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Neogenin Promotes BMP2 Activation of YAP and Smad1 and
Enhances Astrocytic Differentiation in Developing Mouse
Neocortex
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Neogenin, a DCC (deleted in colorectal cancer) family receptor, is highly expressed in neural stem cells (NSCs). However, its function in
NSCs remains to be explored. Here we provide in vitro and in vivo evidence for neogenin’s function in NSCs to promote neocortical
astrogliogenesis, but not self-renewal or neural differentiation. Mechanistically, neogenin in neocortical NSCs was required for BMP2
activation of YAP (yes associated protein). The active/nuclear YAP stabilized phospho-Smad1/5/8 and was necessary for BMP2 induction
of astrocytic differentiation. Deletion of yap in mouse neocortical NSCs caused a similar deficit in neocortical astrogliogenesis as that in
neogenin mutant mice. Expression of YAP in neogenin mutant NSCs diminished the astrocytic differentiation deficitin response to BMP2.
Together, these results reveal an unrecognized function of neogenin in increasing neocortical astrogliogenesis, and identify a pathway of
BMP2-neogenin-YAP-Smadl for astrocytic differentiation in developing mouse neocortex.
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Astrocytes, a major type of glial cells in the brain, play important roles in modulating synaptic transmission and information
processing, and maintaining CNS homeostasis. The abnormal astrocytic differentiation during development contributes to dys-
functions of synaptic plasticity and neuropsychological disorders. Here we provide evidence for neogenin’s function in regulation
of the neocortical astrocyte differentiation during mouse brain development. We also provide evidence for the necessity of
neogenin in BMP2/Smad1-induced astrocyte differentiation through YAP. Thus, our findings identify an unrecognized function of
neogenin in mouse neocortical astrocyte differentiation, and suggest a signaling pathway, BMP2-neogenin-YAP-Smad1, under-
lying astrogliogenesis in developing mouse neocortex. j
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The transmembrane protein neogenin, a member of the DCC
(deleted in colorectal cancer) family, serves as a receptor for the
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Neogenin expression in NSCs. A-C, Double immunostaining analysis of primary cultured neurospheres from E14.5 WT and neogenin™"™ mice using indicated antibodies. D, Western blot

analysis of lysates from WT and neogenin™™ NSCs by use of indicated antibodies. £, X-gal staining (blue) analysis for lacZ gene expression (neogenin) in the neocortex of E14.5 neogenin™™ embryo.
The selected regions (1and 2) were shown at higher magnification in the right panels. F, Double immunostaining analysis of 3-gal (red) and Nestin (green) in the SVZ neocortex of E14.5 neogenin™™

embryo. Scale bars, 20 wm.

in the embryonic and adult neural stem cells (NSCs) (Gad et al.,
1997; Fitzgerald et al., 2007; Bradford et al., 2010; van den Heuvel
et al., 2013). It is believed that neogenin regulates adult neuro-
genesis by promoting neuroblast migration and cell cycle exit
(O’Leary et al., 2015). However, neogenin’s functions in the
embryonic NSCs as well as in astrogliogenesis remain largely
unknown.

Nearly 50% of the cells in the adult human brain are glial cells
(Azevedo et al., 2009), among which, astrocytes are the most
abundant cell type, which play a wide variety of crucial roles in
brain development and function (Sofroniew and Vinters, 2010).
Defects in astrocyte generation during development contribute
to dysfunctions of synaptic plasticity, neuropsychological disor-
ders, and brain tumors (Ullian et al., 2001; Molofsky et al., 2012).
Thus, it is of considerable interest to investigate how astrocytes
are produced. During mammalian development, astrocytes are
generated from NSCs located in the ventricular zone and sub-
ventricular zone (SVZ) in the gliogenic phase of late gestation
(Temple, 2001; Kriegstein and Alvarez-Buylla, 2009). Rodent

corticocerebral astrogliogenesis mainly takes place during the
first three postnatal weeks, following neurogenesis (Mallamaci,
2013). Corticocerebral astrogliogenesis consisted of two concur-
rent regulatory processes: (1) determination of astrocytic pro-
genitor cell fate (astrocytic differentiation); and (2) the local
proliferation of astrocytes (Ge et al., 2012; Mallamaci, 2013). Al-
though recent studies from in vitro and mouse model indicate
that bone morphogenetic protein (BMP)-Smads signaling (Gross
et al., 1996; Mallamaci, 2013), Notch signaling (Morrison et al.,
2000; Mallamaci, 2013), and Janus kinase-signal transducer and
activator of transcription signaling pathways control the appro-
priate timing of astrogliogenesis (Bonni et al., 1997; He et al.,
2005), exactly how these pathways regulate astrogliogenesis re-
mains poorly understood.

Here, we provide in vitro and in vivo evidence for neogenin’s
function in regulation of mouse neocortical astrocytic differenti-
ation. Neogenin is highly expressed in NSCs. Neogenin hypo-
morphic mutant (neogenin™™) and brain-selective conditional
knock-out mouse models (ne0"*""-CKO and neo“P-CKO) dis-
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Normal self-renewal of neogenin-deficient neocortical NSCs in culture and in vivo. A, €, Double immunostaining analysis of Ki67 (red) and neogenin (green) (A), PH3 (green), and Nestin

(red) (€)in WT and neogenin™™ NSCs. B, D, Quantitative analysis of the percentages of Ki67 (B) (n = 12 per group) or PH3 (D) (n = 12 per group) positive cells over total NSCs. E, Coimmunostaining
analysis of Ki67 (red) and nestin (green) in E14.5 neocortex of WT and neagenin™™ embryos (sagittal sections). F, Quantitative analysis of Ki67-positive cell density in WT and neogenin™™ mice (n =
12 per group). G, Representative images of the cultured WT and neogenin™ ™ neurospheres. H, Quantification of neurosphere size at primary cultures from E14.5 WT and neogenin™™ mice (n = 100

per group). DAPI (blue) was used to stain nuclei. Scale bars, 20 pm. Data are mean = SD.

played reduced neocortical astrocytic differentiation, whereas
neogenin-deficient NSCs showed normal self-renewal activity
and neural differentiation. Further mechanical studies suggest
that neogenin is required for BMP2-induced stabilization of YAP
(yes associated protein)/Smadl complex, thus promoting astro-
cytic differentiation. Together, these results identify a critical
function of neogenin in promoting neocortical astrocytic differ-
entiation during mouse brain development and reveal a novel
signaling pathway of neogenin-YAP/Smad1l underlying BMP2-
induced neocortical astrocytic differentiation.

