eagle's
medium (DMEM) and OPTI-MEM supplemented with 5 %
(v/v) fetal bovine serum (FBS) (GIBCO BRL, USA), at
37 °C with 95 % air/5 % CO, (v/v) and 95 % (v/v) humidity
in an incubator (Heal Force Inc., Hong Kong, China). The
human embryonic kidney 293T (HEK293T) cells were
grown in DMEM containing 10 % FBS. N2a and HEK293T
cells were seeded at a density of 5x 10° cells per 35 mm dish
for transfection with Lipofectamine 2000 (Invitrogen, USA)
according to the manufacturer's instructions. Fresh OPTI-
MEM media without serum or 20 pM retinoic acid (RA)
(Sigma, USA) was used to induce N2a cell differentiation
24 h after transient transfection. Stably transfected cell lines
were established by neomycin selection.

Primary Cultures and Nuclear Transfection

Primary cultures of rat cerebral cortical neurons were set as
reported previously [21]. Briefly, cerebral cortices isolated
from E18 rat embryos were kept in ice-cold Hanks' bal-
anced salt buffer (Sigma, USA). The tissues were digested
in 0.125 % (w/v) trypsin for 10 min at 37 °C and triturated
with a flame-polished Pasteur pipette in plating medium
(DMEM with 10 % (v/v) FBS) to disrupt cell-cell connec-
tions. Dispersed cells were filtered with a 200-mesh filer
and then centrifuged at 800xg for 5 min. The cell pellets
were resuspended in DMEM-10 % (v/v) FBS. Dissociated
neurons were plated onto 35 mm dishes coated with poly-
d-lysine (Sigma, USA) at a density of 0.5x10° cells/ml.
After 2 h of cell attachment, media were changed to neuro-
basal medium supplemented with 2 % (v/v) B27 and 2 mM
I-glutamine (Invitrogen, USA). Transfection of neurons
was carried out immediately before cell seeding by using
the Amaxa Nucleofector device (Lonza, Switzerland)
according to the manufacturer's instructions. Transfected
neurons were allowed to attach to the culture dishes for
3—4 h and then the culture media were replaced with neuro-
basal medium-2 % (v/v) B27-1-glutamine (2 mM). Primary
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cultures of rat cerebral cortical astrocytes were set as
reported previously [22].

Western Blotting Analysis

Total soluble proteins were extracted from cultured cells by
using radioimmunoprecipitation assay lysis buffer (Applygen
Technologies Incorporation, Beijing, China) containing
phenylmethanesulfonyl fluoride (Sigma, USA), and equal
amounts of total proteins were subjected to Western blotting
analysis as previously described [23]. The membranes were
blocked with 5 % (w/v) nonfat dried milk in Tris-buffered
saline and then incubated with primary antibodies against Ngb,
GFP, glutathione S-transferase (GST), His, B-actin (Santa Cruz
Biotechnology, USA), p-PI3K p85 (Tyr458), PI3K p85, p-Akt
Serd473, Akt, p-GSK-3p Ser9, GSK-3p, p-PTEN Ser380/
Thr382/383, PTEN, p-Erk-1/2 (Thr202/Tyr204), and Erk-1/2
(Cell Signaling Technology, USA). After incubation with
IRDye 800CW or IRDye 680CW conjugated goat anti-rabbit
or anti-mouse IgG (LI-COR Biosciences, USA), the blots were
visualized and quantified by using the Odyssey Infrared
Imaging System (LI-COR Biosciences, USA).

Immunofluorescence Staining

Immunofluorescence staining was performed as described
previously [23]. Briefly, cells in the cultures were fixed for
30 min in phosphate-buffed saline (PBS) containing 4 %
(w/v) paraformaldehyde and permeabilized with 0.3 % (v/v)
Triton X-100 for 15 min. The cells were then blocked with
3 % (w/v) bovine serum albumin (BSA) in PBS for 30 min
at room temperature and incubated with primary antibody
(rabbit anti-Ngb 1:100 (v/v), Santa Cruz; mouse anti-Ngb
1:100 (v/v), Abcam, USA; mouse anti-Tau-1 1:100 (v/v),
Millipore, USA; rabbit anti-growth associated protein-43
(GAP-43) 1:100 (v/v), Abcam, USA) at 4 °C overnight.
After washing three times with PBS, the cultures were incu-
bated with secondary antibody conjugated with Dylight 488
or Dylight 594 (1:200 (v/v), Jackson, USA) for 1 h at room
temperature. Hoechst 33342 (2 pg/ml, Sigma, USA) was
used to stain nuclei. Micrographs were taken using a Zeiss
510 confocal microscope (Carl Zeiss, Germany).
Fluorescence intensities of Ngb and GAP-43 of the same
cell were measured by using Image-Pro Plus 6.0 software.

