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Canonical TGF- Signaling Negatively Regulates Neuronal
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Functional neuronal connectivity requires proper neuronal morphogenesis and its dysregulation causes neurodevelopmental diseases.
Transforming growth factor-3 (TGF-B) family cytokines play pivotal roles in development, butlittle is known about their contribution to
morphological development of neurons. Here we show that the Smad-dependent canonical signaling of TGF-3 family cytokines nega-
tively regulates neuronal morphogenesis during brain development. Mechanistically, activated Smads form a complex with transcrip-
tional repressor TG-interacting factor (TGIF), and downregulate the expression of a neuronal polarity regulator, collapsin response
mediator protein 2. We also demonstrate that TGF-3 family signaling inhibits neurite elongation of human induced pluripotent stem
cell-derived neurons. Furthermore, the expression of TGF-£ receptor 1, Smad4, or TGIF, which have mutations found in patients with
neurodevelopmental disorders, disrupted neuronal morphogenesis in both mouse (male and female) and human (female) neurons.
Together, these findings suggest that the regulation of neuronal morphogenesis by an evolutionarily conserved function of TGF-£3
signaling is involved in the pathogenesis of neurodevelopmental diseases.
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fSigniﬁcance Statement \

Canonical transforming growth factor-g3 (TGF-3) signaling plays a crucial role in multiple organ development, including brain,
and mutations in components of the signaling pathway associated with several human developmental disorders. In this study, we
found that Smads/TG-interacting factor-dependent canonical TGF- signaling regulates neuronal morphogenesis through the
suppression of collapsin response mediator protein-2 (CRMP2) expression during brain development, and that function of this
signaling is evolutionarily conserved in the mammalian brain. Mutations in canonical TGF-f3 signaling factors identified in
patients with neurodevelopmental disorders disrupt the morphological development of neurons. Thus, our results suggest that
proper control of TGF-3/Smads/CRMP2 signaling pathways is critical for the precise execution of neuronal morphogenesis, whose
impairment eventually results in neurodevelopmental disorders. j

neural networks are orchestrated through the proper growth of
axons to their targets and the formation of complex dendrite
branches that integrate multiple synaptic inputs. Defects in neu-

Introduction
Higher brain function relies on the exquisite architecture of neu-
ral circuits that are established during development. Functional
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ronal morphogenesis lead to neurological diseases including mental
retardation, autism spectrum disorders, and psychiatric diseases
(Ramocki and Zoghbi, 2008; Walsh and Engle, 2010).

Transforming growth factor-B (TGE-) signaling controls a
variety of biological processes, including cell proliferation, differ-
entiation, apoptosis, and tissue patterning (Massagué et al., 2000).
The TGF-B superfamily comprises TGE- s, bone morphogenetic
proteins (BMPs), growth and differentiation factors (GDFs), ac-
tivins, and Nodal. TGF-B family ligands bind to their cognate
type I and type II serine/threonine kinase receptors and induce
transphosphorylation of the type I receptors. Activated type I
receptors in turn phosphorylate pathway-restricted transcription
factor Smads (R-Smads), which then form a complex with com-
mon partner Smad4. The resultant Smad complexes translocate
into the nucleus, where they modulate the transcription of target
genes through interaction with transcriptional cofactors (Derynck and
Zhang, 2003; Shi and Massagué, 2003). There also exist Smad-
independent noncanonical TGF-f3 signaling pathways, containing
molecules such as p38 mitogen-activated protein kinase, TGF-f3-
activated kinase 1, TNF receptor associated factor 4 (TRAF4) and
TRAF6 (Derynck and Zhang, 2003; Zhang, 2009); however, their
precise biological contributions to TGF- signaling are much less
clear compared with the canonical pathway.

Smad-dependent canonical TGF-f signaling is critical for
multiple aspects of neurodevelopment, including adult neuro-
genesis and neuroprotection (Konig et al., 2005; Liu and Niswan-
der, 2005; Ageta et al., 2008; Colak et al., 2008). It has been shown
that TGF- receptor 1 [TGFBR1 (or ALK5)]-dependent TGF-f3
signaling promotes the maturation of newborn neurons in the
adult hippocampus (He et al., 2014). Moreover, mutations in
signaling pathway components, such as TGFBR1, TGFBR2, Smad4,
and TG-interacting factor (TGIF), are associated with several
human developmental disorders characterized by cognitive ab-
normality and mental retardation (Gripp et al., 2000; Loeys et al.,
2005; Le Goff et al., 2011), suggesting that canonical TGF-f3 sig-
naling plays a crucial role in neuronal functions and develop-
ment. However, its functional role in neuronal morphogenesis,
especially during brain development, and how defects of canon-
ical TGF- signaling lead to neurodevelopmental disorders, are
not fully elucidated.

Proper control of microtubule and actin cytoskeleton is funda-
mental for neuronal development and maintenance (Conde and
Caceres, 2009). The family of collapsin response mediator proteins
(CRMPs) includes molecules critical for neurite development.
CRMPs comprise the five cytosolic proteins CRMP1-5, and all
CRMPs bind to tubulin. CRMP1, CRMP2, CRMP3, and CRMP4
show 75% sequence similarity with each other, whereas CRMP5
shares only 50% similarity (Quach etal., 2015). All CRMPs can be
phosphorylated and are abundantly expressed in the developing
and adult nervous systems (Wang and Strittmatter, 1996; Bretin
et al., 2005). CRMP2 [also known as DPYSL2 (dihydropyri-
minidase-like 2)] is the first identified member of the CRMP
family and has been studied most extensively. It binds to a- and
B-tubulin heterodimers and enhances microtubule assembly,
thereby promoting axon specification and formation (Inagaki et
al., 2001; Fukata et al., 2002). CRMP2 also binds to actin to con-
trol cytoskeletal dynamics (Arimura et al., 2005). In addition,
phosphorylation by glycogen synthase kinase 33 negatively reg-
ulates the activity of CRMP2 (Yoshimura et al., 2005). Although
arecent study has reported that BMP—Smad signaling suppresses
CRMP2 expression in neuronal progenitor cells in the developing
brain (Sun et al., 2010b), the mechanisms that regulate the ex-
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pression of CRMP2 to define the morphological development of
neurons have yet to be elucidated.

In the present study, using mouse embryonic hippocampal neu-
rons, we first show that the activation of canonical TGF-f superfam-
ily signaling impairs neuronal morphogenesis. Smads bind to the
Crmp2 promoter and repress it upon TGF-f signal activation in
neurons. We further found that TGIF mediates this Smad-
dependent suppression of Crmp2 expression. Similar to the case
of mouse neurons, we also show that TGF-f3 signaling negatively
regulates the morphological development of neurons established
from human fibroblast-derived induced pluripotent stem cells
(hiPSCs), suggesting an evolutionarily conserved function for
TGF-f signaling between mouse and human. Notably, the ex-
pression of TGFBR1, Smad4, or TGIF, which have mutations
found in patients with neurodevelopmental disorders, impaired
morphological maturation of both mouse and human neurons.

Materials and Methods

Animals. All aspects of animal care and treatment were performed ac-
cording to the guidelines of the Experimental Animal Care Committee of
Kyushu University (Fukuoka, Japan). Timed-pregnant ICR mice (Japan
SLC) were used in this study.

Cell culture. Hippocampal neurons were isolated from embryonic day
17 (E17) mouse embryos (male and female) according to a previously
described protocol (Irie et al., 2016). In brief, hippocampal neurons were
dissociated with papain at 37°C for 20 min and triturated by gentle pi-
petting. Dissociated cells were plated on poly-L-lysine (catalog #P2636,
Sigma-Aldrich)-coated culture dishes with «-MEM (catalog #12571-063, Invit-
rogen) containing 5% fetal bovine serum (FBS) and 0.6% glucose. When
neurons had adhered (after 3—4 h), the medium was replaced with main-
tenance medium (Neurobasal medium; catalog #21103-049, Invitrogen)
supplemented with 20 ul/ml B-27 (catalog #17504-44, Invitrogen) and
0.5 mM GlutaMax (catalog #35050-061, Invitrogen). Neurons were
treated with 50 ng/ml TGF-B1 (catalog #240-B, R&D Systems), 50 ng/ml
BMP?2 (catalog #355-BM, R&D Systems), 50 ng/ml BMP4 (catalog #314-
BP, R&D Systems), 50 ng/ml BMP7 (catalog #354-BP, R&D Systems),
5 ng/ml SB431542 (catalog #13031, Cayman Chemical), and 50 ng/ml
Noggin (catalog #6057-NG, R&D Systems). Half-volume medium changes
were performed every 3 d. Cytosine 3-p-arabinofuranoside hydrochlo-
ride (catalog #C1768, Sigma-Aldrich) was added 1 d after plating to
eliminate proliferating undifferentiated and glial cells.

Neural stem/precursor cells (NS/PCs) were isolated from E14 mouse
embryo (male and female) telencephalons. The telencephalons were trit-
urated with Hank’s balanced salt solution (catalog #H2387, Sigma-
Aldrich) by gentle pipetting. Dissociated cells were cultured for 4 d before
being used in an experiment in N2 medium [DMEM/F12 (catalog #124000-
24, Invitrogen), 25 pg/ml insulin (catalog #097-06474, Wako), 100 pg/ml
apo-transferrin (catalog #34401-55, Nacalai Tesque), 16 wg/ml putrescine
dihydrochloride (catalog #P5780, Sigma-Aldrich), 30 um sodium selenite
(catalog #55261, Sigma-Aldrich), 20 um progesterone (P0130, Sigma-
Aldrich)], supplemented with 10 ng/ml bFGF (catalog #100-18B, Pepro-
Tech), on culture dishes coated with poly-L-ornithine (catalog #P3655,
Sigma-Aldrich) and fibronectin (catalog #F4759, Sigma-Aldrich).

Female human NSPCs (hNS/PCs; a gift from Dr. H. Okano, Keio
University, Tokyo, Japan; Andoh-Noda et al., 2015) were plated onto
poly-L-ornithine- and laminin-coated (Corning) plates in maintenance
medium (DMEM/F12, 1 ul/ml B27, 10 ng/ml bFGF and 10 ng/ml EGF;
PeproTech). The cells were passaged at a ratio of 1:3 every third or fourth
day using TrypLE (catalog #12563011, Invitrogen). To induce neuronal
differentiation, cells were plated onto Matrigel (Corning)-coated dishes
in maintenance medium lacking both EGF and bFGF. Half of the
medium was changed every 2 d. The study protocol was reviewed and
approved by the Research Ethics Committees of Kyushu University (Ap-
proval No. 27-59) and Keio University (Approval No. 20080016).