Materials and Methods

Animals and mouse breeding. Neogenin mutant mice (neogenin™™),
kindly provided by Dr. Sue Ackerman (The Jackson Laboratory), were
maintained in C57BL/6 strain background as described previously
(Mitchell et al., 2001; Lee et al., 2010; Zhou et al., 2010). Neogeninf/f
(11e0”) mice were generated by Ozgene as illustrated in Figure 6. Nestin-
Cre, GFAP-Cre, Nex-Cre, and Ai9 mice were purchased from the The
Jackson Laboratory. The Ai9 mice have a loxP-flanked STOP cassette
preventing transcription of a CAG promoter-driven red fluorescent
protein variant (tdTomato). Thus, tdTomato in Ai9 mice is expressed
following Cre-mediated recombination. Ned”;Ai9, neo™""-CKO,
neo®P-CKO, and neo™*-CKO conditional mutant mice were generated
by crossing neo” with Ai9, nestin-Cre, GFAP-Cre, or Nex-Cre mice, re-
spectively. Yap” mice were generated as previously described (Zhang et
al., 2010; Wang et al., 2014), and yap”"s’i"—CKO conditional knock-out
mice were generated by using the similar strategy as Neo™*"*"-CKO mice.

All the mouse lines indicated above were maintained in C57BL/6 strain

background for >6 generations. All of the mouse lines were confirmed by

genotyping analysis with PCR and by Western blot analysis for the loss of
neogenin or YAP expression. Mice of either sex were used for each ex-

periments. Embryonic day (E) 0.5 was defined as noon of the day when
the vaginal plug was detected. The use of experimental animals has been
approved by the Institutional Animal Care and Use Committee at Au-
gusta University in accordance with National Institutes of Health
guidelines.

Primary cultures of neocortical NSCs and astrocytes. The pregnant mice
(E14.5) were killed, and embryos were taken out. Genomic DNAs of each
embryo were collected for genotyping, and littermates were used as con-
trols. NSCs were prepared from embryonic mouse neocortex, following
an established protocol (Wang and Yu, 2013). Tissues dissected from
mouse neocortex under a stereo microscope were dissociated by tritura-
tion 10-15 times gently with a 200 ul pipette tip to achieve single-cell
suspension. The single-cell suspensions thus obtained were grown in
Neurobasal (NB)-A medium (Invitrogen) supplemented with B, (Invit-
rogen), 2 mM M-glutamine (Invitrogen), basic fibroblast growth factor
(bFGF, 20 ng/ml, Invitrogen) and epidermal growth factor (EGF, 20
ng/ml, Invitrogen). Neurospheres after 5-7 d were collected for passage
or further analyses. In cases in which monolayer NSCs were needed for
immunostaining or other treatment, neurospheres at passage 2 or 3 were
dissociated into single cells and seeded onto poly-L-ornithine and
fibronectin-coated plates to grow as monolayers. For differentiation of
NSCs experiments, neurospheres planted on coverslips coated poly-L-
ornithine under dulbecco modified eagle medium (DMEM) + 10% fetal
bovine serum (FBS) for 24 h or NB + 2% B,, for 48—72 h. To avoid
transformation, neurospheres were cultured within 1 month or for less
than five passages.

Primary cultured astrocytes were prepared from the cerebral neocor-
tex of P1-P3 neonatal mice as described previously with slight modifica-
tions (Su et al,, 2009). Briefly, cerebral neocortex was removed, chopped,
and then incubated with 0.125% trypsin at 37°C for 20 min. The cerebral
neocortex was then dissociated into a single-cell suspension by mechan-
ical disruption. The cells were seeded on poly-L-lysine (0.1 mg/ml,
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Figure 3. Impaired astrocytic differentiation, but normal neuronal and oligodendrocytic differentiation, from neagenin-
deficient neocortical NSCs. A, Double immunostaining analysis of Tuj-1 (green) and neogenin (red) in neurons differentiated from
neurospheres (by incubating with neurobasal plus 2% B,, media for 2 d). B, Western blot analysis of Tuj-1in neurons differentiated
from WT and neogenin™™ neurospheres as shown in A. €, Quantitative analysis of Western blot data in B (n = 3 per group,
normalized to WT group). D, Double immunostaining analysis of GFAP (green) and neogenin (red) in astrocytes differentiated from
WT and neogenin™™ neurospheres (by incubating with DMEM plus 10% FBS media). E, Western blot analysis of GFAP expression
in lysates of astrocytes differentiated from WT and neogenin™™ neurospheres. F, Quantitative analysis of Western blot data in £
(n =3 per group, normalized to WT group). G, Double immunostaining analysis of Oligo-2 (green) and neogenin (red) in
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Sigma) coated culture flasks and incubated in
DMEM containing 10% FBS (Invitrogen). Af-
ter 6—8 d cultures, the cells become confluent.
The loosely attached microglia was collected by
shaking at 200 rpm for 1 h. The oligodendro-
cyte precursor cells (OPC) were removed from
the monolayer cell culture by further shaking
the cells overnight. Astrocytes were subse-
quently detached using 0.25% trypsin-EDTA
(Invitrogen) and plated into poly-L-lysine-
coated 35 mm dishes or onto poly-L-lysine-
coated coverslips. The purity of glial fibrillary
acidic protein (GFAP) positive astrocytes in
our culture system is >95%. For astrocyte
treatment experiments, astrocytes were starved
in DMEM serum-free media at least for over-
night before treatment.

Plasmid transfection. For astrocyte transfec-
tion, rat Astrocyte Nucleofector Kit (Amaxa)
was used according to the manufacturer’s
instructions (program T-20). The TI3N-
RhoA-myc and Q63L-RhoA-myc plasmid
were kindly provided by Dr. Q-S Du (Augusta
University). For NSC transfection, NSC
Nucleofector Kit (Amaxa) was used according
to the manufacturer’s instructions (A-033).
The Flag-YAP plasmid was purchased from
Addgene (Donated by Dr. Yosef Shaul).

In utero electroporation. The in utero electro-
poration was performed as described previ-
ously with some modifications (Wang et al.,
2007, 2012; Buchman et al., 2011). In brief,
pregnant mother (at E15.5) anesthetized and
maintained through isoflurane inhalation were
subjected to abdominal incision to expose the
uterus. Embryos were visualized through the
uterine wall, and Cre plasmids (1.5 pg/ul) were
injected into the lateral ventricle through a
glass capillary. Embryos will then be electropo-
rated (10 50 ms, 36 V pulses at an interval of
950 ms) through ECM-830 (BTX). Uterine
horns were repositioned into the abdominal
cavity before the abdominal wall, and the skin
was sutured. Pups were reared to different
postnatal stages. P5 pups under deep anesthe-
sia were perfused transcardially with 0.1 M
phosphate buffer (PBS) followed by 4% PFA in
PBS, pH 7.4. At least six pups (three for each
group) were used for data analysis. Their brains
were overnight-fixed and cut into floating
slices at ~80 wm using Leica vibratome cutting
system. The slices were subjected to immuno-
fluorescence staining and confocal imaging
analyses as indicated below.

