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中 文 摘 要 ： 成年哺乳動物的前腦中，側腦室旁的神經幹細胞可不斷生成嗅球的
神經元。共轉錄因子YAP已知可促進胚胎神經幹細胞的增生，以及抑
制其分化，但是否在出生後及成年神經幹細胞有類似功能則未知。
本研究發現，YAP持續在側腦室旁的神經幹細胞中表現。過量表現
Yap可促進成年神經幹細胞的維持，並抑制其分化成神經元。反之
，透過RNA干擾（RNA interference）或是在側腦室旁的神經幹細胞
專一剔除Yap，會抑制神經幹細胞的維持且促進其分化成神經元，最
終導致成年神經元新生的崩潰。我們進一步發現TRIP6會透過與去磷
酸酶PP1A結合，來抑制YAP上游的蛋白激酶LATS1/2的功能，進一步
增進YAP進核與活性。我們也證實TRIP6作用在YAP的上游來誘導神經
幹細胞的維持、分裂，以及抑制其分化成神經元。最後，我們也發
現YAP調控SHH訊息傳遞路徑下游轉錄因子Gli2的表現，且YAP透過
Gli1/2來維持神經幹細胞的存在。以上發現顯示TRIP6-YAP-SHH是一
條新穎調控出生後哺乳動物神經幹細胞功能的訊息傳遞路徑。
中 文 關 鍵 詞 ： 成年神經元新生、神經幹細胞、YAP、Hippo pathway、TRIP6、SHH
英 文 摘 要 ： In the adult mammalian brain, new neurons are continuously
generated from neural stem cells (NSCs) in the
subventricular zone (SVZ)-olfactory bulb (OB) pathway. YAP,
a transcriptional co-activator of the Hippo pathway,
promotes cell proliferation and inhibits differentiation in
embryonic neural progenitors. However, the role of YAP in
postnatal NSCs remains unclear. Here, we showed that YAP
was present in NSCs of the postnatal mouse SVZ. Forced
expression of Yap promoted NSC maintenance and inhibited
differentiation, whereas depletion of Yap by RNA
interference or conditional knockout blocked NSC
maintenance, induced premature neuronal differentiation and
eventually caused the collapse of neurogenesis.
Furthermore, thyroid hormone receptor interacting protein 6
(TRIP6) recruited protein phosphatase PP1A to
dephosphorylate LATS1/2, therefore inducing YAP nuclear
localization and activation. Moreover, TRIP6 promoted NSC
maintenance, cell proliferation and inhibited
differentiation through YAP. Moreover, YAP regulated the
expression of the SHH pathway effector Gli2 and Gli1/2
mediated the effect of YAP on NSC maintenance. Together,
our findings demonstrate a novel TRIP6-YAP-SHH axis, which
is critical for regulating postnatal neurogenesis in the
SVZ-OB pathway.
英 文 關 鍵 詞 ： adult neurogenesis, neural stem cell, YAP, Hippo pathway,
TRIP6, SHH
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Abstract
In the adult mammalian brain, new neurons are continuously generated from neural stem cells
(NSCs) in the subventricular zone (SVZ)-olfactory bulb (OB) pathway. YAP, a transcriptional
co-activator of the Hippo pathway, promotes cell proliferation and inhibits differentiation in
embryonic neural progenitors. However, the role of YAP in postnatal NSCs remains unclear. Here,
we showed that YAP was present in NSCs of the postnatal mouse SVZ. Forced expression of Yap
promoted NSC maintenance and inhibited differentiation, whereas depletion of Yap by RNA
interference or conditional knockout blocked NSC maintenance, induced premature neuronal
differentiation and eventually caused the collapse of neurogenesis. Furthermore, thyroid hormone
receptor interacting protein 6 (TRIP6) recruited protein phosphatase PP1A to dephosphorylate
LATS1/2, therefore inducing YAP nuclear localization and activation. Moreover, TRIP6 promoted
NSC maintenance, cell proliferation and inhibited differentiation through YAP. Moreover, YAP
regulated the expression of the SHH pathway effector Gli2 and Gli1/2 mediated the effect of YAP
on NSC maintenance. Together, our findings demonstrate a novel TRIP6-YAP-SHH axis, which is
critical for regulating postnatal neurogenesis in the SVZ-OB pathway.