Constructs. Lentivirus vectors used to express short-hairpin RNAs
(shRNAs; pLLX), and FLAG-tagged TGFBR1, TGFSR2, TGFBR1-D400G,
Smad1l, DN-Smad1, Smad2, Smad4, hSmad4, hSmad4-1500T, CRMP2,
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TGIF, and TGIF-S162F (pLEMPRA) were provided by Dr. Z. Zhou (Uni-
versity of Pennsylvania School of Medicine) and Dr. M.E. (Harvard Med-
ical School) Greenberg. pLLX and pLEMPRA are dual-promoter
lentivirus vectors constructed by inserting the U6 promoter-driven
shRNA cassette 5 into the ubiquitin-C promoter in the FUIGW plasmid
(Lois et al., 2002; Zhou et al., 2006). Empty vector was used as a negative
control in knock-down and overexpression experiments. shRNAs
against Smadl, Smad4, Crmp2, and Tgif were designed to target mouse
genes with the following sequences: shSmad1, 5'-ACAGCCGAGTAACT
GCGTCACCATT-3'; shSmad4-1, 5-GGATGAGTACGTTCACGAC-3';
shSmad4-2, 5'-GTAATCGCGCATCAACGGA-3'; shCRMP2-1, 5'-ACT
CCTTCCTCGTGTACAT-3";shCRMP2-2,5'-GCCTATTGGCTGCCT
TTGA-3"; shTGIF-1, 5'-ATCTGGACCAAGTACGAAT-3’; and
shTGIF-2, 5'-AGACACACCTGTCCACACT-3'.

Lentivirus production. Lentiviruses were produced as described previ-
ously (Tsujimura et al., 2015). Briefly, lentivirus particles were con-
structed by cotransfecting HEK293T cells with the lentivirus constructs
pCMV-VSV-G-RSV-Rev and pCAG-HIVgp using polyethyleneimine
(catalog #23966-1, Polysciences). The culture supernatants were col-
lected 48 h after transfection, and virus was introduced into neurons and
hNS/PCs by adding these supernatants to the culture media.

Immunocytochemistry. Cells were fixed at the indicated days in vitro
(DIV) with 4% paraformaldehyde in PBS and washed with PBS. They
were then permeabilized and blocked with blocking buffer (3% FBS and
0.1% Triton X-100 in PBS) at room temperature (RT) and incubated
with primary antibodies diluted in blocking buffer at RT for 3 h. The follow-
ing primary antibodies were used in this study: rabbit anti-microtubule-
associated protein 2 (MAP2; 1:500; catalog #AB5622, Millipore; You et al.,
2015); guinea pig anti-MAP2 (1:1000; catalog #188-004, Synaptic Sys-
tems; Pribiag and Stellwagen, 2013); mouse anti-Taul (1:500; catalog
#MAB3420, Millipore; van Beuningen et al., 2015); chick anti-GFP (1:
1000; catalog #GFP-1020, Aves Laboratories; Taylor et al., 2010); chick
anti-RFP (1:500; catalog #PM005, MBL; Okamoto et al., 2016); and
Smad4 (catalog #9515, Cell Signaling Technology; Park et al., 2012).
After being washed with PBS, the cells were incubated for 1 h at RT with
the following corresponding secondary antibodies: CF488 donkey anti-
chick IgG (H+L), highly cross-adsorbed (1:500; Biotium); CF555 don-
key anti-mouse I1gG (H+L), highly cross-adsorbed (1:500; Biotium);
CF555 donkey anti-rabbit IgG (H+L), highly cross-adsorbed (1:500;
Biotium); and CF647 donkey anti-guinea pig IgG (H+L), highly cross-
adsorbed (1:500; Biotium). Hoechst 33258 (1:500; catalog #04928-92,
Nacalai Tesque) was used for nuclear staining. After a final washing with
PBS, they were mounted on glass slides with Immu-Mount (Thermo
Fisher Scientific), and images were taken using a Leica AF600 fluores-
cence microscope.

Immunohistochemistry. Sections were washed with PBS, permeabilized
and blocked with blocking buffer at RT, and incubated overnight at 4°C with
primary antibody solution. After being washed with PBS, the sections were
incubated for 2 h at RT with secondary antibody solution. After being
washed with PBS, the sections were mounted on glass slides. Fluorescence
images were acquired using a Zeiss LSM 700 confocal microscope.

In utero electroporation. To evaluate dendritic growth in vivo, in utero
electroporation was performed on E14 mice embryos (male and female),
as described previously (Irie et al., 2016). Briefly, plasmid DNA [1.0
g/ ul (axon development) or 0.1 ug/ul (dendrite development) in PBS
containing 0.1% Fast Green] was injected into the lateral ventricle of the
embryonic brain from outside the uterus. Fifty millisecond electric pulses
of 45 V were delivered five times at intervals of 950 ms using a model
CUY?21 Single Cell Electroporator (Nepa Gene). Glass micropipettes were
prepared using a P-1000IVF Micropipette Puller (Sutter Instrument).
Animals were perfused with 4% paraformaldehyde at postnatal day 1 (P1;
axon development) or P10 (dendrite development).

Morphological analysis. Morphological assay was performed as previ-
ously described (Irie et al., 2016). To analyze axon development in vitro,
hippocampal neurons were subjected to immunocytochemistry using
anti-Tau-1 and anti-GFP antibody at 3DIV. Neurites with a strong Tau-1
signal at their proximal end were counted as axons. Axon length and
branch number were measured using Image]. For analysis of axon devel-
opment in vivo, brain sections were subjected to immunohistochemistry
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with anti-GFP and anti-RFP antibodies. Axon lengths were measured by
taking the edge of the GFP and tdTomato colabeled region as the starting
point using Image].

For analysis of dendrite development in vitro, hippocampal neurons
were subjected to immunostaining with antibodies against MAP2 and
GFP at 6DIV. Dendrites were defined as MAP2-positive neurites. Sholl
analysis and quantification of dendritic length and branch numbers were
performed using ImageJ software. For Sholl analysis, concentric circles
having 10 wm increments in radius were defined from the center of the
cell body. The number of MAP2-positive dendrites crossing each circle
was counted. For analysis of dendrite development in vivo, brain sections
were subjected to immunohistochemistry with anti-GFP antibody. Total
dendritic length and branch numbers of GFP-positive neurons in layer 4
were measured using Image]. For Sholl analysis, concentric circles having
10 um increments in radius were defined from the center of cell body.
The number of GFP-positive dendrites crossing each circle was counted.

qRT-PCR analysis. Total RNAs were isolated with TRIzol (catalog #15596-
018, Invitrogen) and subjected to reverse transcription with the Super-
Script VILO cDNA Synthesis Kit (catalog #11754250, Invitrogen) according
to the manufacturer instructions. qRT-PCR was performed using a KAPA
SYBR Fast qPCR Kit (catalog #KK4602, Kapa Biosystems) with ROX as
the reference dye (Thermo Fisher Scientific) with the StepOne Real-Time
PCR System (Applied Biosystems). Expression levels of each gene were
normalized to GAPDH and calculated relative to the control. Primers
were as follows: CRMP2, 5'-TATTCCACGCATCACGAGCGA-3" (for-
ward), 5'-GGTCTTCACCCCTCCTGGTA-3" (reverse); Smad4, 5'-GGCC
GTGGCAGGGAACA-3' (forward), 5'-CTGCAGAGCTCGGTGAAGGTG
AAT-3" (reverse); CRMP1, 5'-ACACGGCCAGTGATGTGAG-3’" (forward),
5'-AGGAGCCGGTCACTCTGG-3' (reverse); CRMP3, 5'-TCACACTCG
GACTTCCTAAGC-3' (forward), 5'-CTTTGATGAGAAGGCGGTCG-3’
(reverse); TGIF, 5'-GATTCTGCGAGACTGGCTGT-3' (forward), 5'-CAGT
TACAGACCTGTAGTGTGG-3' (reverse); and GAPDH, 5-ACCACAG
TCCATGCCATCAC-3’ (forward), 5'-TCCACCACCCTGTTGCTGTA-3’
(reverse).

Western blot analysis. Whole-cell extracts were separated by SDS-PAGE
and transferred onto PVDF membranes (Millipore). After completion of the
transfer, the membrane was cut into separate proteins according to molec-
ular mass, and then probed with antibodies against CRMP2 (60—80 kDa;
catalog #9393, Cell Signaling Technology), Smad1 (58 —60 kDaj; catalog
#9743, Cell Signaling Technology), Smad2 (60 kDa; catalog #5339, Cell
Signaling Technology), phosphorylated (p)-Smad1/5 (60 kDa; catalog
#9516, Cell Signaling Technology), and p-Smad2 (60 kDa; catalog #3108,
Cell Signaling Technology), with GAPDH (37 kDa; catalog #MAB374,
Millipore) as an internal control. Immunoreactive bands were detected
by enhanced chemiluminescence using ECL Prime Western Blotting De-
tection Reagent (GE Healthcare). After the first detection, the membrane
was stripped, if necessary, using stripping solution (catalog #05364-55,
Nacalai Tesque), and then incubated with other primary antibodies.