Immunostaining. For brain tissue section
staining, brains of E14-E16, and P0-P1 mice
were directly removed and fixed in fresh 4%
paraformaldehyde (PFA) for 2 d, and older

<«

oligodendrocytes differentiated from WT and neogenin™™
neurospheres (by incubating with DMEM plus 10% FBS me-
dia). H, Western blot analysis of Oligo-2 expression in oligo-
dendrocytes differentiated from WT and neogenin™™
neurospheres. /, Quantitative analysis of Western blot data in
H (n = 3 per group, normalized to WT group). Scale bars, 20
jum. Data are mean == SEM. **p << 0.01, compared with con-
trol group (Student’s t test).
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Reduced neocortical astrocyte density in neagenin™™ mice. A, B, Double immunostaining of BLBP (green) and NeuN (red) in neocortex (4) and hippocampus (B) of P1 WT and

neogenin™™ mice (sagittal sections). €, D, Quantitative analysis of the relative BLBP fluorescent intensity (C, n = 6 for neocortex per group; D, n = 6 for hippocampus per group, normalized WT
control) in P1and P7 WT and neogenin™™ mice. E, F, Quantitative analysis of the BLBP ™ cell density (E, n = 6 for neocortex per group; F, n = 6 for hippocampus per group) in P1and P7 WT and
neogenin™™ mice. G, Western blot analysis for BLBP expression in neocortex and hippocampus of P1 WT and neogenin™™ mice. H, Quantitative analysis of Western blot datain G (n = 3 per group,
normalized to WT). /, J, Immunostaining analysis of Aldolase C (green) in neocortex (/) and hippocampus (J) of P1 WT and neogen/n’”’" mice. K, L, Quantitative analysis of relative Aldolase C
fluorescent intensity (n = 8 per group, normalized to WT, K) and Aldolase C * density (n = 7 per group, L) as shown in 1, J. Selected regions were shown at higher magnification. Scale bars, 20 m.

Data are mean = SEM. **p << 0.01, compared with control group (Student’s t test).

mice brains were removed and fixed in 4% PFA for 2 d after transcardial
perfusion. Then brains were dehydrated in 15%, 30% sucrose in PBS for
1-2 d and cryopreserved in OCT compound for brain section. Longitu-
dinal or coronal sections of 20—-30 wm were cut on a freezing microtome
and immediately processed for immunostaining of 1 h blocking in 10%
BSA plus 0.3% Triton X-100 at room temperature, overnight incubation
with primary antibodies at 4°C, and for 1 h at room temperature incu-
bation with appropriate secondary antibodies (1:1000, Molecular
Probes). For cultured cells staining, cells fixed with fresh 4% PFA in 0.1 m
PBS, pH 7.4, for 20 min. After washing with PBS, cells were permeabil-
ized with 0.1% Triton X-100 in 0.1 M PBS for 5 min, followed by incuba-
tion in blocking buffer (5% BSA and 0.1% Triton X-100in 0.1 M PBS, pH
7.4) for 1 h, and incubated overnight at 4°C with primary antibodies
diluted in the blocking buffer. Cells were washed three times with PBS
and incubated for 1 h at room temperature with an appropriate fluores-
cence-conjugated secondary antibody (1:1000, Molecular Probes). The pri-
mary antibodies were rabbit polyclonal antibodies against Nestin (1:200,
Sigma), anti-brain lipid-binding protein (BLBP) (1:300, Abcam), anti-Ki67
(1:200, Millipore), anti-PH3 (1:200, Millipore), anti-GFAP (1:500, Milli-
pore), anti-p-Smad1/5/8(1:200, Cell Signaling Technology), or with a
monoclonal antibodies against-YAP (1:200, Sigma), anti-GFAP (1:500, Mil-
lipore), anti-NeuN (1:500, Millipore), anti-Tuj-1(1:500, Sigma) or with a
goat polyclonal antibodies against neogenin (1:500, Santa Cruz Biotechnol-
ogy). Sections or cells were stained for DAPI (1:1000, Invitrogen) to visualize
nucleus. No positive signal was observed in control incubations using no
primary antibody. Images were acquired on a Zeiss confocal system (FM300)
using a multitrack configuration and processed using Zeiss confocal software
and Adobe Photoshop CS 8.0 software.

Western blot. Brain tissues or cultured cells were lysed in the lysis buffer
(50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1% NP-40, 0.5% Triton X-100,
1 mMm PMSF, 1 mMm EDTA, 5 mMm sodium fluoride, 2 mMm sodium or-
thovanadate, and protease inhibitor mixture) for 30 min on ice and
centrifuged at 12,000 rpm for 20 min, and protein concentration was
determined by BCA protein assay kit (Thermo Scientific). Proteins were
separated by 8%-12% SDS-PAGE gel electrophoresis and transferred
onto the nitrocellulose membrane. Blotted membranes were blocked in 10%
skim milk at room temperature for 1 h and incubated with primary antibody
overnight at 4°C, rinsed, and incubated for 1 h at room temperature with an
appropriate HRP-conjugated secondary antibody (1:5000, Thermo Scien-
tific). Chemiluminescent detection was performed with the ECL kit (Pierce).
Primary antibodies included mouse monoclonal anti-YAP (1:1000, Sigma),
anti-GFAP (1:1000, Millipore), anti-Tuj-1 (1:500, Sigma), anti-nestin (1:
1000, Sigma), or rabbit polyclonal anti-neogenin (1:1000), anti-p-Smad1/
5/8 (1:1000, Cell Signaling Technology), Smadl (1:1000, Cell Signaling
Technology), and p-YAP (1:1000, Cell Signaling Technology). B-actin as a
loading control was detected alongside the experimental samples (1:7000,
Sigma). For semiquantitative analysis, protein bands detected by ECL were
scanned into pictures and analyzed using Image] software (National Insti-
tutes of Health).

qRT-PCR analysis. For RT-PCR, total RNA was extracted from cultures
of purified astrocytes with Trizol reagent (Invitrogen), converted to cDNA
using the Revert AidFirst Strand cDNA Synthesis Kit (Thermo Scientific).
cDNA products were amplified in 20 ul of reaction mixture containing the
SYBR GreenER qPCR SuperMix Universal (Invitrogen) with respective
gene-specific primers as follows: Smadl, forward: 5’ ACCTGCTTACCTGC
CTCCTG3'; reverse: 5'CATAAGCAACCGCCTGAACA3'; yap: forward:
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5'AGGAGAGACTGCGGTTGAAA3’, reverse: 5'CCCAGGAGAAGA
CACTGCAT3'; hypoxanthine phosphor ribosyltransferase (HPRT'), for-
ward: 5’'TGGCCCTCTGTGTGCTCAA3'; reverse: 5’ TGATCATTACAG-
TAGCTCTTCAGTCTGA3'. Each amplification cycle consisted of an initial
step at 95°C (5 min), followed by 40 cycles of denaturation at 95°C (15 s),
annealing at 60°C (1 min).All samples were amplified in duplicate, and every
experiment was repeated at least independently 2 times. Relative gene ex-
pression was converted using the 2 ~22“* method against the internal con-
trol, HPRT 1.

Pull-down assay to measure active RhoA. For analyzing RhoA activity in cell
lysates, an activated RhoA pull-down kit was used following protocols pro-
vided by the manufacturer (Cytoskeleton), as described previously. Briefly,
astrocyte cultures were starved overnight and then stimulated by BMP2 be-
fore being lysed in 200 ul of the supplied lysis buffer containing protease
inhibitor mixture. Approximately 20 ul of each lysate was used for protein
quantification and Western blotting analysis of total RhoA. For the rest of
lysates, a volume of equal protein amounts from each sample was incubated
with Rhotekin-RBD affinity beads for 1 h at 4°C, followed by two washes in
the wash buffer. Bound proteins were collected and examined by 12% SDS-
PAGE for Western blotting analysis.