Key words: adult neurogenesis, neural stem cell, YAP, Hippo pathway, TRIP6, SHH
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Introduction
Neurogenesis occurs throughout life in the subventricular zone (SVZ)-olfactory bulb
(OB) pathway and the hippocampal dentate gyrus (DG) in the mammalian brain
(Ming and Song, 2011). During adult neurogenesis, neural stem cells (NSCs) generate
transit-amplifying cells, which give rise to neuroblasts. Neuroblasts born in the SVZ
or subgranular zone (SGZ) of the DG then migrate along the rostral migratory stream
(RMS) to the OB or radially into the DG, respectively (Ming and Song, 2011). Upon
arrival at their destinations, neuroblasts differentiate into mature neurons and
incorporate into neural circuits (Ming and Song, 2011). New neurons in the OB play
important roles in odor discrimination and perceptual learning (Moreno et al., 2009).
In the DG, new neurons are required for not only hippocampal-dependent learning
and memory, but also the therapeutic effect of anti-depressants (Deng et al., 2010;
Santarelli et al., 2003). Environmental and physiological conditions, as well as
intrinsic signaling networks, have been demonstrated to regulate adult neurogenesis
(Ming and Song, 2011). However, how various intricate signalings coordinate to
control adult neurogenesis remains to be studied.
The Hippo pathway is important for regulating organ size and cell proliferation
(Zhao et al., 2011). Upon activation of the Hippo pathway, MST1/2 phosphorylate
and activate LATS1/2. Activated LATS1/2 phosphorylate and inhibit the
transcriptional co-activator YAP (Zhao et al., 2011). When the Hippo pathway is not
activated, unphosphorylated YAP is transported into the nucleus and interacts with the
transcription factor TEAD to induce the expression of target genes involved in cell
proliferation (Cao et al., 2008; Zhao et al., 2011). YAP has been shown to promote
cell proliferation and inhibits differentiation in mouse embryonic stem cells, the
developing chicken spinal cord, rodent retinal progenitor cells, ependymal progenitors
and cortical progenitor cells (Cao et al., 2008; Lian et al., 2010; Lin et al., 2012; Park
et al., 2016; Zhang et al., 2012). These studies suggest that the Hippo pathway plays a
crucial role in regulating cell differentiation. While the role of the Hippo pathway in
regulating stem cell properties is emerging, whether the Hippo pathway affects selfrenewal or multi-potency of postnatal NSCs remains elusive. As a new signaling
pathway in growth control, to identify novel regulators of the Hippo pathway is also
essential.
Thyroid hormone receptor interacting protein-6 (TRIP6) belongs to the Zyxin
family, which contains a proline-rich region in its amino-terminus and three LIM
domains in the carboxy-terminus (Lin and Lin, 2011; Rauskolb et al., 2011). Through
the three LIM domains, TRIP6 interacts with a number of proteins to regulate cell
motility, proliferation, survival and transcription (Lai et al., 2010; Rauskolb et al.,
4

2011). Previously, we report that TRIP6 promotes NSC maintenance in the postnatal
SVZ (Lai et al., 2014). Interestingly, another LIM domain protein AJUBA has been
shown to regulate the Hippo pathway by binding to LATS1 and activating YAP (Sun
and Irvine, 2013). Whether TRIP6 interacts with the Hippo pathway in regulating
NSC maintenance is still unknown. Furthermore, we previously report that the Sonic
Hedgehog (SHH) pathway acts downstream of YAP to promote cell proliferation in
embryonic cortical progenitors (Lin et al., 2012). It is possible that the SHH signaling
also mediates the effect of YAP in postnatal NSCs.
In this study, we report that YAP is both necessary and sufficient for maintaining
postnatal NSCs. Furthermore, TRIP6 disinhibits YAP to activate the SHH signaling,
which regulates NSC properties. These findings provide a novel mechanism of the
Hippo pathway in controlling postnatal neurogenesis in the SVZ-OB pathway.