Immunohistochemistry

Rats were anesthetized with chloral hydrate (0.4 g/kg) and
transcardiac perfusion was performed with 4 % (w/v) ice-cold
paraformaldehyde solution. The brains were post-fixed in
perfusate overnight and then cut into sections of 15 pm with a
vibratome (Leica S100, Germany). The brain sections were
permeabilized with 0.5 % (v/v) Triton X-100/0.3 % (v/v)

H,0O, in PBS for 30 min. After blocking with 5 % (v/v) BSA
for 1 h at room temperature, the sections were incubated with
anti-Ngb antibody (1:100 (v/v), Santa Cruz, USA) overnight
at 4 °C, followed by incubating with a biotin-labeled goat
anti-rabbit IgG for 1 h at 37 °C. The immunoreaction was
detected by incubating the sections with streptavidin—biotin—
peroxidase complex for 1 h at 37 °C and visualized by using
the DAB reagents. Micrographs were taken with a conven-
tional microscope (Olympus BX60, Japan) [20].

Reverse Transcription Polymerase Chain Reaction
(RT-PCR)

Total RNA from primary cortical neurons was isolated using
TRIzol reagents according to the manufacturer's protocol
(Invitrogen, USA). Total RNA (2 pg) was used to perform
reverse transcription by using M-MLV transcriptase
(Promega, USA), oligo (dT ) primer (Promega, USA) in a
total volume of 25 pl. Conventional PCR (25-30 cycles of
94 °C, 45 s; 55 °C, 30 s; 72 °C, 50 s plus final extension at
72 °C for 5 min) was performed in a volume of 20 pl con-
taining 1x PCR buffer, 2 pl cDNA, 200 pM dNTPs, 400 nM
primers, and 1 U Tag DNA polymerase, using p-actin as
internal control. The primers used in PCR were as follows:
Ngb—5'-CAT CGG GCA GTG GGA GTG AGG-3' and
5'-TCC AGG CGG TCC TTG TAG CTG-3’; p-actin—5'-
CAG CCT TCC TTC TTG GGT AT-3’ and 5'-GCT CAG
TAA CAG TCC GCC TA-3'. Triplicate measurements were
conducted for each sample and the Ngb mRNA level was
normalized by B-actin [20].

Neurite Outgrowth Assay

Cultured cortical neurons or N2a cells were fixed with 4 %
paraformaldehyde. For each culture, nine fields were micro-
graphed randomly under a conventional microscope (Carl
Zeiss, Germany). The longest neurite length in each neuron
was measured by using the software Image-Pro Plus. The
mean neurite length of 100 neurons from three independent
experiments was used for statistical analysis. The fluores-
cence intensity in Ngb-GFP was plotted against the longest
neurite length of the same cell and was subjected to Pearson's
bivariate correlation analysis (SPSS statistical package).

Glutathione S-transferase Pull-Down Assay

After 48 h of transfection, HEK293T cells were washed
once with cold PBS and lysed in 400 pl of binding buffer
(20 mM Tris-HCI, pH 7.5, 50 mM NaCl, 50 mM NaF,
0.5 mM EDTA, 0.5 % (v/v) Triton X-100, and protease
inhibitors) per 35 mm dish. The cells were incubated in
binding buffer for 15 min on ice, and supernatants were col-
lected by centrifugation at 10,000xg for 10 min at 4 °C.
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Glutathione sepharose beads (BioVision, USA) were pre-
washed with the binding buffer. Then, 200400 pg of total
soluble proteins was incubated with glutathione sepharose
beads (20 pl per sample) for 4 h with gentle rotation at 4 °C.
After three times of washing with ice-cold binding buffer,
20 pl of 2x SDS-PAGE gel loading buffer was used to dis-
sociate proteins from precipitates by boiling for 5 min. The
supernatants were collected and subjected to Western blot-
ting analysis. Anti-GFP and anti-GST antibodies were used
to probe corresponding fusion proteins.