Statistical analysis. All data presented represent results from at least
three independent experiments. Statistical analysis was performed using
Student’s t test, or using an ANOVA with pairwise comparisons. Statis-
tical significance was defined as p < 0.05.

Results

Impaired astrogliogenesis in neogenin™™ NSCs in culture

To examine neogenin’s function in NSCs, we first examined its
expression in NSCs in vitro and in vivo. Indeed, neogenin was
expressed in cultured nestin-positive NSCs by both coimmunos-

taining and Western blot analyses (Fig. 1A-D). We next exam-
ined neogenin’s expression in NSCs of SVZ and SVZa in vivo by
taking advantage of X-gal reporter in neogenin™" mice because
the LacZ gene is knocked in the intron of neogenin gene in this
mutant mouse; thus, the LacZ activity (viewed by X-gal), under
the control of neogenin promoter, can be used as a reporter for
neogenin’s expression (Lee et al., 2010). In agreement with neo-
genin’s expression in NSCs, the LacZ activity was detected in
developing mouse SVZ and SVZa of embryonic (E) 14.5 neocor-
tex (Fig. 1 E,F). Both neogenin and B-gal antibodies were spe-
cific, as the immunosignals of neogenin antibody by both
immunostaining and Western blot analyses were abolished in
neogenin”’/ " NSCs (Fig. 1 A, B,D), and the 3-gal signals were neg-
ative in wild-type (WT) or neogenin™" NSCs (Fig. 1C,D). To-
gether, these results verified neogenin’s expression in NSCs in
vitro and in vivo.

We next asked whether neogenin in NSCs is required for NSC
proliferation or self-renewal. The cell proliferation in dissociated
NSCs from neurospheres, which were planted onto poly-L-
ornithine and fibronectin-coated coverslips in the presence of
bFGF and EGF containing media to keep NSCs in a monolayer,
was initially examined. Immunostaining analysis using antibod-
ies against Ki67 and phospho-histone H3 (PH3) (markers for cell
proliferation and G,/M transition, respectively) showed compa-
rable numbers of both Ki67* and PH3™ cells between
neogenin’* and neogenin™" nestin *-NSC cultures (Fig. 2A-D),
suggesting little to no role of neogenin in regulating cell prolifer-
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Figure 6.

neogenin expression in homogenates of different brain regions of P7 neo”” and ned™™-CKO mice. D, Western blot analysis of neogenin expression in homogenates of different brain regions of P3
neo” and nea®™P-CKO mice. E, Western blot analysis of neogenin expression in homogenates of different brain regions of P10 ned” and ned"®-Ck0 mice. Hipo, Hippocampus.

ation or self-renewal of nestin © NSCs in culture. In line with this
view were observations that a comparable number of Ki67 ™ cells
were detected in E14.5 neogenin™™ neocortexes to that in
neogenin™’* controls by immunohistochemical staining and ste-
reological analyses (Fig. 2 E, F), and a similar size of neurospheres
derived from neogenin®’" and neogenin™" embryos (E14.5) was
observed even in the fifth passages of the NSC cultures (Fig.
2G,H).

We then addressed whether neogenin in NSCs is necessary for
neurogenesis. Neurospheres were plated on coverslips coated
with poly-L-ornithine and cultured in neurobasal medium plus
2% B27 without bFGF and EGF to induce neuronal differentia-
tion. Tuj-1 7" (a marker for neurons) cells were induced in both
neogenin™’* and neogenin™™ cultures (Fig. 3A). No significant
difference was detected between neogenin™’* and neogenin™"
cultures in the numbers of Tuj-1 " neurons or Tuj-1 protein level
(Fig. 3A-C), suggesting little role of neogenin in NSCs for
neurogenesis in culture.

Finally, we investigated whether neogenin in NSCs is involved
in gliogenesis, including astrocytic and oligodendrocytic differ-
entiation. Neurospheres plated on coverslips coated with poly-L-
ornithine were incubated with 10% FBS to induce astrocyte
differentiation (Obayashi et al., 2009). GFAP * astrocytes were
induced from NSCs of WT or neogenin®’" embryos; however,
they were markedly reduced in neogenin™™ cultures (Fig. 3D).

The decrease in GFAP protein level was also detected in homog-
enates of astrocytes derived from neogenin™™ NSCs, compared
with that of WT controls (Fig. 3E, F). These results indicate an
impaired astrocytic differentiation in neogenin-deficient NSC
cultures, demonstrating the necessity of neogenin in nestin
NSC:s for astrocytic differentiation.

For oligodendrocytic differentiation from WT and neogenin mu-
tant NSCs, the neurospheres under glial cell differentiation culture
condition were immunostained by use of the antibody against
oligo-2 (a marker for oligodendrocyte progenitor cells). As shown in
Figure 3G, whereas neogenin mutant NSCs showed reduced distri-
bution of oligo-2 ™ cells outside of the neurospheres, the numbers of
oligo-2" cells as well as oligo-2 protein levels in rneogenin™" NSCs
were comparable with those of WT controls (Fig. 3G-I). These re-
sults suggest that neogenin deficiency did not affect oligodendrocytic
differentiation but may slow down their migration.

Together, these in vitro NSC differentiation assays revealed
a role for neogenin to promote astrocytic differentiation, but
not NSC proliferation, neuronal or oligodendrocytic
differentiation.

Reduced neocortical astrogliogenesis in neogenin™ NSCs in
vivo

To address whether neogenin regulates astrogliogenesis in
vivo, the astrocytic cell density and morphology in neonatal
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neogenin™’* and neogenin™" brain sections were first examined
by immunohistochemical staining analysis using anti-BLBP, but
not GFAP, for the following reasons. GFAP is a good marker for
cultured neocortical and hippocampal astrocytes; however, it
marks astrocytes well in mouse hippocampus, but not cerebral
neocortex (Bernal and Peterson, 2011). BLBP is a marker for
radial glia in embryonic brain as well as neonatal neocortical
astrocytes (Guo et al., 2009; Ge et al., 2012). As shown in Figure
4A, C, E, BLBP* cell density was reduced in P1 neocortex of
neogenin™" mice, whereas NeuN ™ cell density was unaffected.
Interestingly, the reduction of BLBP * cell density was not de-
tected in the P1 hippocampus of neogenin™" mice (Fig. 4 B, D,F).
A similar neocortical phenotype was also observed in P7
neogenin™"™ brain (Fig. 4C—F). Moreover, BLBP protein levels
were reduced in homogenates of mutant neocortex, but not hip-
pocampus (Fig. 4G,H). Considering the impairment of in vitro
astrocytic differentiation in neogenin™"™ NSCs, these results sup-
port the view for neogenin’s function in promoting neocortical
astrogliogenesis.