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Materials and Methods
Animals
Mice procedures were performed in accordance to guidelines and protocols approved
by the Institutional Animal Care and Use Committee (IACUC) of National Taiwan
Normal University (Approval Number 101026). Transgenic mice were maintained in
C57BL/6J background and were exposed to photoperiod (12L: 12D) in an IVC
system with unlimited food and water. Cre recombinase-mutant estrogen receptor
fusion protein (CreER) was under the control of SVZ NSC-specific Nestin enhancer
(Nestin-CreER mice; Burns et al., 2007). LoxP-floxed Yap (Yapf/f) mice were crossed
with Nestin-CreER mice (Zhang et al., 2010). Conditional knockout of Yap in SVZ
NSCs was induced by tamoxifen treatments. 6~8-week-old mice were injected with
tamoxifen (133 mg/kg body weight; Sigma-Aldrich) dissolved in corn oil
intraperitonealiy (i.p.) daily for five days. Pulse BrdU (100 mg/kg body weight;
Sigma-Aldrich; dissolved in phosphate buffered saline (PBS)) labeling was
administered twice and six hours apart to label mitotically active cells at week one,
five or nine after the last tamoxifen injection. 14 days after BrdU injections, animals
were sacrificed and processed for immunofluorescence.
Fixation and sectioning
For perfusion, animals were deeply anesthetized by an i.p. injection of Avertin
solution (0.025 g of 2, 2, 2-tribromomethylalcohol and 0.025 ml of 2-methyl-2butanol in 0.975 ml water; 17 ml/kg body weight) and perfused with 0.9% saline
followed by 4% paraformaldehyde (Sigma-Aldrich) in PBS, pH=7.4. Brains were
then postfixed with 4% paraformaldehyde for 24 hours at 4°C and dehydrated with
20% sucrose with 0.02% azide for 24 hours at 4°C. Dehydrated brains were frozenly
cut into 40-µm coronal sections with a microtome (Leica SM 2010R). Sections were
stored at 4°C in PBS with 0.02% azide before used.
Plasmids
The shYap-2282 (shYap) and the microRNA-based RNAi vector UI4-GFP-SIBR (UI4)
with human Ubiquitin C promoter constructs were generously provided by David
Turner (Zhang et al., 2012). Full length of mouse Yap or enhanced green fluorescence
protein (GFP) was inserted into the US2 vector with human Ubiquitin C promoter
(Zhang et al., 2012). For the TRIP6-expressing construct, cDNA sequence of human
TRIP6 was inserted into the pEGFP-C1 expressing vector with CMV promoter (GFPTRIP6) (Lai et al., 2014). Short hairpin TRIP6 RNA (shTRIP6) and scrambled shRNA
were inserted in pSUPER vector (Lai et al., 2014). shLacZ was inserted in pLKO
6

vector obtained from The RNAi Consortium (TRC) shRNA Library at the Broad
Institute. shPP1A construct was purchased from Santa Cruz. For puromycin selection,
anti-puromycin gene was inserted into the US2 vector (Lin et al., 2012).
Primary NSC cultures
Neurosphere cultures were prepared as previously described with modifications (Lai
et al., 2014; Wang et al., 2005). Forebrains from P7 ICR mice were dissected and
transferred into ice-cold Opti-MEM. SVZ tissues dissected from the lateral ventricle
were minced and dissociated with trypsin. SVZ cells were cultured in 24-well plates
(two litter of mice per experiment) in SFM (DMEM/F12 and 1% N2; Invitrogen)
containing 10 ng/ml bFGF (Sigma-Aldrich), 20 ng/ml EGF (Sigma-Aldrich), 2 mg/ml
Heparin (Sigma-Aldrich) and 1% antibiotics at 37°C, 5% CO2 incubator for five
days. Half of the media were replaced every two days. Electroporation was performed
with 1x106 NSCs dissociated from primary neurospheres using Nucleofector (LONZA
Amaxa) with Program A-033. In Yap gain-of-function experiments, 4 µg of GFP
construct was co-electroporated with 6 µg of Yap or US2 control constructs. In TRIP6
overexpression and Yap knockdown experiments, 3 µg of GFP construct and 3 µg of
GFP-TRIP6 construct were co-electroporated with 4 µg of shYap or UI4 control
constructs. Post-electroporated NSCs were cultured at the density of 2.5x105 cells per
6-well to form secondary (2’) NSs.