Chromatin immunoprecipitation assay. A chromatin immunoprecipi-
tation (ChIP) assay was performed as previously described (Noguchi et
al., 2016). Cells were cross-linked in medium containing 1% formalde-
hyde for 10 min, neutralized with 1.5 M glycine for 10 min, and then
washed with cold PBS. The cells were sonicated using a Sonifer 450
(Branson) in SDS-lysis buffer (1% SDS, 10 mm EDTA, 50 mwm Tris-HCI,
pH 8.0) until the DNA fragments were 200-500 bp in length. Immuno-
precipitation was performed at 4°C overnight with 2 ug of an antibody
against p-Smad1/5 (catalog #9516, Cell Signaling Technology) or p-Smad2
(catalog #3108, Cell Signaling Technology), or histone H3-Lys27 acetylation
(H3K27Ac; catalog #CMA309, Millipore). Immunocomplexes were then
incubated with 20 ul of anti-mouse or anti-rabbit IgG Dynabead mag-
netic beads for at least 6 h. The beads were washed successively with the
following four buffers: low-salt buffer (0.1% SDS, 1% Triton X-100,
0.1% NaDOC, I mm EDTA, 50 mm Tris-HCI, pH 8.1, and 150 mm NaCl);
high-salt buffer (0.1% SDS, 1% Triton X-100, 0.1% NaDOC, 1 mm
EDTA, and 50 mm Tris-HCI, pH 8.1, 500 mm NaCl); and LiCl buffer (0.25
M LiCl, 0.5% NP-40, 0.5% NaDOC, 1 mm EDTA, and 10 mm Tris-HCI,
pH 8.0). They were then washed twice with TE buffer (10 mm Tris-HCI
and 1 mm EDTA, pH 8.0). The cross-linking in immunocomplexes and
input samples was reversed with direct elution buffer (0.5% SDS, 5 mm
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Figure1.  TGF-3 family signals negatively requlate neuronal development in hippocampal neurons. A, Representative images of MAP2 (red) staining of 6DIV hippocampal neurons treated with
BSA (control), TGF-31, BMP2, BMP4, and BMP7. Scale bar, 50 m. B, €, Quantification of total dendritic length (B) and branch numbers (C) of A. D, Quantification of dendrite complexity by Sholl
analysis of 3DIV hippocampal neurons treated with BSA, TGF- 31, BMP2, BMP4, and BMP7. E, Representative images of MAP2 (red) staining of 6DIV hippocampal neurons treated with BSA (control),
SB431542,and Noggin. Scale bar, 50 wm. F, G, Quantification of total dendritic length (F) and branch numbers (G) in E. H, Quantification of dendrite complexity by Sholl analysis of 6DIV hippocampal
neurons treated with BSA, SB431542, and Noggin. /, Representative images of Tau1 (green) and MAP2 (red) staining of 3DIV hippocampal neurons treated with BSA, TGF-31, BMP2, BMP4, and
BMP?7. Scale bar, 50 wm. J, K, Quantification of total axon length (J) and axon branch numbers (K) of 3DIV hippocampal neurons treated with BSA, TGF-B31, (Figure legend continues.)
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EDTA, and 10 mm Tris-HCI, pH 8.0, 300 mMm NaCl) at 65°C overnight.
The DNA was further treated with RNase at 37°C for 30 min and then
incubated with proteinase K (Nacalai Tesque) at 65°C for 1 h. The DNA
was purified by phenol-chloroform extraction followed by ethanol pre-
cipitation. The DNA pellet was dissolved in 20 ul of H,O and used as a
template for PCR or quantitative PCR. Primers were as follows: p-Smad1/5
and p-Smad2, primerl: 5'-CTCCATTGTGGCCTGCATTG-3' (forward),
5'-GCATATCCCACGATTCTGACCA-3" (reverse); p-Smadl/5 and
p-Smad2, primerll: 5'-ACCTGAAGATTTCCGCAGTCC-3’ (forward),
5'"-CATGGGTCACAATCACAGGTTC-3’ (reverse); and H3K27Ac: 5'-
TACAGCGCCTACCTAATGGC-3" (forward), 5'-TGCCTCATAACC
CTCCCTCA-3' (reverse).

Luciferase reporter assay. Hippocampal neurons treated with TGF-1
and BMP2 were transfected with a reporter construct harboring the
Crmp2 promoter, using PEI (Sigma-Aldrich). After transfection, the
cells were incubated for 3 d and were lysed with Reporter Lysis Buffer.
Luciferase activity of the lysates was measured with the Dual-Glo
Luciferase Assay System (Promega) according to the manufacturer pro-
tocol. Firefly luciferase activity was determined in three independent
transfections and normalized by comparison with the Renilla luciferase
activity of the internal control.
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(Figure legend continued.) BMP2, BMP4, and BMP7 immunostained with antibodies against
Tau1. Total length and branch numbers of Tau1-positive axons were measured. L, M, Quantifi-
cation of total dendritic length (L) and branch numbers (M) of 6DIV hippocampal neurons
infected with lentiviruses expressing GFP alone (control) or GFP together with TGF3R1 or
TGFBR2. N, Quantification of dendrite complexity by Sholl analysis of 6DIV hippocampal neu-
ronsinfected with lentiviruses expressing TGF 3R1 or TGF3R2. 0, P, Quantification of total axon
length (0) and axon branch numbers (P) of 3DIV hippocampal neurons infected with lentivi-
ruses expressing TGF BR1 or TGF BR2. Data are presented as the mean == SEM. p > 0.05 (n.s.);
*p << 0.05,**p < 0.01, ***p << 0.001 by one-way ANOVA, Tukey's post-test. N = 3 indepen-
dent experiments; at least 50 neurons were analyzed in each experiment.

Experimental design and statistical analysis. Statistical analyses were
performed with Student’s ¢ test (for two-group comparisons) and one-
way ANOVA, followed by Tukey’s multiple-comparison tests, as appropri-
ate (for multiple groups comparison), using Prism 7 (GraphPad Software).
All data are presented as the mean = SEM. p Values <0.05 were considered
significant. The sample size was similar to those reported in previous
publications (Tsujimura et al., 2015; Irie et al., 2016; Noguchi et al., 2016)
and is indicated in the relevant figure legends. No statistical method was
used to predetermine sample size.

Results

TGF-f family cytokines impair dendritic and axonal growth/
branching of mouse hippocampal neurons

Canonical TGF-f signaling controls the development of diverse
organs including brain. However, our understanding of the roles
of this signaling pathway in the morphological development of
neurons is sparse. To explore such roles, we exposed primary-
cultured mouse hippocampal neurons to TGF- 3 family cytokines
and assessed axonal and dendritic morphology. We found that
total dendritic length and dendritic branch numbers were de-
creased in neurons treated with TGF-B1, BMP2, and BMP4 com-
pared with control in a dose-dependent manner [Figs. 1A—C (Fig.
1B: TGF-B1, p = 0.0199; BMP2, p = 0.0073; BMP4, p = 0.0135;
ANOVA; Fig. 1C: TGF-B1, p = 0.0055; BMP2, p = 0.0004;
BMP4, p = 0.0043; ANOVA), 2A-D (Fig. 2A: TGF-B1 20, p =
0.0356; TGF-B1 50, p = 0.0063; TGF-B1 125, p = 0.0019;
ANOVA; Fig. 2B: TGF-B1 20, p = 0.007; TGF-$1 50, p = 0.0013;
TGF-B1125,p = 0.0001; ANOVA; Fig. 2C: BMP2 20, p = 0.0198;
BMP2 50, p = 0.0006; BMP2 125, p = 0.0002; ANOVA; Fig. 2D:
BMP2 20, p = 0.0322; BMP2 50, p = 0.0013; BMP2 125, p =
0.0005; ANOVA)]. We also found that TGF-B1 and BMP2 regu-
late dendrite development additively rather than synergistically
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(Fig. 2E-H (Fig. 2E: TGF-B1 20, p = 0.0262; BMP2 20, p =
0.0476; ANOVA; Fig. 2F: TGF-B1 20, p = 0.0055; BMP2 20,
p = 0.0107; ANOVA; Fig. 2G: TGF-B1 50, p > 0.9999; BMP2
50, p = 0.994; ANOVA; Fig. 2H: TGF-B1 50, p = 0.9853; BMP2
50, p = 0.9923; ANOVA)]. We further observed decreased den-
dritic complexity in TGF-f1-, BMP2-, and BMP4-treated neurons,
asassessed by Sholl analysis (Fig. 1D). Consistent with previous stud-
ies suggesting that BMP7 promotes dendritic growth through a non-
canonical pathway (Lee-Hoeflich et al., 2004), dendritic branch
numbers increased after BMP7 treatment, although dendritic length
was not affected [Fig. 1B, C (Fig. 1B: BMP7, p = 0.682; ANOVA;
Fig. 1C; BMP7, p = 0.0015; ANOVA]. On the other hand, treat-
ment with the TGFBR1 inhibitor SB431542 and a BMP antago-
nist Noggin increased dendritic length, numbers, and complexity
(Fig. 1E-H (Fig. 1F: SB431542, p = 0.0002; Noggin, p = 0.0021;
ANOVA; Fig. 1G: SB431542, p = 0.0014; Noggin, p = 0.0068;
ANOVA)]. In addition to dendritogenesis, we found that total
axonal length and branch numbers were reduced by treatment
with TGF-B1, BMP2, and BMP4 [Fig. 11K (Fig. 1J: TGF-B1, p =
0.0003; BMP2, p = 0.0003; BMP4; p = 0.0002; ANOVA; Fig. 1K:
TGE-B1, p = 0.0079; BMP2, p = 0.0037; BMP4, p = 0.0118;
ANOVA)].

Since TGF-p signaling is mediated through the activation of
the TGFBR complex, which is composed of type I and type II recep-
tors, we next investigated the effect of TGFBR forced expression
on the morphological maturation of neurons. Overexpression of
TGFBRI (type I) and TGFBR2 (type II) significantly suppressed
dendritic and axonal morphogenesis [Fig. 1L-P (Fig. 1L: TGFBR1,
p = 0.0003; TGEBR2, p = 0.0002; ANOVA; Fig. 1M: TGFBR1, p <
0.0001; TGEBR2, p < 0.0001; ANOVA; Fig. 10: TGFBR1, p =

0.0008; TGFBR2, p = 0.001; ANOVA; Fig. 1P: TGFBRL, p = 0.0013;
TGFBR2, p = 0.0001; ANOVA)]. Together, these results suggest that
these TGF- 3 family members, except for BMP7, inhibit morpholog-
ical development of cultured hippocampal neurons.