However, these results do not exclude the possibility that neo-
genin deficiency may result in a reduction of BLBP protein, but
not astrocytes, in neocortex. To address this issue, we examined
the expression of another astrocyte marker, Aldolase C (Molofsky
et al., 2012). The selective reduction of neocortical, but not hip-
pocampal, Aldolase C™* astrocytes was also detected in neonatal
neogenin™™ brain sections (Fig. 4I-L), thus providing additi-

onal support for a reduced neocortical astrogliogenesis in
neogenin™™ mice. We further tested this view by use of in utero
electroporation of CAG promoter-driven Cre plasmid into E15.5
WT;Ai9 and Neo”;Ai9 embryos, which selectively knocked out
Neogenin in neocortical ventricular zone NSCs, and the astrocytic
differentiation could be traced in postnatal (e.g., P5) neocortex.
Neo”;Ai9 mice contain a loxP-flanked STOP cassette, which pre-
vents transcription of a CAG promoter-driven red fluorescent
protein variant (tdTomato). The tdTomato in Ai9 mice is thus
expressed following Cre-mediated recombination. Neo”;Ai9
were generated by crossing floxed neogenin allele (Neo”) with
Ai9 mice. Therefore, the tdTomato ™ cells in Cre eletroporated
WT;Ai9 or Neo”;Ai9 neocortex (P5) represent Cre expressing
NSCs and their derived progenies, including neurons, astrocytes,
and oligodendrocytes (Fig. 5A). The tdTomato * astrocytes in P5
neocortex were verified by immunostaining analysis using
anti-BLBP or Aldolase C. As shown in Figure 5B, C, both tdTo-
mato and BLBP double-positive cells (likely to be astrocytes) over
total tdTomato * cells in the neocortex from Neo”;Ai9 (+ Cre)
mice were indeed much lower than those in controls [WT;Ai9
(+ Cre)]. However, the ratio of oligodendrocyte progenitors
(marked by Oligo-2 and tdTomato) over total tdTomato ™ cells
was comparable between Neo”;Ai9 (+Cre) and WT;Ai9 (+Cre)
mice (Fig. 5D). These results suggest that neogenin expression in
NSCs is indeed required for neocortical astrogliogenesis in vivo,
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and provide additional support for little role that neogenin plays
in oligodendrycytic differentiation from ventricular zone NSCs.

Reduced neocortical astrogliogenesis in neo"*""-CKO and
neo®F4F_-CKO, but not neo™>**-CKO, mice

Neogenin is expressed in various types of brain cells, in addition
to NSCs (van den Heuvel et al., 2013). To determine whether
neogenin expression in NSCs is essential for neocortical astro-
gliogenesis, we generated several lines of neogenin conditional

knock-out mice. Neo"""-CKO was generated by crossing neo”

with nestin-Cre (Fig. 6 A, B), which expresses Cre recombinase in
NSCs under the control of the nestin promoter (Gavériaux-Ruff
and Kieffer, 2007). Thus, neo”™"™-CKO displayed decreases
of neogenin protein levels in various brain regions, including
midbrain, neocortex, hippocampus, and cerebellum (Fig. 6C).
Neo“™P-CKO was generated by crossing neo”” with GFAP-Cre
that drives Cre expression under the control of GFAP promoter
(Gavériaux-Ruff and Kieffer, 2007). Neo“AP-CKO also showed
reduced neogenin in most of brain regions, including the olfac-
tory bulb, neocortex, hippocampus, and cerebellum (Fig. 6D).
Neo“**-CKO mice was generated by crossing neo” with Nex-Cre
that drives Cre expression under the control of Nex promoter,
which showed reduced neogenin only in neocortex and hip-
pocampus (Fig. 6E). These conditional mutant alleles survived to

adult age without obvious deficit in their lifespan, except reduced
body weight in 1e0"*""-CKO mice.

We then examined astrocytic cell density in these mutant
brains by immunohistochemical analysis using anti-BLBP anti-
body. A marked decrease in BLBP * cell density was detected in
neocortex of neo""-CKO (P1 as well as P7), and neo®"-CKO
(P3), but not ned™*-CKO, alleles (Fig. 7A,C,E-H). Again, the
reduction of BLBP " cell density was brain-region specific, only
detected in the neocortex, but not hippocampus (Fig. 7B,D).
NeuN * neuronal density appeared to be unaffected in all of these
mutant alleles (Fig. 7A,B,E,F). These results demonstrate that
neogenin expression in nestin ~ or GFAP * NSCs, but not nex *
neurons, is necessary for neocortical astrogliogenesis in vivo.

Requirement of neogenin in NSCs for BMP2-induced
sustained Smad1/5/8 signaling and astrogliogenesis

BMP?2 signaling pathway is known to be essential for astrocytic
differentiation (Gross et al., 1996; Mallamaci, 2013). Neogenin is
necessary for BMP2-regulated chondrogenesis and iron homeo-
stasis (Lee et al., 2010; Zhou et al., 2010). Encouraged by these
observations, we examined whether neogenin in NSCs is required
for BMP2-induced astrocytic differentiation. Cultured neuro-
spheres plated on coverslips were treated with BMP2 to induce
astrocytic differentiation. GFAP ™ astrocytes were induced from
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Figure 9.

Requirement of neogenin for YAP activation and interaction with p-Smad1/5/8 in neocortical astrocytes in response to BMP2 treatment. A, Western blot analysis showed BMP2

signaling proteinsin WT and neogenir/"/"’ astrocytes before and after BMP2 treatment. B—E, Quantitative analysis of the pSmad1/5/8 (B), Smad1 (C), pYAP (D), and YAP (E) from data in A. F, Western
blot analysis detected BMP2-downstream signaling proteins in the cytoplasm and nuclear fractions of astrocytes with and without BMP2 treatment. G, H, Quantitative analysis of the relative Smad1
(G) and YAP (H) level in F (n = 3 per group). I, Double immunostaining of YAP (green) and p-Smad1/5/8 (red) in astrocytes after BMP2 treatment. J, Double immunostaining of YAP (green) and
p-Smad1/5/8 (red) in NSCs after BMP2 treatment. K, Western blot analysis showed nuclear protein coimmunoprecipitation results by nuclear complex coimmunoprecipitation assays in WT and
neogenin mutant astrocytes before and after BMP2 treatment (100 ng/ml). Scale bars, 20 um. Data are mean == SEM. **p < 0.01, compared with control group (Student’s ¢ test).

WT-NSCs but decreased in neogenin™" cultures (Fig. 8A). GFAP
protein was also reduced in homogenates of astrocytes derived
from neogenin™"™ NSCs, compared with that of WT controls (Fig.
8B,C). These results thus indicate a necessity of neogenin for
BMP2-induced astrocytic differentiation from NSCs.

In addition, we tested whether neogenin regulates astrocytic
maturation. WT and neogenin mutant NSCs were treated with
BMP2 for 8 d. As shown in Figure 8D, E, GFAP * astrocytes from
WT-NSCs displayed more complex morphology than that in neo-
genin mutant NSCs, suggesting that neogenin may also play arole
in promoting astrocytic maturation.