Bimolecular Fluorescence Complementation Assay (BiFC)

BiFC assay is based on the reconstitution of a fluorescent
protein molecule upon reassociation of its two splitted non-
fluorescent fragments. When Venus yellow fluorescent pro-
tein (Venus, enhanced YFP) was cut into two fragments
containing either the N-terminal or C-terminal, neither of the
fragments displayed fluorescent property when expressed
alone. Coexpression of the two fragments linked to interact-
ing proteins allowed the partial reformation of Venus with
the concomitant appearance of the fluorescent signal. N2a
cells were transiently cotransfected with NV (Venus 1-157
N-terminal)- and CV (Venus 137-238 C-terminal)-tagged
plasmids at a ratio of 1:1 for 24 h. Fluorescent micrographs
were taken with a converted fluorescence microscope (Carl
Zeiss, Germany) using the excitation (480+30 nm) and
emission (53525 nm) filter at the same conditions. The rel-
ative fluorescence intensity from nine fields per culture was
measured by using the Image-Pro Plus 6.0 software, and the
mean fluorescence intensity was used for statistical analysis.
After photographing, cell lysates were extracted and the
expression of each fusion protein was measured by Western
blotting using antibodies against either GFP (for NV-tagged
fusion proteins) or His (for CV-tagged fusion proteins, the
vector contains a His tag) (Santa Cruz, USA).

Statistical Analyses

Experiments were repeated at least three times. Quantitative
results were expressed as mean + SEM. Statistical analyses
were performed with ANOVA and Student’s t-test; p values
exceeding 0.05 were considered to be not significant.
Results

Endogenous Ngb Is Required for Neuritogenesis in N2a Cells
To explore the physiological function of Ngb in neuronal
cells, we established a N2a cell line in which endogenous

Ngb was stably knocked down by overexpressing short hair-
pin Ngb RNAi plasmids (p-shNgb-Gensil-1, sh-Ngb). The
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efficacy of Ngb knocking-down by various sh-Ngb con-
structs targeting to different positions in Ngb mRNA coding
region was evaluated by cotransfecting sh-Ngb plasmids
together with p-Ngb-EGFP-N1 plasmids (Ngb) in N2a cells
(Fig. 1a). Since sh-Ngb 197 (targeting Ngb mRNA coding
region position starting from 197) was most effective in
reducing Ngb expression (Fig. 1b), we used this construct in
the following studies. Using this sh-Ngb construct, we
established corresponding stably transfected N2a cell line
(N2a/sh-Ngb) as well as nonspecific control cell line (N2a/
N-con, scramble control). Neurite outgrowth in N2a cells
was induced by serum withdrawal, a common neurite induc-
ing model. Serum deprivation induced a prominent neurite
outgrowth in wild-type N2a cells (N2a/WT, without trans-
fection) as well as N2a/N-con cells 3—12 h after media
change; however, the neurite was not induced or signifi-
cantly shorter in N2a/sh-Ngb cells after 3—12 h of induction
(Fig. 1c). The neurite length (the longest one) of individual
N2a cells in the cultures was measured (>100 cells/dish),
and the percentages of N2a cells bearing different lengths of
neurite were categorized into six groups (0-20, 2040,
40-60, 60-100, 100-150, and>150 pm). The percentages of
the six groups were plotted in Fig. 1d. The percentage distri-
bution pattern of N2a/WT was similar to that of N2a/N-con
cells (Fig. 1d). Obviously, N2a/sh-Ngb cells had much more
cells in the group bearing the shortest neurite (0-20 pm)
(>70 % in all time points) and much less cells in the longer
neurite groups (especially, >60 pm) (Fig. 1d). The mean
longest neurite length of N2a/sh-Ngb cells was significantly
shorter than those of N2a/N-con and N2a/WT at various
time points upon serum withdrawal (Fig. le). Therefore,
endogenous Ngb was required for neuritogenesis or neuro-
nal differentiation in N2a cells.

Ngb Overexpression Promotes Neurite Outgrowth in N2a Cells

To further establish the causative role of Ngb in neurite out-
growth in N2a cells, we examined the effect of Ngb overex-
pression on neurite growth. The transfection efficiency of
N2a cells was around 77 % (Fig. 2a). Serum withdrawal
induced neurite outgrowth in N2a/GFP cells (transiently
transfected with p-EGFP-N1) as viewed by GFP fluores-
cence (Fig. 2b), verifying the neurite outgrowth inducing
model in N2a cells. Overexpression of Ngb-GFP evidently
increased neurite length in N2a cells at various time points
(3, 6,9, 16, and 24 h) upon serum withdrawal as compared
to the corresponding GFP controls (Fig. 2b). Interestingly,
overexpression of cytoglobin (Cygb), another hexa-coordi-
nated globin closely related to Ngb and widely expressed in
various tissues, had no effect on neurite outgrowth in N2a/
Cygb cells (Fig. 2b). The morphometric analysis of mean
neurite length was carried out by measuring the longest neu-
rite of individual N2a cells (>100 cells/dish) in the culture.