Downstream transcription factor Smads are responsible for
TGF- family-induced suppression of dendritic and axonal
growth/branching in cultured hippocampal neurons
Canonical TGF-B family signaling is mediated by downstream
signal transducer Smad transcription factors. Pathway-restricted
R-Smads are activated by particular TGF-8 members (e.g., TGF-S1
activates Smad2 and Smad3), while BMPs activate Smad1, Smad5,
and Smads8. To confirm that Smads are indeed activated in neurons
treated with TGF-3 family cytokines, we immunostained hippocam-
pal neurons treated with BSA, TGF-1, BMP2, BMP4, or BMP7
using antibodies against p-Smads (p-Smad2 for TGF-B1 and
p-Smad1/5 for BMPs). We detected a p-Smad?2 signal in neurons
treated with TGF-1 for 12 h (Fig. 3A). Although we also clearly
detected a p-Smad1/5 signal in BMP2- and BMP4-treated neu-
rons, the signal was faint in BMP7-treated neurons (Fig. 3B).
When we analyzed Smadl/5 activation by Western blot, the
BMP2-activated Smad1/5 signal was dramatically increased by
12 h, whereas little or no activation was observed in BMP7-treated
neurons (Fig. 3C). It has been reported that conditional knock-
out of TGFBR1 and overexpression of a constitutively active
form of TGFBR1 (caTGFBR1) impaired and stimulated, re-
spectively, dendrite growth in the adult hippocampus in vivo
(He et al., 2014), which is opposite to what we observed in the
overexpression of TGFBR1. We therefore generated lentiviral
vectors coexpressing GFP and caTGFBR1 (Wieser et al., 1995)
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Figure 4.  Canonical Smad-dependent signaling pathways suppress morphological development in hippocampal neurons. 4, B, Western blot analysis of Smad1 and Smad2 expression in
developing cultured hippocampal neurons. €, Representative images of GFP (green) and MAP2 (red) staining of 6DIV hippocampal neurons infected with lentiviruses expressing Smad1, Smad2, or
Smad4. Scale bar, 50 wm. D, E, Quantification of total dendritic length (D) and branch numbers (E) of 6DIV hippocampal neurons infected with lentiviruses (Figure legend continues.)
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and infected hippocampal neurons with the viruses. We first con-
firmed that canonical TGF-B signaling was activated in the
caTGFBRI1-expressing virus-infected neurons by assessing Smad2
phosphorylation, and detected a p-Smad2 signal in the nucleus of
the neurons (Fig. 3D). Overexpression of caTGFBR1 in hip-
pocampal neurons also decreased total dendritic length and
branch numbers compared with control [Fig. 3F-H (Fig. 3G:
caTGFBRI1, p = 0.0056; ANOVA; Fig. 3H: caTGFBRI, p =
0.0079; ANOVA)]. Furthermore, overexpression of the constitu-
tively active form of BMP receptor type IA (caBMPR1A; Akiyama
etal,, 1997) in hippocampal neurons induced phosphorylation of
Smad1/5 and diminished total dendritic length and branch num-
bers compared with control [Fig. 3E-H (Fig. 3G: caBMPRIA, p =
0.0026; ANOVA; Fig. 3H: caBMPRIA, p = 0.0052; ANOVA)].
We next investigated the expression pattern of Smadl and
Smad?2 during the development of cultured hippocampal neu-
rons, and found that Smadl and Smad2 expression gradually
decreased over time (Fig. 4A,B). We then examined the func-
tional effects of Smads on neuronal morphological development
by gain-of-function and loss-of-function experiments. Overex-
pression of Smadl, Smad2, and Smad4 in hippocampal neurons
suppressed total dendritic length, branch numbers, and com-
plexity compared with control [Fig. 4C—F (Fig. 4D: Smadl, p <
0.0001; Smad2, p < 0.0001; Smad4, p < 0.0001; ANOVA; Fig. 4E:
Smadl, p = 0.0024; Smad2, p = 0.0348; Smad4, p = 0.0257;
ANOVA)]. For the loss-of-function experiment, we generated
lentiviral vectors coexpressing GFP and a specific sShRNA against
Smadl (shSmadl) or Smad4 (shSmad4-1 and shSmad4-2; Fig.
41,]).In contrast to the results obtained with overexpression, the

<«

(Figure legend continued.) expressing Smad1, Smad2, or Smad4. F, Quantification of dendrite
complexity by Sholl analysis of 6DIV hippocampal neurons infected with lentiviruses expressing
Smad1, Smad2, or Smad4. G, H, Quantification of total axon length (G) and axon branch num-
bers (H) of 3DIV hippocampal neurons infected with lentiviruses expressing Smad1, Smad2, or
Smad4. I, Hippocampal neurons were infected with lentiviruses expressing shRNA against
Smad?1. The expression of Smad1 protein was measured by Western blotting using an anti-
Smad1 antibody. J, Validation of the effect of Smad4 shRNAs. qRT-PCR analysis of Smad4 levels
in cultured hippocampal neurons infected with lentiviruses expressing shSmad4-1 or
shSmad4-2. K, L, Quantification of total dendritic length (K) and branch numbers (L) of 6DIV
hippocampal neurons infected with lentiviruses expressing shSmad4-1 and shSmad4-2.
M, Quantification of dendrite complexity by Sholl analysis of 6DIV hippocampal neurons in-
fected with lentiviruses expressing shSmad4-1 and shSmad4-2. N, 0, Quantification of total
axon length (N) and axon branch numbers (0) of 3DIV hippocampal neurons infected with
lentiviruses expressing shSmad4-1 and shSmad4-2. P, Q, Hippocampal neurons were infected
with lentiviruses expressing shSmad1 and DN-Smad1: quantification of total dendritic length
(P) and branch numbers (Q). R, Quantification of dendrite complexity by Sholl analysis of 6DIV
hippocampal neurons infected with lentiviruses expressing shSmad1 and DN-Smad1.
S, T, Quantification of total axon length (S) and axon branch number (T) of 3DIV hippocampal
neurons infected with lentiviruses expressing shSmad1 and DN-Smad1. U, Representative im-
ages of GFP and MAP2 staining of 6DIV hippocampal neurons treated with TGF- 31, and infected
with lentiviruses expressing control shRNA, shSmad4-1 or shSmad4-2. Scale bar, 50 pm.
V, W, Quantification of total dendritic length (V) and branch numbers (W) of 6DIV hippocampal
neurons treated with TGF-31, and infected with lentiviruses expressing control or shSmad4-1
and shSmad4-2. X, Quantification of dendrite complexity by Sholl analysis of 6DIV hippocampal
neurons treated with TGF-31, and infected with lentiviruses expressing control or shSmad4-1
and shSmad4-2. ¥, Representative images of GFP (green) and MAP2 (red) staining of 6DIV
hippocampal neurons treated with BMP2, and infected with lentiviruses expressing shSmad1.
Scale bar, 50 m. Z, AA, Quantification of total dendritic length (Z) and branch numbers (AA) of
6DIV hippocampal neurons treated with BMP2, and infected with lentiviruses expressing con-
trol or shSmad1. AB, Quantification of dendrite complexity by Sholl analysis of 6DIV hippocam-
pal neurons treated with BMP2, and infected with lentiviruses expressing control or shSmad1.
Data are presented as the mean = SEM. *p << 0.05, **p < 0.01, ***p << 0.001 by one-way
ANOVA, Tukey's post-test. N = 3 independent experiments; at least 50 neurons were analyzed
in each experiment.
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knockdown of Smadl and Smad4 promoted dendrite develop-
ment [Fig. 4K—-M,P-R (Fig. 4K: shSmad4-1, p = 0.0041;
shSmad4-2, p = 0.0056; ANOVA; Fig. 4L: shSmad4-1, p =
0.0035; shSmad4-2, p = 0.0031; ANOVA; Fig. 4P: shSmadl, p =
0.0018; ANOVA; Fig. 4Q: shSmadl, p = 0.009; ANOVA)]. Like-
wise, the expression of a dominant-negative (DN) form of Smad1
(Yoshiura et al., 2007) promoted dendrite development (Fig.
4P-R (Fig. 4P: DN-Smadl, p = 0.0002; ANOVA; Fig. 4Q: DN-
Smadl, p = 0.0026; ANOVA)]. Furthermore, similar effects of
Smads were observed regarding axonal growth [Fig. 4G,H,N,0,S,T
(Fig. 4G: Smadl, p < 0.0001; Smad2, p < 0.0001; Smad4, p < 0.0001;
ANOVA; Fig. 4H: Smadl, p < 0.0001; Smad2, p < 0.0001; Smad4, p <
0.0001; ANOVA; Fig. 4N: shSmad4-1, p = 0.0089; shSmad4-2, p =
0.0096; ANOVA; Fig. 40: shSmad4-1, p = 0.0224; shSmad4-2,
p = 0.0074; ANOVA; Fig. 4S: shSmadl, p = 0.0002; DN-Smad]l, p =
0.0003; ANOVA; Fig. 4T: shSmadl, p = 0.0002; DN-Smadl, p =
0.0006; ANOVA)].

To determine whether Smads are indeed acting downstream
of TGF-f signaling in neuronal morphogenesis, we investigated
the consequence of Smad4 loss of function in TGF-B1-treated
neurons. Knocking down Smad4 abolished the effect of TGF-£1
on dendritic development [Fig. 4U-X (Fig. 4V: TGF- 1 Control,
p = 0.0193; TGF-B1 shSmad4-1, p = 0.006; TGF-B1 shSmad4-2,
p = 0.0127; ANOVA; Fig. 4W: TGE-B1 Control, p = 0.0443;
TGF-B1 shSmad4-1, p = 0.0217; TGF-1 shSmad4-2, p = 0.0079;
ANOVA)]. Similarly, knockdown of SmadI cancelled the effect
of BMP2 on dendritic development [Fig. 4Y,AB (Fig. 4Z: BMP2
Control, p = 0.0439; BMP2 shSmad1, p = 0.0204; ANOVA; Fig.
4AA: BMP2 Control, p = 0.01; BMP2 shSmadl, p = 0.0109;
ANOVA)]. Together, these observations suggest that Smad-
dependent canonical TGF- signaling suppresses the morpho-
logical maturation of hippocampal neurons.

Canonical TGF- signaling represses CRMP2 expression

Previous studies have shown that CRMP2 regulates various phases
of neuronal development including polarization, axonal forma-
tion (Inagaki et al., 2001; Nishimura et al., 2003), and dendritic
growth (Zhang et al., 2016). However, the mechanisms that reg-
ulate Crmp2 expression for neuronal maturation remain poorly un-
derstood. Since BMP signaling has been reported to downregulate
CRMP?2 expression in ES cells (Fei et al., 2010) and neuronal
progenitor cells in the developing brain (Sun et al., 2010b), we
hypothesized that canonical TGF- signaling might also control
the expression of CRMP2 in differentiated neurons. To test this
idea, we investigated the expression pattern of CRMP2 in matu-
rating hippocampal neurons. Opposite to the expression patterns
of Smads, CRMP?2 expression gradually increased as the neurons
matured (Fig. 54, B). It has been reported that CRMP2 has two
isoforms (64 and 75 kDa; Yuasa-Kawada et al., 2003), and an
immunoblot using anti-CRMP2 antibody detected two bands
corresponding to these isoforms when CRMP2 expression was
high (Fig. 5A, lanes 4DIV and 6DIV). We also observed a small
but significant reduction of Crmp2 expression level upon TGF-f1
and BMP2 stimulation in the hippocampal neurons, whereas
mRNA levels of two other CRMP family members, Crmpl and
Crmp3, were unchanged [Fig. 5C-E (Fig. 5C: TGF-B1, p = 0.0194;
BMP2, p = 0.0248; ANOVA; Fig. 5D: TGF-B1, p = 0.7491;
BMP2, p = 0.9887; ANOVA; Fig. 5E: TGF-B1, p = 0.9840; BMP2,
p = 0.9893; ANOVA)]. TGF-B1 and BMP2 treatment also de-
creased the expression level of CRMP2 protein [Fig. 5F-I (Fig. 5G:
p < 0.0001, unpaired t test; Fig. 5I: p = 0.0032; unpaired ¢ test]. To
examine whether phosphorylated Smads bind to the Crmp2 pro-
moter region, we made two types of qPCR primer that recognize
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Figure5.  Canonical TGF-B/BMP signaling represses expression of CRMP2 at the transcription level in hippocampal neurons. 4, Western blot analysis of CRMP2 expression in developing cultured