We further examined whether BMP2-induced Smadl/5/8
phosphorylation, an essential BMP2 signaling for astrocyte dif-
ferentiation, was altered in neogenin mutant NSCs. Whereas
WT-NSCs showed a sustained time course in Smad1/5/8 phos-
phorylation induced by BMP2, a transient induction of Smad1/
5/8 phosphorylation was detected in neogenin™™ NSCs
(Fig. 8 F,G). Upon 1 h BMP2 stimulation, the nuclear phospho-
Smad1/5/8 levels in neogenin™" NSCs were also lower than that
in control cells (Fig. 8H), providing additional support for neo-
genin’s function in promoting BMP?2 signaling to Smad1/5/8 in
NSCs. These results thus support the view for neogenin in NSCs
to be necessary for sustained BMP2 activation of Smad1/5/8, in
addition to astrocytic differentiation and maturation.

Necessity of neogenin for BMP2 activation of YAP

In addition to NSCs, neogenin in astrocytes was also required for
BMP2 induction of Smad1/5/8 phosphorylation (Fig. 9A-C). We
thus used primary astrocytes (a convenient cellular model) to
further investigate mechanisms underlying neogenin regulation
of BMP2 signaling. First, we asked whether BMP2-induced nu-
clear translocation of phospho-Smad1/5/8 and its associated pro-
teins was altered in neogenin mutant astrocytes. The cytoplasmic
and nuclear fractions of astrocytes that were treated with or with-
out BMP2 for 1 h were purified and subjected to Western blot
analysis. As shown in Figure 9F, G, the Smadl was increased in
the nuclear fraction, but reduced in the cytoplasmic pool, of WT
astrocytes upon BMP2 stimulation, indicating a nuclear translo-
cation of Smadl. Such a nuclear translocation was impaired in
neogenin mutant astrocytes (Fig. 9F, G). Interestingly, the nuclear
YAP, a Smadl-binding partner (Aragén et al., 2011), was also
increased in the control, but not mutant, astrocytes in response to
BMP2 stimulation (Fig. 9F,H). YAP is a critical factor down-
stream of Hippo pathway (Pan, 2010; Mo et al., 2014; Piccolo et
al., 2014), and its nuclear translocation is negatively regulated by
Hippo pathway (Zhao et al., 2009) but positively regulated by
BMP2 in 293 cells (Aragon et al., 2011). These results revealed a
nuclear translocation deficit of both Smadl and Yap in BMP2-
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Critical role of neogenin in BMP2-
stabilization of YAP/Smadl complex
How does neogenin regulate BMP2 activa-
tion of YAP/Smad1? It is of interest that the
total YAP protein level was increased in con-
trol, but not mutant, astrocytes in response
to BMP2 stimulation (Fig. 9A,E). The
Smadl level was lower in the mutant astro-
cytes after BMP2 treatment for 2 h, com-
pared with that in BMP2-stimulated control
astrocytes (Fig. 9A,C). These results impli-
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Figure 10.  Requirement of neogenin for stabilization of BMP2-induced YAP/Smad1 complex in neocortical astrocytes. 4, B,

Real-time PCR detected the relative mRNA level of yap (A) and Smad1 (B) in astrocytes before and after BMP2 treatment (100
ng/ml) (normalized to internal control). €, Western blot analysis detected YAP and Smad1 proteins in WT and neogenin™™
astrocytes before and after CHX (100 M) treatment at indicated time point. D, E, Quantitative analysis of relative Smad1 (D) and
YAP (E) in € (n = 3 per group, normalized to 0 h). F, Western blot analysis detected YAP and Smad1 protein levels in WT and
neogenin™™ astrocytes before and after CHX (100 wm) + BMP2 (100 ng/ml) treatment at indicated time point. G, H, Quantitative
analysis of the relative Smad1 (G) and YAP (H) in F (n = 3 per group, normalized to 0.5 h). Data are mean = SEM. **p < 0.01,

compared with control group (Student’s £ test).
stimulated neogenin™ astrocytes, suggesting BMP2 activation of
YAP in control, but not neogenin™", astrocytes.

Second, we examined total YAP and phospho-YAP-S127 lev-
els in BMP2-stimulated WT and neogenin™™ astrocytes. Both
YAP and phospho-YAP levels were time-dependently elevated in
BMP2-stimulated WT, but not neogenin™"™, astrocytes (Fig.
9A,D,E). The increased phospho-YAP might be due to the in-
crease in total YAP levels, which appeared to be associated with
YAP nuclear translocation.

Third, we reconfirmed the nuclear translocation deficit in
neogenin™™ astrocytes and NSCs by coimmunostaining anal-
ysis. Indeed, BMP2-induced nuclear distribution/transloca-
tion of both YAP and phospho-Smad1/5/8 in control, but not
neogenin™™, astrocytes and NSCs (Fig. 91,]).

Finally, we verified YAP interaction with Smad1 in astrocytes
stimulated with or without BMP2 for 1 h. Coimmunoprecipitation
analysis showed that YAP was detected in the Smadl immunocom-
plex of WT astrocytes, which was increased by BMP2 stimulation
(Fig. 9K). Such BMP2-induced YAP-Smadl interaction was also
reduced in neogenin™" astrocytes (Fig. 9K). Together, these results
demonstrate BMP2-driven nuclear translocation/activation of
Smad1-YAP complex, which requires neogenin.

Neogenin regulation of BMP2
activation of YAP via RhoA

How does neogenin regulate BMP2 acti-
vation of YAP? Although YAP is nega-
tively regulated by Hippo pathway (Zhao
et al, 2009), it is activated by Small
GTPase protein RhoA (Regué et al., 2013;
Mo et al,, 2014). In light of these observations, we asked
whether neogenin regulates RhoA and is thus involved in
BMP2 activation of YAP. To test this view, we first used pull-
down assays to examine RhoA activity (GTP bound RhoA) in
WT and neogenin mutant astrocytes with or without BMP2
treatment. As shown in Figure 11A, B, BMP2 stimulation re-
sulted in an elevated RhoA activity in WT astrocytes, which
was abolished in neogenin mutant astrocytes, suggesting a ne-
cessity of neogenin for this event. Second, we asked whether
RhoA activation is critical for BMP2-induced YAP nuclear
translocation. WT astrocytes were transfected with T13N-
RhoA-myc (dominant negative form of RhoA), and neogenin
mutant astrocytes were transfected with Q63L-RhoA-myc
(constitutively active mutant form of RhoA), respectively. In-
deed, expression of TI3N-RhoA-myc in WT astrocytes im-
paired BMP2-induced YAP nuclear distribution/activation
(Fig. 11C,E). In contrast, expression of Q63L-RhoA-myc in
neogenin™™ astrocytes restored BMP2 induced YAP activation
(Fig. 11 D, F). These results suggest that neogenin in astrocytes
is necessary for BMP2 activation of RhoA, an event critical for
YAP nuclear translocation/activation.
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Figure 11.  Neogenin regulation of BMP2 activation of YAP via RhoA. A, Western blot analysis of RhoA activity (GTP bound RhoA) in WT and neogenin mutant astrocytes in response to BMP2 (100
ng/ml) treatment at indicated time. B, Quantitative analysis of the relative RhoA activity in (4) (n = 3 per group, normalized to 0 min). €, D, Triple immunostaining of YAP (green), T13N-RhoA-myc
(red), and F-actin (blue) in WT astrocyte (C), and YAP (green), Q63L-RhoA-myc (red), and F-actin (blue) in neogenin mutant astrocyte (D) before and after (Figure legend continues.)
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Figure 12.