Mol Neurobiol

A
2 5 S o &S W
POIDOE P e & 8120 !
B N A T 2100
F & & & & 0 Z 80
S SN PP )
AT M M M ) 2 60
% 40
Ngb | s — - - @ 20
B-acﬁn - - .”“ “
b c
N-con sh-Ngb
Ngb — -

B-actin e -

*k

Relative level
=

n N-con sh-Ngb

M0-20 um 040-60 um  W100-150 pm
d 32040 ym O60-100 um @>150 um

WT/N-con/sh-Ngb
100

80
60t
401

207

Cell percentage (% of total)

0 3 6
Serum deprivation

12h

Fig.1 Neurite-deficient phenotype in Ngb knocking-down N2a cells. a
The effect of sh-Ngb plasmids on Ngb knock-down. Four sh-Ngb plasmids
(targeting different Ngb mRNA coding regions) were co-transfected with
p-Ngb-EGFP-NI into N2a cells. The knocking-down efficiency of sh-Ngb
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Ngb coding sequence 197-217). sh-Cygb served as a nonspecific control
of sh-Ngb and f-actin as a loading control. Relative Ngb level was
expressed as Ngb/p-actin. Statistical analysis showed that sh-Ngb 197 was
most effective in decreasing Ngb. b Effect of sh-Ngb on knocking-down
endogenous Ngb in N2a cells. Representative Western blotting results and
statistical analysis demonstrated that sh-Ngb overexpression efficiently
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longest neurite. Cell percentage of the six groups (100 % in total) was
calculated from representative cultures. e Statistic analysis of the mean
longest neurite length of N2a/sh-Ngb, N2a/N-con, and N2a/WT at
indicated time points of serum withdrawal. Mean longest neurite length
was determined by measuring the longest neurite of more than 100 cells
per dish and three independent experiments were performed. n=3;
**p<0.01, **p<0.001
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Cell percentage histogram clearly showed that there were
much more cells bearing a longer neurite (>40 pm; 6, 9, 16,
and 24 h) in Ngb-transfected N2a cells than GFP or Cygb
controls (Fig. 2c). In the meantime, Ngb-transfected N2a
cells had much less cells in the 0-20-pm group (Fig. 2c; 9
and 16 h). Statistical analysis demonstrated that the mean
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longest neurite length was significantly longer in the Ngb-
transfected N2a cells as compared to that of GFP and Cygb
controls at various time points (3, 6, 9, 16, and 24 h) upon
serum withdrawal (Fig. 2d). The fluorescence intensity of
Ngb-GFP in individual N2a cells was correlated positively
to its longest neurite length (R>=0.839, Fig. 2¢). Further, the
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effect of Ngb on neurite outgrowth was tested in retinoic
acid-treated N2a cells. Overexpression of Ngb significantly
increased the neurite length of N2a cells 24 h after RA treat-
ment as compared to its corresponding GFP control (Fig. 2f).
These results demonstrated that there is a neurite growth-pro-
moting function of Ngb and that this function is specific to
Ngb but not to other members of the globin family.

Ngb Is Upregulated and Preferentially Distributed
in Developing Neurons In Vitro and In Vivo

The effects of Ngb silencing and overexpression on neurite
outgrowth in N2a cells suggest a physiological function of
Ngb in the brain. Therefore, we investigated the correlation
of Ngb expression and neurite development in primary cul-
tured cortical neurons. In cultured cortical and hippocampal
neurons, neurite length was increased steadily along with
the culture ages within 7 days in vitro (7 DIV) (Fig. 3a, b).
Results of RT-PCR demonstrated that the expression levels
of Ngb transcripts were significantly increased in cultured
cortical neurons along with their culture ages in vitro
(Fig. 3c, d). However, the expression levels of Ngb mRNA
in cultured astrocytes did not differ at different culture ages
(1, 2, 3, and 4 weeks; Fig. 3e, f). Consistently, the results of
fluorescence cytoimmunostaining (Fig. 3g) showed that the
expression levels of Ngb proteins were also increased in cul-
tured cortical neurons along with their ages in vitro, cor-
relating with the increasing axon length of cortical neurons
during development. Statistical analysis demonstrated that
the mean Ngb fluorescence intensity was significantly
higher in neurons at 3, 5, and 7 DIV (Fig. 3h). Notably, Ngb
was evenly distributed in neurons at 1 DIV but tropically
distributed in neurons at 3 and 5 DIV with an apparent dis-
tribution in the neurites (Fig. 3g). The upregulation and dis-
tribution of Ngb in neurites were correlated well to the
process of neurite outgrowth in cultured neurons.