For attached cell culture, 1x105 cells were plated in 24-well plates and cultured
in SFM with 1% FBS without antibiotics for 1–2 hours before transfection. For gainof-function of Yap, cells were co-transfected with 0.25 µg of GFP and 0.35 µg of Yap
or US2 control constructs. For loss-of-function of Yap, cells were co-transfected with
0.25 µg of GFP and 0.35 µg of shYap or UI4 control constructs. For overexpression
of TRIP6 and knockdown of Yap, cells were co-transfected with 0.25 µg of GFP and
0.25 µg of GFP-TRIP6 or control construct plus 0.35 µg of shYap or UI4 control
construct. LipofectamineTM 2000 (Invitrogen) was used for transfection according to
the manufacturer’s instruction. Media were replaced with SFM with 1% FBS and 1%
antibiotics six hours after transfection. Transfected cells were cultured for three days
on cover slips coated with poly-L-lysine (Sigma-Aldrich) and laminin (Invitrogen).
Immunofluorescence
Cells were rinsed once with phosphate-buffered saline (PBS, pH 7.4) and then fixed
in 4% paraformaldehyde for 15 min. After washed with 1X PBT (PBS with 0.2%
Triton X-100), cells were incubated in goat serum blocking buffer for one hour prior
to incubation with the following primary antibodies in species-appropriate
combinations at 4°C for 24 hours: rabbit anti-GFP (1:1000; Invitrogen), mouse anti-7

neuronal class β-Tubulin (Tuj1, 1:1000, Convance) or mouse anti-GFAP (1:1000,
Millipore). Labeling was visualized with DyLightTM 550- or 488-conjugated goat
anti-mouse or anti-rabbit IgG secondary antibody (1:1000; Abcam) at room
temperature for two hours. After wash, cell nuclei were stained by DAPI (Invitrogen)
for 30 min and cells were mounted with anti-fade media (Pro-Long Gold, Invitrogen).
For BrdU incorporation, 5 µM of BrdU was added into the media two hours before
fixation. Cells were fixed and treated with 2N HCl at 37°C for 15 min and 0.1 M of
sodium borate for 10 min at room temperature before blocking. Cells were then
incubated with rat anti-BrdU (1:500; Accurate) at 4°C for 24 hours. Labeling was
visualized with DyLightTM 594-conjugated goat anti-rat IgG secondary antibody
(1:1000; Abcam).
Immunofluorescence procedure for brain sections was described in Wu et al (Wu
et al., 2013). Slices were incubation with the following primary antibodies: rat antiBrdU (1:500; AbD serotech), mouse anti-NeuN (1:1000; Millipore), rabbit anti-SOX2
(1:1000; Millipore), rabbit anti-Ki67 (1:250; Millipore), or guinea pig antiDoublecortin (1:5000; Millipore). Labeling was visualized with DyLightTM 488conjugated goat anti-rat, DyLightTM 488 goat anti-rabbit, DyLightTM 550 goat antimouse (1:500, abcam) or DyLightTM 549 donkey anti-guinea pig (1:500, Jackson
ImmunoResearch).
P19 cell culture
The mouse embryonic carcinoma cell line P19 cells were cultured in MEMα
(Invitrogen) with 7.5% calf serum (HyClone), 2.5% fetal bovine serum (FBS;
HyClone) and 1% Penicillin-Streptomycin-Glutamine (Invitrogen) at 37°C, 5% CO2
incubator and maintained subconfluent prior to transfection (Farah et al., 2000). 6x105
cells were culture in 6-well plates. In TRIP6 gain-of-function experiments, cells were
co-transfected with 1 µg of anti-puromycin, 1.4 µg of TRIP6 or GFP control
constructs. In TRIP6 loss-of-function experiments, cells were co-transfected with 1 µg
of anti-puromycin, 1.4 µg of shTRIP6, or scramble control constructs. Ten hours after
transfection, cells were cultured in Opti-MEM (Invitrogen) containing 15 µg/ml
puromycin (Sigma-Aldrich), 1% FBS and 1% antibiotics for one or three days.
For PP1A knockdown, 6x105 cells were cultured in 6-well plates. Cells were cotransfected with 1 µg of anti-puromycin, 1.4 µg of TRIP6 plus 1.4 µg of shPP1A or
shLacZ control constructs. Ten hours after transfection, cells were cultured in OptiMEM (Invitrogen) containing 15 µg/ml puromycin, 1% FBS and 1% antibiotics for
24 hours.