Necessity of YAP for BMP2 activation of Smad1 signaling and neocortical astrogliogenesis. A, Western blot analysis detected BMP2-downstream signaling proteins, p-Smad1/5/8,

Smad1, p-YAP, and YAP in WT and yap-deleted NSCs with BMP2 (100 ng/ml) stimulation at indicated time. B, C, Quantitative analyses of relative YAP (B) and Smad1 (C) in A (n = 3 per group,
normalized to 0 h). D, Inmunostaining analysis of GFAP (green) in astrocytes differentiated from WT and yap-deleted NSCs induced by BMP2 treatment (100 ng/ml) for 3 d. £, Quantitative analysis
of the percentages of GFAP-positive cells over total cells in one field shown in D (n = 8 fields each group) without or with BMP2 treatment (100 ng/ml) for 3 d. F, Quantitative analysis of the
percentages of Tuj-1-positive neurons over total cells in neurons derived from control and yap-deficient NSCs (n = 12 fields each group). G, Double immunostaining analysis of Ki67 (red) and GFAP
(green) in astrocytes from control and yap-deficient NSCs. H, Quantitative analysis of the percentages of Ki67-positive cells over total cells in one field (n = 12 fields each group). Scale bars, 20 m.

Data are mean == SEM. **p << 0.01, compared with control group (Student’s ¢ test).

Necessity of YAP for BMP2 activation of Smad1

and astrogliogenesis

We then asked whether YAP is required for BMP2 activation of
Smadl signaling and astrogliogenesis. To this end, we took ad-

<«

(Figure legend continued.) ~ BMP2 treatment. E, F, Quantitative analysis of nuclear YAP inten-
sity in WT astrocytes transfected with T13N-RhoA-myc (E) (n = 13 per group), or in neogenin
mutant astrocytes transfected with Q63L-RhoA-myc (F) (n = 9 per group). Scale bars, 20 m.
Data are mean = SEM. **p << 0.01, compared with control group (Student’s t test).

vantage of the brain-selective yap conditional knock-out mice,
yap"*"-CKO, generated by us (Huang et al., 2016), and exam-
ined BMP2 signaling and astrogliogenesis. As in neogenin™"
NSCs, the primary NSCs from yap”"*""-CKO mice displayed re-
duced p-Smad1/5/8 and Smadl levels (Fig. 12A—C), as well as
impaired astrocytic differentiation upon BMP2 treatment (Fig.
12D, E), compared with WT controls. Similar to neogenin mutant
phenotypes, YAP deletion did not affect neuron differentiation
but decreased the astrocytic proliferation (Fig. 12F—-H). These
results suggest that YAP is required for BMP2 activation of
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YAP regulation of astrogliogenesis and restoration of the astrogliogenesis deficit in neogenin-deficient neocortical NSCs. A, Double immunostaining of BLBP (green) and NeuN (red)
*s_CKO neocortex. B, Quantitative analysis of BLBP intensity in A (n = 6 per group). C, Immunostaining analysis of BLBP

(green) and NeuN (red) in P7 yap” and yap™®™-CKO hippocampus. D, Quantitative analysis of BLBP intensity in € (n = 6 per group). £, Inmunostaining analysis of PH3 (red) in E14.5 yap”" and
yap"™"™-CKO neocortex. F, Quantitative analysis of the PH3-positive cell density in E (n = 6 fields each group). G, Double immunostaining analysis of PH3 (red) and nestin (green) in WT and

yap"*"™-CKO NSCs. H, Quantitative analysis of PH3-positive cells in WT and yap™"™"-CKO NSCs (n = 20 per groups). /, Double immunostaining analysis of Flag (green) and GFAP (red) in neogenin
mutant NSCs transfected with Flag-YAP for 3 d after BMP2 treatment (100 ng/ml) (n = 6 per group).J, Quantitative analysis of GFAP-positive cells in neagenin mutant NSCs transfected with Flag-YAP
or untransfected NSCs under BMP2 treatment (n = 8 per group). K, A working model showing the functions of BMP2/Neogenin/RhoA/YAP pathway in astrocytic differentiation. Scale bars, 20 um.

Data are mean = SEM. **p << 0.01, compared with control groups (Student’s ¢ test).

Smadl signaling and astrocytic differentiation. Additionally,
yap"="-CKO mice exhibited decreased neocortical, but not hip-
pocampal, BLBP * astrocytes (Fig. 13A—D), resembling the defi-
cit detected in neogenin™™ brain. YAP deletion did not affect
proliferation of NSCs in vivo and in vitro (Fig. 13E-H ). More-
over, neogenin*’" [yap"*"" " mice showed more severe neocor-
tical astrogliogenesis deficit than that in neogenin™™ or
yap"=""" mice (Fig. 13 A, B), suggesting a genetic interaction or
enhancement between neogenin®’™ and yap™""/"* mice. To-
gether, these observations demonstrate YAP’s necessary role for
BMP2 activation of Smadl signaling and astrogliogenesis,
and provide additional evidence for the BMP-2/neogenin/YAP/
Smad1 pathway in promoting neocortical astrogliogenesis.

Diminished astrogliogenesis deficit by expression of YAP in
neogenin-deficient NSCs

To further determine whether neogenin regulation of YAP in
NSCs is critical for neogenin promotion of astrocytic differenti-
ation, exogenously YAP (Flag-tagged YAP) was expressed into
neogenin mutant NSCs, which were subjected to astrocytic differ-
entiation by BMP2. As shown in (Fig. 131, J), 3 d after BMP2
treatment, more GFAP ™ astrocytes were detected in neogenin

mutant NSCs expressing Flag-YAP, compared with that in the
untransfected neogenin mutant NSCs. These results provide an
important evidence for YAP to be a critical downstream protein
of neogenin in BMP2-induced astrogliogenesis from NSCs.

Discussion

Here, we present evidence for neogenin’s function in neocortical
astrogliogenesis and propose a working model depicted in Figure
13K. In this model, upon BMP2 treatment, as coreceptor of
BMPR, neogenin activates RhoA signaling, which promotes YAP
nuclear translocation and interacts with and stabilizes p-Smad1/
5/8 to promote astrocyte differentiation. This study thus not only
identifies neogenin’s unrecognized function in neocortical astro-
gliogenesis during brain development but also reveals a novel
pathway (BMP2/neogenin/RhoA/YAP-Smadl) for astrocytic
differentiation in developing mouse brain.