hippocampal neurons at 1DIV, 2DIV, 4DIV, and 6DIV. B, Quantification of CRMP2 expression levels in A. CE, qRT-PCR analysis of (rmp2, Crmp1, and (rmp3 levels in cultured hippocampal neurons.
The cells were treated with TGF-31 or BMP2 for 12 h. F, H, Western blot analysis of CRMP2 expression in cultured hippocampal neurons. The cells were treated with TGF-31 or BMP2 for 12 h.
G, 1, Quantification of CRMP2 expression levels in F and H. J, Diagram of the (rmp2 promoter and 3" UTR region. Primerl and primerll recognize the (rmp2 promoter and 3" UTR region, respectively.
KN, ChIP-qPCR analysis of p-Smad2 (K, L) or p-Smad1/5 (M, N) binding to the (rmp2 promoter or 3'UTR in cultured hippocampal neurons. The cells were treated with TGF-31 or BMP2 for 1 h.
0, Diagram of the luciferase construct containing the (rmp2 promoter region and TSS. P, Quantification of luciferase activity of hippocampal neurons treated with BSA, TGF-31, and BMP2, and
transfected with the luciferase construct. Data are presented as the mean == SEM. G, K-N, *p << 0.05, **p << 0.01, ***p << 0.001 by Student’s t test. p > 0.05 (n.s.). C=E, P, *p << 0.05 by one-way
ANOVA, Tukey's post-test. N = 3 independent experiments; at least 50 neurons were analyzed in each experiment.

either the Crmp2 promoter (Primer I) or the 3'UTR (Primer II)
region and performed a ChIP assay (Fig. 5]). This revealed that
Smad2 and Smad1/5 binding to the promoter, but not to the 3'UTR
region of Crmp2, increased in response to TGF-f1 and BMP2 stim-
ulation, respectively [Fig. 5K=N (Fig. 5K: p = 0.0138, unpaired ¢ test;
Fig. 5L: p = 0.3092, unpaired ¢ test; Fig. 5M: p = 0.016, unpaired ¢
test; Fig. 5SN: p = 0.4131, unpaired ¢ test)]. Moreover, we performed
a luciferase assay using a reporter construct harboring the Crmp2
promoter, and found that promoter activity was suppressed by stim-
ulation with TGF-B1 and BMP2 [Fig. 50,P (Fig. 5P: TGF-B1, p =
0.0255; BMP2, p = 0.0181; ANOVA)]. Together, these results sug-
gest that canonical TGF- signaling represses CRMP2 expression at
the transcription level in neurons.

In light of the above finding, we next performed gain-of-function
and loss-of-function experiments for CRMP2 and evaluated den-
dritic development. We first validated the knockdown efficiency of
shRNAs against Crmp2 (shCRMP2-1 and shCRMP2-2) for the loss-
of-function experiments (Fig. 6 A, B). Overexpression of CRMP2 in
hippocampal neurons increased total dendritic length, branch num-
bers, and complexity compared with control, whereas knockdown
of Crmp2 had the opposite effect [Fig. 6C-F (Fig. 6D: CRMP2,
p = 0.0007; shCRMP2-1, p = 0.0081; shCRMP2-2, p = 0.0192;
ANOVA; Fig. 6E: CRMP2, p = 0.0001; shCRMP2-1, p = 0.0002;
shCRMP2-2, p = 0.0006; ANOVA)]. We further confirmed that
total axonal length and branch numbers were increased by
CRMP2 expression [Fig. 6G,H (Fig. 6G: CRMP2, p < 0.0001;
shCRMP2-1, p = 0.0007; shCRMP2-2, p = 0.002; ANOVA,; Fig.
6H: CRMP2, p < 0.0001; shCRMP2-1, p = 0.0004; shCRMP2-2,

p <0.0001; ANOVA)]. If the downregulation of CRMP?2 is respon-
sible for the TGF-f family-induced suppression of neuronal mor-
phogenesis, forced expression of CRMP2 should abolish the effect of
TGF-B family stimulation. To test this prediction, we expressed
CRMP2 in TGF-f3 family-treated neurons and found that CRMP2 ex-
pression indeed rescued the decrease in total dendritic length, branch
numbers, and complexity induced by TGE-31 and BMP2 treatment
[Fig. 61-P (Fig. 6J: TGF-B1 Control, p = 0.0013; TGF-B1 CRMP2,
p = 0.0016; ANOVA; Fig. 6K: TGF-1 Control, p = 0.0065; TGF-1
CRMP2, p = 0.0134; ANOVA; Fig. 6N: BMP2 Control, p = 0.0221;
BMP2 CRMP2, p = 0.003; ANOVA; Fig. 60: BMP2 Control, p =
0.009; BMP2 CRMP2, p = 0.0005; ANOVA)]. We also found that
CRMP2 expression abolishes the effects of Smad1 and Smad4 over-
expression on dendritic development [Fig. 6Q-X (Fig. 6R: Smad4
Control, p = 0.0455; Smad4 CRMP2, p = 0.0123; ANOVA; Fig. 6S:
Smad4 Control, p = 0.0067; Smad4 CRMP2, p = 0.0042; ANOVA;
Fig. 6V: Smad1 Control, p = 0.0433; Smadl CRMP2, p = 0.0394;
ANOVA; Fig. 6W: Smad1 Control, p = 0.0411; Smadl CRMP2, p =
0.0327; ANOVA)]. These findings indicate that the downregulation
of CRMP2 accounts for the TGF-f signaling-induced impairment
of neuronal morphogenesis.

TGIF is the key molecule for TGF-p signaling in the
regulation of dendritic and axonal growth/branching of
neurons

TGIF, a homeodomain-containing transcription factor, has been
identified as a Smad-interacting corepressor (Wotton et al., 1999).
TGIF regulates normal neuronal development (Knepper et al.,
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Canonical TGF-3/BMP signaling suppresses morphological development in hippocampal neurons through the downregulation of CRMP2. A, Hippocampal neurons were infected with

lentiviruses expressing shRNAs against Crmp2. Expression of CRMP2 protein was measured by Western blotting using an anti-CRMP2 antibody. B, Quantification of CRMP2 protein level in A.
C, Representative images of GFP (green) and MAP2 (red) staining of 6DIV hippocampal neurons infected with lentiviruses expressing CRMP2, shCRMP2-1, (Figure legend continues.)
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2006), and mutations in TGIF are associated with the genetic
disease holoprosencephaly (HPE), which is the most common
defect of the developing forebrain in humans (Gripp et al., 2000).
Therefore, we reasoned that TGIF should be a candidate factor
for mediating TGF-B-induced repression of Crmp2 expression.
We first examined the expression levels of Tgif in NS/PCs and
neurons, and detected Tgif expression in both cell types, although
the level was lower in neurons than in NS/PCs (Fig. 7A). In addi-
tion, when we expressed TGIF in neurons, Crmp2 expression was
decreased (Fig. 7B, p = 0.0048, unpaired ¢ test). It has been re-
ported that TGIF interacts specifically with Smadl and Smad2 and
recruits a complex of corepressors, including C-terminal binding
protein (CtBP), mSin3, and histone deacetylases (HDACs; Wotton
et al., 1999, 2001). We then examined whether the treatment of
neurons with TGF-B1 decreased H3K27ac levels in the Crmp2
promoter, and found that this was the case (Fig. 7C, p = 0.0039,
unpaired ¢ test).

To investigate the role of TGIF in neuronal morphogenesis,
we performed a loss-of-function experiment using lentiviruses ex-
pressing specific sShRNAs against Tgif (shTGIF-1 and shTGIF-2; Fig.
7D). Knockdown of Tgif elevated total dendritic length, branch
numbers, and the complexity of neurons compared with control
[Fig. 7E-H (Fig. 7F: shTGIF-1, p = 0.027; shTGIF-2, p = 0.0064;
ANOVA; Fig. 7G: shTGIF-1, p = 0.058; shTGIF-2, p = 0.0018;
ANOVA)]. Furthermore, a similar effect of Tgif knockdown was
observed on axonal growth [Fig. 7I-K (Fig. 7J: shTGIF-1, p =
0.0008; shTGIF-2, p = 0.0006; ANOVA; Fig. 7K: shTGIF-1, p =
0.0242; shTGIF-2, p = 0.0176; ANOVA)]. To determine whether
TGIF acts downstream of TGF- signaling in neuronal mor-
phogenesis, we examined the effect of TGIF loss-of-function in
TGF-B1- and BMP2-treated neurons. The reduction of TGIF
expression eliminated the effect of TGF-B1 and BMP2 on den-
dritic development [Fig. 7L-S (Fig. 7M: TGF-B1 control, p =

<«

(Figure legend continued.) or shC(RMP2-2. Scale bar, 50 wm. D, E, Quantification of total den-
dritic length (D) and branch numbers (E) of 6DIV hippocampal neurons infected with lentivi-
ruses expressing CRMP2, shCRMP2-1, or shCRMP2-2. F, Quantification of dendrite complexity
by Sholl analysis of 6DIV hippocampal neurons infected with lentiviruses expressing CRMP2,
shCRMP2-1, or shC(RMP2-2. G, H, Quantification of total axon length (G) and axon branch num-
bers (H) of 3DIV hippocampal neurons infected with lentiviruses expressing shCRMP2-1 or
shCRMP2-2. I, Representative image of GFP and MAP2 staining of 6DIV hippocampal neurons
treated with TGF-31, and infected with lentiviruses expressing CRMP2. Scale bar, 50 pm.
J, K, Quantification of total dendritic length (J) and branch numbers (K) of 6DIV hippocampal
neurons treated with TGF-31, and infected with lentiviruses expressing control or CRMP2.
L, Quantification of dendrite complexity by Sholl analysis of 6DIV hippocampal neurons treated
with TGF-31, and infected with lentiviruses expressing control or CRMP2. M, Representative
images of GFP and MAP?2 staining of 6DIV hippocampal neurons treated with BMP2, and in-
fected with lentiviruses expressing CRMP2. Scale bar, 50 wm. N, 0, Quantification of total
dendritic length () and branch numbers (0) of 6DIV hippocampal neurons treated with BMP2,
and infected with lentiviruses expressing CRMP2. P, Quantification of dendrite complexity by
Sholl analysis of 6DIV hippocampal neurons treated with BMP2, and infected with lentiviruses
expressing CRMP2. Q, Representative images of GFP, tdTomato (red), and MAP2 (cyan) staining
of 6DIV hippocampal neurons coinfected with lentiviruses expressing Smad4 and CRMP2. Scale
bar, 50 m. R, S, Quantification of total dendritic length (R) and branch numbers () of 6DIV
hippocampal neurons coinfected with lentiviruses expressing Smad4 and CRMP2. T, Quantifi-
cation of dendrite complexity by Sholl analysis of 6DIV hippocampal neurons coinfected with
lentiviruses expressing Smad4 and CRMP2. U, Representative images of GFP, tdTomato, and
MAP?2 staining of 6DIV hippocampal neurons coinfected with lentiviruses expressing Smad1
and CRMP2. Scale bar, 50 wm. V, W, Quantification of total dendritic length (V) and branch
numbers (W) of 6DIV hippocampal neurons coinfected with lentiviruses expressing Smad1 and
CRMP2. X, Quantification of dendrite complexity by Sholl analysis of 6DIV hippocampal neurons
coinfected with lentiviruses expressing Smad1and CRMP2. Data are presented as the mean =
SEM. *p < 0.05, **p << 0.01, ***p << 0.001 by one-way ANOVA, Tukey's post-test. N = 3
independent experiments; at least 50 neurons were analyzed in each experiment.