We then analyzed the subcellular distribution of endoge-
nous Ngb in the brain. Figure 4a showed that the Ngb anti-
body we used recognized Ngb protein specifically in
Western blotting analysis, consistent with our previous stud-
ies [20]. Ngb existed not only in the cell body but also evi-
dent in the neurites of both cortical and hippocampal
neurons (Fig. 4b, arrows indicated the neurites) in young
adult (1 month) rat brains. In the developing cortical neu-
rons (3 DIV), Ngb was largely distributed in the neurite,
colocalizing well with Tau-1, a marker of axon (Fig. 4c).
Notably, Ngb was accumulated in the proximal site of axons
(indicated by arrows), the site of growth cone for axonal
growth. During the earliest phase of neurite development,
growth associated protein-43 (GAP-43) is expressed at the
growth cone of the emerging neurite. Double fluorescence
immunostaining showed that Ngb accumulation (indicated
by arrows) was colocalized well to GAF-43 accumulation in

cultured cortical neurons 6 h after initial seeding (Fig. 4d).
The coefficient of determination (R?) of the fluorescence
intensities of Ngb and GAP-43 in individual neuron was
0.9068 (Fig. 4e). Above evidences together established a
correlation between Ngb expression/distribution and neurite
outgrowth during neuronal development.

Ngb Promotes Neurite Outgrowth in Primary Cultured
Cortical Neurons

We then determined the functional role of Ngb in neurite
outgrowth by overexpressing or knocking-down Ngb in pri-
mary cultured cerebral cortical neurons. The transfection
efficiency of primary neurons was around 60 % by nuclear
transfection (Fig. 5a). Cultured cortical neurons with Ngb
overexpression possessed much longer neurites (the longest
one, axon) as compared to GFP and Cygb controls 48 h after
transfection (Fig. 5b). This evidence reassured the specific
physiological function of Ngb in neurite outgrowth in neu-
ronal cells. Statistical analysis demonstrated that the mean
longest neurite length of Ngb-transfected neurons was sig-
nificantly longer than that of GFP- and Cygb-transfected
neurons (Fig. 5c). Complementary knocking-down experi-
ments further demonstrated that silencing endogenous Ngb
by overexpressing sh-Ngb significantly reduced the longest
neurite length of cortical neurons as compared to its N-con
4 days after nuclear transfection (Fig. 5d). These data
together demonstrated that Ngb was required for neurite
outgrowth in primary cultured cortical neurons.

Ngb Promotes Neurite Outgrowth via Binding to PTEN
and Akt

To understand the molecular mechanisms by which Ngb
promotes neurite outgrowth, we investigated the effect of
Ngb on several key proteins closely related to neurite out-
growth [24]. Western blotting analysis (Fig. 6a) and statisti-
cal analysis (Fig. 6b) showed that Ngb had prominent effects
on PTEN/PI3K/Akt signaling cascades in N2a cells after
serum withdrawal. Overexpression of Ngb evidently
decreased p-PTEN Ser380/Thr382/Thr383 levels, increased
p-Akt Ser473 levels in N2a cells upon serum deprivation but
did not alter total PTEN and Akt levels as compared to their
GFP controls. However, Ngb overexpression did not alter
p-PI3K Thr458 and p-GSK3p Ser9 levels. Also, Ngb over-
expression did not alter p-Erk-1/2 levels although Erk-1/2
activation was evident in N2a cells upon serum deprivation.
The specificity of each phosphorylated antibody was veri-
fied by using phosphatase-treated samples (Fig. 6a). To fur-
ther explore the mechanisms of Ngb action in the PTEN/
PI3K/Akt pathway, the direct interaction of Ngb with PI3K
or Akt was examined by the BiFC technique. Coexpression
of NV-Ngb and CV-Akt reconstituted Venus signal in N2a
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Fig. 3 Endogenous Ngb expression in developing cultured cortical
neurons. a, b Statistical analysis of the mean longest neurite length of
cultured cortical neurons (a) and hippocampal neurons (b) at the
indicated culture ages (DIV). n=3; **p<0.0l vs 1 DIV. ¢
Representative RT-PCR results of Ngb mRNA in cultured neurons
along with culture ages. -Actin was amplified simultaneously as the
internal control. d Statistical analysis of relative expression levels of
Ngb mRNA after normalizing to f-actin. *¥p<0.01 vs 1 DIV. e
Representative RT-PCR results of Ngb mRNA in primary cultures of
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Fig. 4 Subcellular Ngb distribution in developing neurons in vitro
and in vivo. a Identification of Ngb antibody specificity. p-Ngb-
EGFP-N1 or p-EGFP-N1 was transiently transfected into N2a cells.
Two days after transfection, cell lysates were subjected to Western
blotting analysis with the Ngb antibody (1:500, Santa Cruz). -Actin
served as the loading control. b Ngb distribution in cerebral cortical
and hippocampal neurons in rat brain. Sections from adult rat brains
were subjected to immunohistochemical analysis with Ngb antibody.
Representative micrographs showed the expression of Ngb in the
cerebral cortex and hippocampus. Arrows indicated Ngb in neurites.
The experiments were repeated three times. ¢ Colocalization of Ngb
and Tau-1 in developing cultured cortical neurons. Primary cultured rat