In light of the reports that neogenin is highly expressed in
embryonic and adult NSCs (Gad et al., 1997; Fitzgerald et al.,
2007; Bradford et al., 2010; van den Heuvel et al., 2013), we also
found that neogenin was highly expressed in cultured embryonic
NSCs and in vivo and first tested a hypothesis that neogenin may
be involved in the proliferation or self-renewal of NSCs.
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However, to our surprise, several lines of evidences suggest little
to no role for neogenin in regulating NSCs’ proliferation or self-
renewal. First, in EGF and bFGF-dependent neurosphere cul-
tured system, neurosphere formation and cell proliferation in
neogenin mutant NSCs appeared to be normal, compared with
the WT controls (Fig. 2). Second, Ki67 staining in the embryonic
neogenin mutant mice showed a comparable level of proliferative
NSCs in the mutant neocortex as that in controls (Fig. 2E, F). In
aggregate, our results suggest that neogenin in NSCs may play
little to no role in regulating NSC proliferation or self-renewal.

Several papers have shown that neogenin is highly expressed
in neurogenic and gliogenic progenitors in embryonic and adult
CNS (Gad et al., 1997; Fitzgerald et al., 2007; Bradford et al., 2010;
van den Heuvel et al., 2013). We are aware of the report that
neogenin regulates adult neurogenesis by promoting neuroblast
migration and cell cycle exit (O’Leary et al., 2015). However, in
contrast from the adult neurogenesis, our results showed a
normal neocortical neurogenesis from embryonic NSCs in cul-
ture and in neogenin-deficient mice (both neogenin™™ and
1e0"*""-CKO) (Figs. 3A—C, 4). These different results may sug-
gest an age-dependent function of neogenin. Although neogenin
is not required for neural differentiation in cultured NSCs and in
neonatal age, several lines of evidence suggest that neogenin is
required for neocortical, but not hippocampal, astrogliogenesis.
First, neogenin was required for serum- as well as BMP2-induced
astrocytic differentiation (Figs. 3, 8). Second, neogenin mutant
mice, including neogenin™", neo"*"-CKO, and neo“"**-CKO,
showed reduced neocortical, but not hippocampal, astrogliogen-
esis (Figs. 4, 7). It is very likely that neocortical and hippocampal
astrocytes are derived from different NSCs. The mechanisms un-
derlying such a selective regulation of neocortical astrogliogen-
esis by neogenin are unclear. Third, neogenin deletion in E15.5
neocortical NSCs by in utero electroporation resulted in a re-
duced BLBP and tdTomato double-positive astrocytes (Fig.
5B,C), without a change in Tuj-1-positive neurons (data not
shown), or oligo-2 plus tdTomato-positive oligodendrocytes
(Fig. 5D). Whereas these observations support the view for neo-
genin in NSCs to be critical for astrogliogenesis, it remains to be
investigated whether the remaining undifferentiated NSCs or
NSC cell death is increased or not in neogenin mutant neuro-
spheres or NSCs.

BMPs are members of the TGFS superfamily of signaling li-
gands (Bond et al., 2012). BMPs mediate a highly conserved sig-
nal transduction cascade through the Type I and Type II
receptors and intracellular Smad proteins, which regulate a wide
variety of cellular processes, including cell fate specification, cell
proliferation, cell migration, and cell death during development
(Wu and Hill, 2009). BMPs play dynamic roles in the neurogen-
esis and astrogliogenesis (Gross et al., 1996; Bond et al., 2012;
Mallamaci, 2013). During the late embryonic and early postnatal
periods, BMP signaling promotes astroglial differentiation
(Gross et al., 1996; Mehler et al., 2000; Mallamaci, 2013). Recent
studies have shown that neogenin also plays a role in modulating
BMP signaling, such as in bone formation and iron metabolism
(Leeetal., 2010; Zhou et al., 2010; Hagihara et al., 2011; Tian and
Liu, 2013; Tian et al., 2013; Healey et al., 2015). In our studies, we
provided evidence for neogenin to be involved in BMP2-induced
astrocyte differentiation. First, BMP2-induced astrocyte differ-
entiation was impaired in neogenin mutant neurospheres or
isolated NSCs. Second, p-Smad1/5/8 level was decreased in neo-
genin mutant cells in response to BMP2.

How does neogenin regulate BMP2/Smad1 signaling? Re-
cent studies have shown that neogenin ligands/coreceptors,
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RGMs, serve as a bridge between neogenin and BMPs (Tian
and Liu, 2013; Tian et al., 2013; Healey et al., 2015). Our
results suggest that, in addition to this mechanism, neogenin
may regulate BMP2/smad1 signaling via YAP. In light of our
results, we have proposed a working model depicted in Figure
13K. In this model, neogenin in NSCs or astrocytes is required
for BMP2 activation of RhoA that promotes YAP nuclear
translocation. The nuclear YAP interacts with and stabilizes
nuclear p-Smad1/5/8, which is critical for neocortical astro-
gliogenesis. This model is supported by the following evi-
dence. First, YAP is activated by BMP2 in WT cells, but not in
neogenin mutant cells (Fig. 9). Second, YAP deleted NSCs or
yap"*"-CKO mice displayed a similar astrogliogenesis de-
ficit as that of neogenin mutant mice (Fig. 13). Third, yap
deficiency in NSCs or astrocytes impaired BMP2-induced
p-Smad1/5/8 signaling, so as neogenin deficiency (Fig. 12).
Fourth, transneogenin and yap heterozygote mice displayed
more severe astrogliogenesis defect than that in neogenin or
yap heterozygote mice, indicating a genetic enhancing effect
(Fig. 13A,B). Fifth, expression of yap in neogenin mutant
NSCs diminished BMP2-induced astrocytic differentiation
deficit (Fig. 131,]). Together, these results suggest that YAP as
a downstream of BMP2/neogenin plays a critical role in pro-
moting astrocytic differentiation. Netrin-1 via DCC receptor
upregulates YAP expression, escalating YAP levels in the nu-
cleus and promoting cancer cell proliferation and migration
(Qi et al., 2015). However, our results showed that netrin-1
did not regulate YAP level in WT or neogenin mutant astro-
cytes (data not shown).

How does YAP regulate BMP2/Smad]1 signaling? As illus-
trated in the working model (Fig. 13K), our results suggest
that YAP interaction with pSmadl may be critical for main-
taining pSmad1 protein stability (Fig. 10). This view is in line
with reports that YAP interacts with Smads in the nuclear to
modulate BMP/Smadl or TGF/Smad2 signaling in HEK293
cells or Eph4 cells (Alarcon et al., 2009; Aragén et al., 2011;
Nallet-Staub et al., 2015; Narimatsu et al., 2015), and that
YAP-pSmad1/5/8 complex in the nuclei of HEK293 cells pre-
vents p-Smad1/5/8 degradation by Smurfl (Alarcén et al.,
2009; Aragoén et al., 2011). These reports, combined with our
results, demonstrate the importance of YAP regulation of
BMP2/Smadl signaling in various cell types.

In conclusion, we provide evidence for a critical unrecognized
function of neogenin in promoting neocortical astrogliogenesis
in developing mouse neocortex. Our results also reveal a novel
signaling pathway, neogenin regulation of YAP, which may un-
derlie BMP2-induced neocortical astrogliogenesis.
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