J. Neurosci., May 16, 2018 - 38(20):4791-4810 + 4801

0.0022; TGF-B1 shTGIF-1, p = 0.0003; TGF-1 shTGIF-2, p =
0.0005; ANOVA; Fig. 7N: TGF-B1 control, p = 0.0211; TGF-S1
shTGIF-1, p = 0.0043; TGF-B1 shTGIF-2, p = 0.0036; ANOVA;
Fig. 7Q: BMP2 control, p = 0.0065; BMP2 shTGIF-1, p = 0.0077;
BMP2 shTGIF-2, p = 0.0032; ANOVA; Fig. 7R: BMP2 control,
p = 0.0012; BMP2 shTGIF-1, p = 0.0016; BMP2 shTGIF-2, p =
0.0032; ANOVA)]. Moreover, we found that knocking down Tgif
expression abolished the effects of Smad4 overexpression on den-
dritic development [Fig. 7T-W (Fig. 7U: Smad4 control, p = 0.0056;
Smad4 shTGIF-1, p = 0.005; Smad4 shTGIF-2, p = 0.0097;
ANOVA; Fig. 7V: Smad4 control, p = 0.0067; Smad4 shTGIF-1,p =
0.0178; Smad4 shTGIF-2, p = 0.0291; ANOVA)]. Thus, these obser-
vations suggest that TGIF is a key factor for TGF-f3 signaling in the
regulation of morphological maturation of neurons.

Activation of TGF- signaling impairs dendritic and axonal
elaboration in vivo

To understand the role of TGF- 3 and BMP signaling under phys-
iological conditions, we next evaluated these signaling activities
in P1 hippocampus by immunostaining using anti-p-Smad1/5 or
-p-Smad2 antibodies together with those against Sox2 (an NS/PC
marker), NeuN (a mature neuron marker), and MAP2 (which is
expressed from earlier stages than NeuN during neuronal dif-
ferentiation). p-Smad1/5 and p-Smad2 signals were observed
primarily in Sox2-positive NS/PCs, but were barely detectable in
NeuN-positive mature neurons (Fig. 8 A, B). However, we could
observe p-Smadl/5 and p-Smad2 signals in some fraction of
MAP2-positive cells (Fig. 8C,D). These results indicate that acti-
vation of Smads is gradually reduced during the course of neuro-
nal differentiation and maturation.

Next, to investigate whether canonical TGF- signaling regu-
lates morphological maturation of neurons in vivo, we performed
in utero electroporation with vectors coexpressing GFP and TGFR1
into E14.5 mouse telencephalon, and analyzed dendritic morphol-
ogy at P10. GFP * neurons expressing TGFBR1 showed significantly
reduced dendritic length, branch numbers, and complexity com-
pared with control neurons [Fig. 9A-E (Fig. 9C: TGFBR1, p =
0.0002; ANOVA; Fig. 9D: TGFBR1, p = 0.0076; ANOVA)]. We
then examined the effects of two downstream effectors of TGF-3
signaling, Smad4 and TGIF, on neuronal morphogenesis in vivo.
The expression of both Smad4 and TGIF impaired the develop-
ment of neuronal dendrites [Fig. 9A-E (Fig. 9C: Smad4, p <
0.0001; TGIF, p = 0.0148; ANOVA; Fig. 9D: Smad4, p < 0.0001;
TGIF, p = 0.0107; ANOVA)].

We further examined whether canonical TGF- 8 signal-related
factors also regulate axonal growth in vivo. To do this, we cointro-
duced CRMP2 (CRMP2-GFP) and Smadl (Smadl-tdTomato)
constructs into telencephalon at E14.5 by in utero electroporation,
and measured the axon length of GFP and tdTomato colabeled
neurons at P1. Control GFP and tdTomato double-labeled axons
extended to the contralateral side of the cortex; however, this was
impaired by the expression of Smad1 [Fig. 10A, B (Fig. 10B: Con-
trol Smadl, p = 0.0082; CRMP2 Smadl, p = 0.0076; ANOVA)].
Remarkably, the coexpression of CRMP2 with Smadl restored
the impaired axonal elongation induced by Smadl expression.
Thus, as in the case of cultured neurons in vitro, canonical TGF-3
signaling suppresses the morphological development of neurons
in the developing mouse cortex in vivo.

TGIF-mediated canonical TGF-f3 signaling suppresses neurite
elongation of hiPSC-derived neurons

iPSC technology enables us to undertake comparative studies
between human and other animal species including rodents
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Figure7. TGIFiskeytranscriptional requlator for TGF-3/Smad signaling in the regulation of neuronal morphogenesis. 4, gRT-PCR analysis of Tgifexpression levelsin E14 NS/PCs and E17 neurons.
B, qRT-PCR analysis of (rmp2 expression levels in cultured hippocampal neurons infected with lentiviruses expressing TGIF. €, ChIP-qPCR analysis of H3K27Ac binding to the Crmp2 promoter in
cultured hippocampal neurons. The cells were treated with TGF-31 for 12 h. D, Validation of TGIF shRNAs. qRT-PCR analysis of Tgif expression levels in cultured (Figure legend continues.)
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Figure 8.
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Activation of Smads gradually decreases during neuronal differentiation and maturation in vivo. A, B, Representative images of Sox2 (green), NeuN (blue) and p-Smad1/5 (red; A) or

p-Smad2 (red; B) staining of PT hippocampus. The boxed areas are enlarged in the right panels. Arrowheads, Representative cells double-positive for Sox2 and p-Smad1/5 (A) or Sox2 and p-Smad2
(B); arrows, p-Smad1/5 (A) or p-Smad2 (B) single-positive cells. p-Smads and NeuN signals are mutually exclusive. Scale bar, 100 wm. C, D, Representative images of MAP2 (blue) and p-Smad1/5
(red; €) or p-Smad2 (red; D) staining of P1 hippocampus. Arrowheads, Representative cells double-positive for MAP2 and p-Smad1/5 (€) or Sox2 and p-Smad2 (D); arrows, p-Smad1/5 (C) or p-Smad2
(D) single-positive cells. Subpopulations of MAP2-positive cells are p-Smad1/5-positive or p-Smad2-positive. Scale bar, 100 um.

(Takahashi et al., 2007; Marchetto et al., 2013). Using this tech-
nology, we next investigated whether the effects of canonical
TGF-p signaling that we found here in mouse neurons could be
replicated in human neurons. hiPSC-derived neurons were cul-
tured in the presence of TGF-B1, BMP2, or Noggin. Neurite
extension was significantly inhibited by TGF-B1 and BMP2 treat-
ment, whereas treatment with Noggin markedly promoted neu-
rite growth of hiPSC-derived neurons [Fig. 11A,B (Fig. 11B:

<«

(Figure legend continued.) hippocampal neurons infected with lentiviruses expressing shRNAs
against Tgif. E, Representative images of GFP (green) and MAP2 (red) staining of 6DIV hip-
pocampal neurons infected with lentiviruses expressing shTGIF-1 or shTGIF-2. Scale bar, 50
um. F, G, Quantification of total dendritic length (F) and branch numbers (G) of 6DIV hip-
pocampal neurons infected with lentiviruses expressing shTGIF-1 or shTGIF-2. H, Quantification
of dendrite complexity by Sholl analysis of 6DIV hippocampal neurons infected with lentiviruses
expressing shTGIF-1 or shTGIF-2. I, Representative images of GFP, Tau (red), and MAP2 (cyan)
staining of 3DIV hippocampal neurons infected with lentiviruses expressing shTGIF-1 or
shTGIF-2. Scale bar, 50 wm. J, K, Quantification of total axon length (J) and axon branch num-
bers (K) of 3DIV hippocampal neurons infected with lentiviruses expressing shTGIF-1 or
shTGIF-2. L, P, Representative images of GFP and MAP2 staining of 6DIV hippocampal neurons
treated with TGF-31 or BMP2, and infected with lentiviruses expressing shTGIF-1 or shTGIF-2.
Scalebar, 50 um.M, N, @, R, Quantification of total dendritic length (M, @) and branch numbers
(N, R) of 6DIV hippocampal neurons treated with TGF-31 or BMP2, and infected with lentivi-
ruses expressing control, shTGIF-1, or shTGIF-2. 0, S, Quantification of dendrite complexity by
Sholl analysis of 6DIV hippocampal neurons treated with TGF-31 or BMP2, and infected with
lentiviruses expressing control or ShTGIF-1 or shTGIF-2. T, Representative images of GFP, tdTo-
mato (red), and MAP2 (cyan) staining of 6DIV hippocampal neurons coinfected with lentiviruses
expressing Smad4 and either shTGIF-1 or shTGIF-2. Scale bar, 50 pm. U, V, Quantification of
total dendriticlength (U) and branch numbers (V) of 6DIV hippocampal neurons coinfected with
lentiviruses expressing Smad4 and either shTGIF-1 or shTGIF-2. W, Quantification of dendrite
complexity by Sholl analysis of 6DIV hippocampal neurons coinfected with lentiviruses express-
ing Smadé4 and either shTGIF-1or shTGIF-2. Data are presented as the mean = SEM. B, ¢, **p <
0.01 by Student's t test. F, G, J, K, M, N, Q, R, U, V, *p << 0.05, **p << 0.01, ***p < 0.001 by
one-way ANOVA, Tukey's post-test. N = 3 independent experiments; at least 50 neurons were
analyzed in each experiment.