cells, and its fluorescence was enhanced further upon 9 h of
serum deprivation as compared to NV-Ngb/CV and NV-Ngb/
CV-PI3K cotransfected cells (Fig. 6¢). NV-MKK3/CV-p38
served as a positive control for BiFC assay. Moreover, fluo-
rescent positive cells in NV-Ngb/CV-Akt cotransfected N2a
cells were evidently increased upon 9 h of serum depriva-
tion (Fig. 6¢). Statistical analysis of the Venus fluorescence
intensity demonstrated that Venus signal was significantly
enhanced in NV-Ngb/CV-Akt cells upon 9 h of serum depri-
vation (Fig. 6d). Western blotting analysis showed similar
expression level of NV- and CV-tagged proteins in NV-Ngb/
CV-PI3K and NV-Ngb/CV-Akt cotransfected cells (Fig. 6e).

240
230
220
210

R?=0.9068

Ngb intensity

150 160 170 180 190
GAP-43 intensity

cortical neurons at 3 DIV were double-stained with Ngb and Tau-1
antibodies. Representative fluorescence micrographs showed the
subcellular distribution of endogenous Ngb (green) and Tau-1 (red) in
cortical neurons. Arrows indicated Ngb aggregates. Hoechst 33342
stained the nuclei (blue). The experiments were repeated three times. d
Colocalization of Ngb and GAP-43 in developing cultured cortical
neurons. Primary cultured cortical neurons 6 h in vitro were double-
stained with Ngb and GAP-43 antibodies. Representative micrographs
showed that Ngb’s aggregates (indicated by arrows, red) were
colocalized to GAP-43’s aggregates. The experiments were repeated
three times. e Correlation of Ngb and GAP-43 intensities in cultured
cortical neurons 6 h in vitro

The interaction between Ngb and Akt was further con-
firmed by GST pull-down assay (Fig. 7a). Interestingly,
mutations of Ngb at various sites (E53Q, E118Q, K119N,
H64A, H64L, and Y44D) evidently enhanced its binding to
Akt (Fig. 7a). Since Ngb"T bound little Akt and Ngb affect-
ing both p-Akt and its canonical upstream negative regulator
PTEN (Fig. 6a), we further examined the interaction of Ngb
and PTEN. GST pull-down assay showed a clear Ngb—
PTEN interaction. Notably, mutation of Ngb at various sites
(E53Q, E118Q, K119N, H64A, H64L, and Y44D) notably
reduced its binding to PTEN, contrary to the changes of
Ngb—Akt interactions (Fig. 7b). Taken together, our data
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Fig.5 Effects of Ngb overexpression and knock-down on axon outgrowth
in primary cortical neurons. a Nuclear transfection efficiency in primary
cultured cortical neurons. Cultured neurons were transiently transfected
with p-EGFP-N1 plasmids by using the Nucleofector Kit and the Amaxa
Nucleofector device. Representative micrograph (left panel) showed the
expression of GFP in the culture 2 days after transfection. Right panel
showed the transfection efficiency (n=3). b Effect of Ngb overexpression
on axon outgrowth in primary cortical neurons. Cultured cortical neurons
were transfected with either p-EGFP-N1, p-Cygb-EGFP-N1, or p-Ngb-

demonstrated that Ngb controls PTEN/PI3K/Akt signaling
by interacting with PTEN and Akt selectively.