To examine the subcellular localization of Yap, 1.2x105 cells were cultured in 12well plates. Cells were transfected with Yap construct plus TRIP6 or Ctrl constructs
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and cultured in a low cell density in Opti-MEM (Invitrogen) containing 1% FBS and
1% antibiotics for 24 hours. After immunolabeling, fluorescence intensities of cytosol
and nuclei were circled and quantified by using Image J. Transfected cells with
accumulation of nuclear Yap were counted as N>C cells.
HEK293T cell culture
HEK293T cells were cultured in Dulbecco’s modiﬁed Eagle medium (DMEM) with
10% FBS and 1% Penicillin-Streptomycin-Glutamine at 37°C, 5% CO2 incubator. For
co-immunoprecipitation, cells were transfected with flag-TRIP6 or flag plasmid in 10cm dishes.
Co-Immunoprecipitation
To examine protein-protein interaction between TRIP6, Lats1 or PP1A, cells were
harvested in co-immunoprecipitation buffer (1% Triton X-100, 10% glycerol, 150
mM NaCl, 10 mM HEPES, 1 mM EDTA, 1 mM EGTA) supplemented with a mixture
of protease inhibitors and phosphatase inhibitors. Lysates were sonicated for ten
seconds to partially disrupt the cell membrane and centrifuged at 13,000 rpm, 4℃ for
15 min. Endogenous TRIP6 was immunoprecipitated with mouse anti-TRIP6
antibody (BD) and SureBeads™ Protein G Magnetic Beads (BIO-RAD). Flag-TRIP6
was immunoprecipitated with anti-FLAG M2 monoclonal antibody-conjugated
agarose (Sigma-Aldrich). Protein complex was resolved by SDS-PAGE, and
transferred to the nitrocellulose membrane for immunoblotting. Proteins were
detected with rabbit anti-TRIP6 (Bethyl Laboratories), anti-FLAG rabbit polyclonal
antibody (Sigma-Aldrich), rabbit anti-Lats1 (Bethyl Laboratories) or rabbit anti-PP1A
antibody (abcam).
Western blot analysis
Tissues or cells were lysed in SDS lysis buffer (10% SDS, 60 mM Tris-HCl pH6.8)
and sonicated for 20 seconds. Nuclear samples from transfected P19 cells were
extracted with NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo). The
protein concentration was determined using Bio-Rad Protein Assay. Equal amount of
protein extracts (20 µg) were separated by sodium dodecylsufate-poly-acryamide gel
electrophoresis (SDS-PAGE) and immunoblotting was carried out according to
standard methods. Primary antibodies used for Western blot analysis were mouse antiβ-Tubulin (1:1000; Sigma-Aldrich), rabbit anti-Nucleolin (1:1000, abcam), rabbit
anti-p-LATS1/2 (1:1000; Cell Signaling), or rabbit anti-LATS1/2 antibody (1:1000;
abcam). To visualize protein levels, HRP-conjugated goat anti-rabbit or goat antimouse secondary antibodies (1:20000; Jackson ImmunoResearch) and ECL kit
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(Thermo) were used. Chemiluminescent was detected by Luminescent image analyzer
Las4000. Signal intensities of Western blot analysis were quantified by using Image J.
Luciferase assay
For the activity of Yap, P19 cells in 12-well plates were co-transfected with 0.05 µg of
US2-renilla Luciferase construct, 0.5 µg of CTGF-firefly Luciferase reporter construct
containing a human CTGF promoter fragment from +747 to +214 and 0.7 µg of
TRIP6 or GFP control constructs (Lin et al., 2012). For PP1A knockdown, cells were
co-transfected with shPP1A or shLacZ plus TRIP6 or GFP control constructs. Six
hours after transfection, media were replaced with Opti-MEM supplemented with 1%
FBS. The reporter activity was measured 24 hours after transfection by using the
Dual-Luciferase Assay System (Promega) according to the manufacturer’s instruction.
Firefly Luciferase activities were normalized with the renilla Luciferase activities to
control for transfection efficiency or cell survival.
Image acquisition and statistical analysis
For analysis, each tissue was photographed under a confocal microscope (Leica TCS
SP2 Confocal Spectral Microscope Imaging System) in the Image Core at NTNU.
Each staining in each animal was from six serial sections throughout the anterior to
posterior part (160 µm apart/section) of the OB, SVZ or DG and cell counts were
performed in 2-µm confocal sections. For the SVZ, sections were selected by two
landmarks: after the corpus callosum was connected and before the anterior
commissure was connected from both sides of the brain. The density of NSCs,
proliferating cells and neuroblasts was quantified in the DG and the dorsolateral SVZ.