TGF-B1, p = 0.0055; BMP2, p = 0.0003; Noggin, p = 0.0116;
ANOVA)]. We next expressed hTGFBRI in hiPSC-derived neu-
rons, and found that it repressed neurite elongation [Fig. 11C,D (Fig.
11D: TGFBRI, p = 0.0064; ANOVA)]. In addition, the overex-
pression of calGFBR1 and caBMPRIA in hiPSC-derived neu-
rons repressed neurite elongation [Fig. 11C,D (Fig. 11D:
caTGFBRI, p = 0.0004; caBMPRIA, p = 0.0003; ANOVA)]. We
also observed inhibition of neurite growth following the expres-
sion of hSmad4 and hTGIF in hiPSC-derived neurons [Fig.
11EF (Fig. 11F: hSmad4, p = 0.0004; hTGIF, p = 0.0006;
ANOVA)]. These findings are consistent with the results in
mouse neurons, and indicate that the negative effects of canonical
TGEF-p signaling on the morphological development of neurons
are evolutionarily conserved between mouse and human.

Expression of mutants found in patients with
neurodevelopmental disorders disrupt

neuronal morphogenesis

Since it has been demonstrated that mutations in components of
canonical TGF-f3 signaling are associated with neurodevelop-
mental disorders characterized by cognitive deficits (Loeys et al.,
2005) and, in the present study, that canonical TGF-f signaling
controls morphological maturation in human neurons, we next
asked whether the dysregulation of neuronal morphogenesis by
canonical TGF- signaling might underlie the pathology of these
disorders. To this end, we examined the functional consequence
of mutations found in patients with neurodevelopmental disor-
ders in the regulation of neuronal morphogenesis. An aspartate
(D) to glycine (G) mutation at amino acid residue 400 (D400G)
of h\TGFBRI is observed in patients with multiple developmental
anomalies (Loeys et al., 2005). When we expressed the h\TGFBR1-
D400G mutant in mouse hippocampal neurons, it robustly inhib-
ited dendritic development more severely than wild-type hTGFSR1
[Fig. 12A-D (Fig. 12B: hTGFBRI, p < 0.0001; hTGEBR1-D400G,
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Figure 9. TGIF-mediated canonical TGF-3 signaling downregulates neuronal morphogenesis in vivo. A, Representative images of electroporated neurons, stained with anti-GFP antibodies.
Mouse embryos were electroporated with plasmids expressing only GFP (control, green), or GFP together with TGFBR1, Smad4, and TGIF, by in utero electroporation at E14 and killed at P10. Scale
bar, 50 m. B, Representative tracing images of neurons electroporated with the constructs as in A. Scale bar, 50 wm. €, D, Quantification of total dendrite length (€) and dendrite branch numbers
(D) in B. Number of cells analyzed: control, 18 neurons; TGF3R1, 12 neurons; Smad4, 13 neurons; TGIF, 16 neurons from three brains. E, Quantification of dendrite complexity by Sholl analysis of
neurons in B. Data are presented as the mean == SEM. *p < 0.05, **p << 0.01, ***p < 0.001 by one-way ANOVA, Tukey's post-test.

A B
2 -
&E
lL -
?'9 3500 - -
T
[0
Eg 3000 1
o= -
<] £
o 2
° % 2500 1
ac c
L E ]
) =
15 S 2000
[<]
£l g
N 1500 1
L
[- 9] 1000
e
S > N A
|§ &‘o & &
& [$) g& g’@
o \0 > oV
=3 QISR
5 * f£ O

Figure 10.  CRMP2 restores Smad1-induced impairment in axonal elongation of neurons in vivo. A, Representative images of electroporated brain sections stained with anti-GFP and tdTomato
antibodies. Mouse embryos were coelectroporated with plasmids expressing GFP and tdTomato (N = 4 mouse brains), GFP and Smad1 (N = 4 mouse brains), or CRMP2 and Smad1 (N = 4 mouse
brains) by in utero electroporation at E14 and killed at P1. Axons were measured by taking the edge of the GFP and tdTomato colabeled region as the starting point (white line). The arrowheads
indicate the end of the axonal tract. Scale bar, 500 wm. B, Quantification of axonal length in A. Data are presented as the mean = SEM. **p << 0.01 by one-way ANOVA, Tukey's post-test.
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p = 0.0076; ANOVA; Fig. 12C: hTGFBRI, p = 0.0005; hTGFBRI-
D400G, p = 0.0014; ANOVA)], and this held true for hiPSC-derived
neurons [Fig. 13A, B (Fig. 13B: hTGFBR1, p < 0.0001; hTGFBR1-
D400G, p = 0.0034; ANOVA)]. We next expressed wild-type hS-
mad4 and the hSmad4-isoleucine (I) 500 threonine (T) mutant,
which is found in Myhre syndrome (Le Goff et al., 2011), in mouse
hippocampal neurons, and evaluated dendritic morphology. Al-
though we found that hSmad4-1500T was expressed at a level
similar to that of endogenous Smad4 protein in hSmad4-I500T-
expressing, virus-infected hippocampal neurons [Fig. 12E,F
(Fig. 12F: p = 0.0005, unpaired t test)], the expression of this
mutant enhanced dendritic growth, whereas wild-type hSmad4
expression inhibited it [Fig. 12G—J (Fig. 12H: hSmad4, p =
0.0022; hSmad4-1500T, p < 0.0001; ANOVA; Fig. 12I: hSmad4,
p = 0.0115; hSmad4-I500T, p = 0.0007; ANOVA)], suggesting
that Smad4-I500T acts as a dominant negative form in the regu-
lation of the morphological maturation of neurons. Further-
more, we assessed the function of the hTGIF mutant harboring
serine (S) to phenylalanine (F) substitution at amino acid 162
(hTGIF-S162F), which is found in HPE patients (Gripp et al.,
2000) and in mouse hippocampal neurons. In contrast to the inhib-
itory effects of wild-type hTGIF on dendritic morphology, the expres-
sion of hTGIF-S162F significantly promoted dendritic growth [Fig.
12K-N (Fig. 12L: hTGIF, p = 0.0011; hTGIF-S162F, p < 0.0001;
ANOVA; Fig. 12M: hTGIF, p = 0.015; hTGIF-S162F, p = 0.0007;
ANOVA)]. We also expressed hSmad4-1500T and hTGIF-S162F
in hiPSC-derived neurons and assessed neurite morphology, and
found that they enhanced neurite elongation [Fig. 13C-F (Fig.
13D: hSmad4, p = 0.0361; hSmad4-1500T, p = 0.0027; ANOVA;

Fig. 13F: hTGIF, p = 0.0374; hTGIF-S162F, p = 0.0007; ANOVA)].
Together, these results imply that the dysregulation of neuronal
morphogenesis by canonical TGF-f signaling may contribute to
the pathology of particular neurodevelopmental disorders.

Discussion

TGEF- 3 superfamily signaling is one of several pleiotropic regula-
tory signal transduction mechanisms that play pivotal roles in
embryonic development and the maintenance of adult homeo-
stasis. Canonical TGF-f signaling controls a diverse array of cel-
lular processes and tissue development. However, the functional
role of canonical TGF- signaling in the regulation of neuronal
morphogenesis has not been previously defined. Our present
findings strongly indicate that canonical TGF-f signaling nega-
tively regulates neuronal morphogenesis. We have shown that
treatment with TGF-B1, BMP2, and BMP4 suppressed neurite
morphogenesis. In addition, overexpression of Smadl, Smad2,
and Smad4 inhibited both axonal and dendritic growth. On the
contrary, knockdown of Smadl and Smad4 enhanced neurite
development and alleviated the decreased axon/dendrite growth
induced by TGF-1 and BMP2 treatments. These results suggest
that TGF- signaling during neurite morphogenesis depends on
Smads, which are critical signal transducers downstream of TGF-f3
signals. A previous study showed that TGFBR1 (Alk5)-dependent
TGF-p signaling promotes the maturation of newborn neurons
and that physiological TGF-B signaling is active in NeuN-
positive mature neurons in the adult hippocampus (He et al,,
2014). However, in our experimental setting using embryonic
hippocampal neurons and newly generated human iPSC-derived
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Figure 12.  Mutations in canonical TGF-3 signaling factors disrupt neuronal morphogenesis. A, Representative images of GFP (green) and MAP2 (red) staining of 6DIV hippocampal neurons
infected with lentiviruses expressing hTGF BR1 or hTGF BR1-D400G. Scale bar, 50 um. B, €, Quantification of total dendritic length (B) and branch numbers (C) of 6DIV hippocampal neurons infected
with lentiviruses expressing hTGF BR1 or hTGF 3R1-D400G. D, Quantification of dendrite complexity by Sholl analysis of 6DIV hippocampal neurons infected with lentiviruses expressing hTGF3R1
or hTGF BR1-D400G. E, Representative images of Smadé4 (cyan) and GFP (green) staining of 6DIV hippocampal neurons infected with lentivirus expressing hSmad4-1500T. Scale bar, 30 m.
F, Quantification of hSmad4-1500T expression. hSmad4-1500T signal intensity in neuronal soma infected with control virus was divided by GFP signal intensity, and this value was used for
normalization of the value obtained with hSmad4-1500T-expressing, virus-infected cells. G, Representative images of GFP and MAP2 staining of 6DIV hippocampal neurons infected with lentiviruses
expressing hSmad4 or hSmad4-1500T. Scale bar, 50 um. H, 1, Quantification of total dendritic length (H) and branch numbers (/) of 6DIV hippocampal neurons infected with lentiviruses expressing
hSmad4 orhSmad4-1500T.J, Quantification of dendrite complexity by Sholl analysis of 6DIV hippocampal neurons infected with lentiviruses expressing hSmad4 or hSmad4-1500T. K, Representative
images of GFP and MAP2 staining of 6DIV hippocampal neurons infected with lentiviruses expressing hTGIF or hTGIF-S162F. Scale bar, 50 wm. L, M, Quantification of total dendritic length (L) and
branch numbers (M) of 6DIV hippocampal neurons infected with lentiviruses expressing hTGIF or hTGIF-S162F. N, Quantification of dendrite complexity by Sholl analysis of 6DIV hippocampal
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0.001 by one-way ANOVA, Tukey's post-test. N = 3 independent experiments; at least 50 neurons were analyzed in each experiment.