We then determined the effect of Ngb mutant (ES3Q,
decreasing Ngb—-PTEN interaction most effectively) on
PTEN/Akt signaling. Western blotting analysis (Fig. 7c)
and statistical analysis demonstrated that Ngb®3Q signifi-
cantly decreased p-PTEN and increased p-Akt expression
levels as compared to Ngb%™ controls in N2a cells upon 9 h
of serum deprivation (Fig. 7c, d). Consistently, overexpres-
sion of Ngb®3Q significantly increased the length of axons in
primary cultured cortical neurons at 5 DIV as compared to
Ngb%T control (Fig. 7e).

Discussion

Neuroglobin, a highly conserved hemoprotein that evolved
from a common ancestor to hemoglobin and myoglobin, is
predominantly expressed in neurons of the brain and retina
[25]. Current studies have revealed diverse potential func-
tions of Ngb, which focus mainly on Ngb’s neuroprotection
upon ischemia or oxidative stress associating to its binding
to small ligands such as O, and NO or macromolecules such
as G protein and 14-3-3 [26]. Until now, the physiological
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EGFP-NI. Representative micrographs showed the morphological change
of cultured cortical neurons at 3 DIV. The experiments were repeated
independently at least three times. ¢ Statistical analysis demonstrated that
the mean longest neurite length of Ngb-transfected neurons was
significantly longer than that of Cygb- or GFP-transfected neurons at 3
DIV. n=3; #**¥p<0.001. d Effect of Ngb knock-down on neurite outgrowth
in cortical neurons. Statistical analysis demonstrated that the mean longest
neurite length of sh-Ngb transfected neurons was significantly shorter than
that of N-con at 4 DIV. n=3; *p<0.05

function of Ngb is still not determined. The primary finding
of the present study is that neuroglobin is essential for neu-
ritogenesis or neurite (including axon) outgrowth during
neuronal development or differentiation. The underlying
mechanisms involve interactions among Ngb and PTEN or
Akt.

Neurite length was gradually increased during neuronal
development in primary cortical neurons in vitro. The
expression levels of Ngb mRNA and protein were also
increased, leading to the neurite growth process. During the
earlier stage of axon growth, Ngb was even accumulated in
the growth cones of axons (Fig. 4c). Ngb in the neurites of
cortical and hippocampal neurons in young adult rats was
also notable. These data clearly support a positive correla-
tion of Ngb and neurite/axon development.

The differentiation of mammalian neurons during devel-
opment is a highly complex process involving electrophysi-
ological, morphological, and transcriptional changes [27].
This process is characterized by the initial formation of
immature neurites, i.e., neurite outgrowth. By ectopic
expression of Ngb, we demonstrated that elevated Ngb
favored neurite outgrowth in both N2a cells and primary
cortical neurons. Complementarily, reducing Ngb exhibited
a prominent neurite deficiency or growth retardation pheno-
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Fig. 6 Ngb regulates PTEN/PI3K/Akt signaling by direct binding to Akt
in N2a cells. a Effects of Ngb overexpression on PTEN/PI3K/Akt
activation. N2a cells were transiently transfected with either GFP or Ngb-
GFP for 24 h and subjected to 9 h of serum deprivation. Representative
Western blotting results showed the expression of p-Akt Serd73/Akt,
p-PI3K Thr458/PI3K, p-PTEN Ser380/Thr382/383/PTEN, p-GSK3p
Ser9/GSK38, and p-Erk-1/2/Erk-1/2. The specificity of phosphorylated
antibodies was verified by using A-phosphatase-treated samples. The
experiments were repeated three times independently. b Statistical analysis
of relative p-Akt Ser473/Akt, p-PI3K Thr458/PI3K, p-PTEN Ser380/
Thr382/383/PTEN, p-GSK3p Ser9/GSK3, p-Erk-1/Erk-1, and p-Erk-2/
Erk-2 levels from Western blotting results. n=3, *p<0.05 vs corresponding
GFP control. ¢ Representative results of BiFC showed that Ngb bound to

types in both N2a cells and primary cultured neurons.
Therefore, we conclude that Ngb plays an important role in
the regulatory machinery of neurite development.