neurons, TGFBR1 (Alk5)-dependent canonical TGF-f3 signaling
negatively regulated the morphological development of neurons.
Although we do not currently have a specific explanation of why
canonical TGF-B signaling exerts these opposite functions in
neuronal morphogenesis, it may be that post-translational mod-

ifications of Smads differ between distinct developmental stages
and among neuronal subtypes, since modifications of Smads such as
acetylation are also known to affect Smad functions (Gaarenstroom
and Hill, 2014). Another previous study, using E18 hippocampal
neurons, also showed that GDF5 promotes dendrite growth by
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Mutations of TGF BR1, Smad4, and TGIF abnormally regulate neuronal morphogenesis of iPSC-derived human neurons. 4, C, E, Representative images of GFP staining of 7DIV neurons

differentiated from hNS/PCs infected with lentiviruses expressing hTGF BR1, hTGF BR1-D400G, hSmad4, hSmad4-1500T, hTGIF, or hTGIF-S162F. Scale bars, 50 wm. B, D, F, Quantification of total
neurite length in 4, C, and E. Data are presented as the mean == SEM. *p << 0.05, **p << 0.01, ***p < 0.001 by one-way ANOVA, Tukey's post-test. N = 3 independent experiments; at least 50

neurons were analyzed in each experiment.

activating the Smad signaling pathway (Osoério et al.,, 2013), a
finding that appears to conflict with our observations here using
neurons from E17 hippocampus. Although GDF5 is known to
activate the same Smads (1, 5, and 8) as BMP2 and BMP4, the
developmental stage difference (E17 and E18) of neurons may
have affected the consequence of GDF5 and these BMPs. For
example, it is known that during the middle embryonic period,
BMP signaling initially promotes neurogenesis by pushing pro-
genitors toward a neuronal fate (Bond et al., 2012). However,
BMP signaling then switches from being a proneuronal to a
proastroglial cue and enhances astroglial differentiation in the
late embryonic stage. Moreover, TGF-f signaling negatively reg-
ulates self-renewal of midbrain neuroepithelial stem cells, al-
though it induces the proliferation of mesenchymal stem cells
(Sakaki-Yumoto et al., 2013). These studies imply that TGF-f3
and BMP signaling effects are diverse and depend on the cell type,
as well as the microenvironment, developmental stage, and phys-
iological state of the cells. Further mechanistic studies on TGF-£3
and BMP signal transduction and the cross talk with other signal-
ing pathways will provide a better understanding of the roles of
TGF-B and BMP signaling in the regulation of axon and dendrite
formation.

Neuronal morphology is defined by microtubule and actin
cytoskeletal dynamics (Conde and Caceres, 2009). Increasing ev-
idence suggests that CRMPs control neuronal morphogenesis by
regulating mictrotubule and actin cytoskeleton dynamics (Quach
et al., 2015); however, the regulatory mechanisms of the expres-
sion of CRMPs in neurons remains largely unknown. In this
study, our analyses revealed that Smad-dependent TGF-3/BMP
signaling downregulates CRMP2 expression in neurons. Consis-
tent with the results of a previous report in neuronal progenitor
cells (Sun et al., 2010b), we demonstrated that Smads bind to the

Crmp2 promoter in neurons in response to TGF-1 and BMP2
stimulations. In addition, the expression of CRMP2 ameliorated
the negative effect of TGF-B1/BMP2 stimulation and Smad
expression on neuronal development. These results indicate that
CRMP2 downregulation by TGF-B/Smad signaling is important
for TGF-3/Smad signaling to exert their negative effect on neu-
ronal morphogenesis. How, then, do Smads repress Crimmp2 expres-
sion? A previous study (Wotton et al., 2001) reported that TGIF
recruits a repressor complex, including CtBP, mSin3, and HDAC:,
to Smad target genes through its interaction with Smads. In sup-
port of this observation, we have shown that TGIF clearly sup-
presses Crmp2 expression and that knockdown of TGIF restored
the impaired neuronal morphogenesis induced by TGF-B1/
BMP2 treatment and Smad4 expression. Furthermore, by analyz-
ing public ChIP sequence datasets (Estaras et al., 2012; Willer et
al., 2015; Yoon et al., 2015), we found that TGIF and Smads bind
to the Crmp2 promoter region [—700 to —150 bp from the tran-
scription start site (TSS)], a sequence that includes the fragment
in which we detected Smads binding in response to TGF-£1 and
BMP2 stimulation in the ChIP assay. Although further investiga-
tion will be required to elucidate the precise mechanism, these
findings nevertheless strongly suggest that Smads suppress Crmp2
expression through TGIF-mediated epigenetic gene silencing
(Fig. 14).

Previous work has shown that BMP7 enhances the dendrite
growth of neurons in a noncanonical manner (Lein et al., 1995;
Lee-Hoeflich et al., 2004). Consistent with these studies, we did
not observe a negative effect of BMP7 on dendrite development
in cultured hippocampal neurons. In addition, we observed very
little, if any, phosphorylation of Smads by BMP7 stimulation.
Although we do not currently have any likely explanation for why
BMP7 exerts a different effect on Smads activation from other
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TGF-B members, we speculate that BMP7
preferentially activates noncanonical TGF-
B/BMP signaling pathway molecules such
as LIMK through type Il BMPR. Further in-
vestigations will be required to explain these
distinct effects among the members of
TGF- superfamily.

In several previous studies, in situ hy-
bridization and immunohistochemical ex-
periments have demonstrated that TGF-£
ligands are expressed in the mouse CNS
during development (Heine et al., 1987;
Mecha et al., 2008), and that TGF-f3 re-
ceptors are highly expressed in mouse
embryonic hippocampus (Tomoda et al.,
1996). In the developing mouse brain,
moreover, BMPs are expressed in certain re-
gions of the telencephalon, including the
medial walls of the lateral ventricles, which

Common
mechanism

. . Human
correspond to the regions of prospective
hippocampus and choroid plexus (Furuta
et al., 1997). BMP receptors have been .
Figure 14.

also shown to be expressed in the lateral
ventricular zone of the embryonic mouse
brain (Panchision et al., 2001). These
studies thus strongly suggest that TGF-f3
and BMP signaling affect brain development.
In this study, we detected p-Smadl/5 and
p-Smad2 in Sox2-positive NS/PCs but not in NeuN-positive ma-
ture neurons. However, we could also observe p-Smad1/5 and
p-Smad2 signals in a subpopulation of MAP2-positive cells that
contain relatively immature neurons compared with NeuN-
positive cells. These results suggested that the activation of Smads
gradually decreases during neuronal differentiation and matura-
tion. Because we have shown in this study that TGF-3 and BMP
signaling suppress dendritic and axonal growth/branching, it is
plausible that the gradual reduction of Smad activation enables
hippocampal neurons to acquire the ability to execute neurite
morphogenesis efficiently when they need to do so during brain
development.

Mutations in components of canonical TGF- signaling such
as hTGFBRI1, hSmad4, and hTGIF have been linked to several
human developmental disorders characterized by mental retar-
dation and cognitive abnormality (Gripp et al., 2000; Loeys et al.,
2005; Le Goft et al., 2011). However, how the dysregulation of
canonical TGF- signaling causes neurodevelopmental disorders
remains unknown. In this study, we have demonstrated that mu-
tants of h TGFBR1, hSmad4, and hTGIF show detrimental effects
on neuronal morphogenesis. We expressed the hSmad4-1500T
mutant in mouse hippocampal neurons. Although we found that
hSmad4-1500T was expressed at a level similar to that of the endog-
enous Smad4 protein in these neurons, the expression of the mu-
tant enhanced dendritic growth, whereas wild-type hSmad4
expression inhibited it, suggesting that Smad4-1500T acts asa DN
form in the regulation of morphological maturation of neurons.
In analysis of the function of TGIF mutation, we used the hTGIF-
S162F mutant. This mutation is in the HDAC and Smad binding
domain of TGIF. A previous immunoprecipitation study (Gripp
etal., 2000) showed that the interaction between TGIF-S162F and
HDACI or Smad2 was weaker than that with wild-type TGIF. There-
fore, it seems likely that the overexpression of TGIF-S162F inter-
feres with the binding of HDAC and Smads and then promotes
dendrite development. Although functional experiments involv-
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ing the hTGFBR1-D400G mutant were not reported in the
previous article, increased intensity of nuclear phosphorylated
Smad2 and expression of TGF- signaling target genes have been
observed in tissues derived from individuals with mutations in
TGFBR1 and TGFBR2 (Loeys et al., 2005), which is indicative of
increased TGF-f signaling (gain of function) in vivo. Taking
these previous data together with our finding that overexpression
of the TGFBR1 mutant resulted in an effect that was stronger than
the wild type, we infer that the TGFBR1 mutant acts in a hypermor-
phic (gain-of-function) manner. Our experiments with human vari-
ants suggest that both excessive and insufficient TGF-f signaling
activity cause abnormal morphological development of neurons,
which in turn leads to impaired neuronal network formation.
Moreover, these findings provide a plausible explanation for how
the dysregulation of canonical TGF- signaling results in neuro-
developmental disorders, and suggest that precise activity control
of TGF-f3 signaling is crucial for proper neuronal development.

Recent evidence has suggested that TGF-S signaling is also
associated with psychiatric disorders. TGF-f3 signaling molecules
such as TGF-B2 and TGFBR1 have been reported to be upregu-
lated in the brains of patients with schizophrenia and bipolar
disorder (Benes et al., 2007); another study has shown that
forebrain-specific Smad4 knock-out mice exhibit schizophrenia-
like phenotypes (Sun et al., 2010a). In addition, there is increasing
evidence for altered CRMP expression in psychiatric diseases in-
cluding schizophrenia and mood disorders (Blouin et al., 1998;
Nakata et al., 2003; Quach et al., 2015). Since altered neurite
morphology is known to contribute to various psychiatric disor-
ders (Rosoklija et al., 2000; Soetanto et al., 2010; Kulkarni and
Firestein, 2012), it is conceivable that the dysregulation of TGE-
B/Smads/CRMP2 signaling pathways contributes to the patho-
genesis of psychiatric disorders.

We have extended this knowledge by revealing the negative
effects of canonical TGF-f3 signaling on neurite morphogenesis
in hiPSC-derived neurons. In addition, mutations of canonical
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TGF- signaling components found in patients have been shown
to abnormally regulate neuritogenesis in human neurons. Given
that the canonical TGF-B/BMP signal critically affects morpho-
genesis in both mouse and human neurons, we propose that the
proper control of this evolutionarily conserved signaling pathway
is very important for the perfect execution of neuronal morpho-
genesis, whose impairment eventually results in neurodevelop-
mental disorders.
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