To explore the molecular mechanisms underlying Ngb-
induced morphological changes, we searched for Ngb’s
downstream players. Neuronal differentiation and neurite
outgrowth are mediated by activation or inactivation of

Aktdirectly in living N2a cells. N2a cells were cotransfected with NV-Ngb
(N-terminal Venus-fused Ngb) together with CV (C-terminal Venus),
CV-PI3K, or CV-Akt plasmids at a ratio of 1:1. Twenty-four hours after
transfection, neurite outgrowth was induced by 9 h of serum deprivation.
Representative fluorescence micrographs showed the Venus signal in
living cells. NV-Ngb+CV or NV-MKK3+CV-p38 served as negative or
positive control, respectively. The experiments were repeated three times
independently. d Statistical analysis of the relative Venus signals. Mean
fluorescence intensity from nine fields of each culture was calculated and
values higher than 1.5-fold of the background were considered positive.
n=3; *p<0.05. e Expression of BiFC proteins in c. Representative
Western blotting results showed the expression of NV-Ngb (anti-Ngb) and
CV-fused proteins (anti-His, CV tag)

PI3K, Akt, GSK-3p, PKC, PKA, CaMKI]I, Erk, or p38 sig-
naling pathways [28]. PI3K/Akt has been revealed as the
key pathway regulating neurite development, including neu-
rite genesis, elongation, branching, and caliber [29]. We
demonstrated that Ngb positively regulated Akt phosphory-
lation, consistent with our previous and other results [18,
19]. PI3K is the most important upstream kinase activating
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Fig. 7 Differential Ngb binding to Akt and PTEN regulates neurite
outgrowth. a, b Ngb and its mutants interacted with Akt and PTEN.
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Representative Western blotting results showed the binding of Ngb/
Ngb™=" to PTEN and Akt. WCL whole cell lysate, /B immunobloting.
The experiments were repeated three times independently. ¢ Representative

Akt by producing PIP3. However, Ngb overexpression did
not alter p-PI3K Thr458 (the active form of PI3K). Ngb
bound neither to PI3K. Therefore, Ngb modulates Akt acti-
vation via PI3K-independent mechanisms.

We then asked whether Ngb may interact directly to Akt
or not. Indeed, Ngb directly bound to Akt in living N2a cells
and their interactions were increased during neurite out-
growth. This finding suggests that direct binding of Ngb and
Akt facilitates its phosphorylation, which is required for
neurite outgrowth. However, we also noticed that Ngb—Akt
interaction was weak as revealed by coimmunoprecipitation
assays (Fig. 7a). This prompted us to search for other Ngb
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Western blotting results showed the effects of Ngb®2 on PTEN and Akt
phosphorylation. d Statistical analysis of ¢. n=3; ¥*p<0.05. e Statistical
analysis demonstrated that overexpression of NgbE53Q increased neurite
length in cultured cortical neurons at 5 DIV. n=3; *p<0.05. f Proposed
role of Ngb on PI3K/Akt pathway. Ngb promotes neurite outgrowth by
preferential binding to PTEN under normal conditions and shifting a
preferential Akt binding under pathological conditions as a result of
conformational changes similar to Ngb™"“"

players in the PI3K/Akt pathway. In the canonical PI3K/Akt
pathway, PTEN antagonizes PI3K function by dephosphor-
ylating PIP3 and therefore negatively regulates Akt activity.
Inhibition of PTEN activity facilitates regenerative out-
growth of adult peripheral axons [30]. We found that Ngb
suppressed phosphorylation of PTEN during neurite out-
growth (Fig. 6a). Strikingly, Ngb—PTEN interaction was
more prominent than Ngb—Akt interaction (Fig. 7b).
Interestingly, point mutation of Ngb decreased its binding to
PTEN but increased its binding to Akt. This shift binding
property might be associated to the structural modulation of
Ngb by cellular environment. Oxygen and NO are native
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ligands of Ngb and its binding with these small ligands
induces conformational changes [31]. It is documented that
the interaction of Ngb with 14-3-3C and cytochrome C is
affected by hypoxic incubation [32]. Conceivably, the interac-
tion of Ngb with either PTEN or Akt is regulated dynamically
by intracellular environment such as redox status, and this
dynamic interaction might play an important role in balanc-
ing the positive or negative signals for neurite outgrowth.

In summary, we demonstrate for the first time that Ngb
controls neurite genesis and extension. Furthermore, we
propose that Ngb promotes neurite outgrowth by binding to
PTEN under physiological conditions and retains this func-
tion under pathological conditions (e.g., hypoxia) by
increasing binding to Akt (Fig. 7f). Our findings provide
insights for understanding the biological functions of Ngb
and for improving therapeutic strategy for promoting neur-
ite regeneration in various neurological diseases such as
stroke, trauma, and neurodegenerative diseases.
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