The density of new cells and new neurons was quantified in the granule cell layer of
DG and OB.
Images of cultured cells were taken by an inverted fluorescence microscope in
the Image Core at NTNU. Image of 2’ NSs and attached cells were taken at 4X and
20X magnification, respectively. Labeled cells were selected randomly in 10 fields
and counted from each sample.
Statistical analyses were performed by using SPSS. Unpaired two-tailed
Student’s t-test was used for two-group comparisons. One-way or two-way ANOVA
followed by Tukey’s post hoc test was used for multiple comparisons. Difference of
two distributions was analyzed by Wilcoxons rank-sum test. Results are shown as
mean±standard error of the mean (SEM); significance level was p<0.05.
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Results
YAP is necessary and sufficient for self-renewal in postnatal NSCs
To determine whether YAP is expressed in postnatal NSCs, we dissected SVZ from postnatal day 7
(P7) mice for Western blot analysis. The adjacent striatum was dissected as a negative control.
Primary neurospheres (1’ NSs) derived from dissected NSCs were also collected for analysis (Wang
et al., 2005; Lai et al., 2014). YAP was detected in the SVZ and 1’ NSs, but not in the striatum (data
not shown), indicating that YAP is expressed in putative NSCs but not in differentiated neurons.
Since YAP promotes self-renewal in embryonic stem cells (Lian et al., 2010) and is detected in
the SVZ, YAP may regulate self-renewal in postnatal NSCs. To examine the role of YAP in vivo, we
crossed Nestin-CreER mice with floxed Yap (Yapf/f) mice to induce conditional knockout of Yap
(Yap-cKO) in the adult SVZ with tamoxifen treatments (Fig. 1A; Burns et al., 2007; Zhang et al.,
2010). Mice were analyzed two weeks after the last tamoxifen injection (Fig. 1B). Control (Ctrl)
groups were Yapw/f or Yapf/f only mice injected with tamoxifen and vehicle-treated Yapf/f mice. YAP
expression was significantly reduced in the adult SVZ of Yap-cKO mice (Ctrl: 100±0%; Yap-cKO:
31.8±7.2%, p<0.01; Fig. 1C, D). To further confirm that Yap is knocked out in the adult SVZ,
tissues containing the SVZ were immunolabeled with antibodies against YAP and the NSC marker,
SOX2. We found that YAP was present in the adult SVZ of control mice and most of YAP-positive
cells also expressed SOX2, but the intensity of YAP was much decreased in Yap-cKO ones (Fig.
1E, F), suggesting that Yap is knocked out in our tamoxifen-treated double transgenic mice.
Postnatal NSCs in the SVZ can also be identified with anti-GFAP (Garcia et al., 2004; Suh et al.,
2007). A previous study shows that GFAP-positive NSCs in the SVZ have a bipolar or unipolar
morphology, whereas GFAP-positive astrocytes in the striatum are multipolar (Garcia et al., 2004).
Since we noticed that SOX2-positive cells were double-labeled with YAP (Fig. 1E) and they were
also decreased in Yap-cKO (Fig. 1F), numbers of GFAP- and SOX2-double positive NSCs with
either unipolar or bipolar morphology were quantified in these mice. We found that they were
significantly decreased in Yap-cKO mice (Ctrl: 43.5±2.4 x 104/mm3; Yap-cKO: 25±3.7 x 104/mm3,
p<0.01; Fig. 1G-I), suggesting that YAP is required for NSC maintenance in the adult SVZ.
NSCs in the SVZ give rise to neuroblasts (Ming and Song, 2011). Since YAP was required for
maintaining NSCs in the adult SVZ (Fig. 1 G-I), neuroblasts might be reduced in Yap-cKO mice.
Indeed, Doublecortin (DCX)-positive neuroblasts were significantly decreased in Yap-cKO mice
(Ctrl: 116.9±8.3 x 104/mm3; Yap-cKO: 80.2±4.7 x 104/mm3, p<0.01; Fig. 1J-L), demonstrating that
YAP is required for the production of neuroblasts in the adult SVZ.
To confirm that YAP is required for NSC maintenance in the postnatal SVZ, we also knocked
down Yap by transfecting shRNA expression constructs targeting Yap (shYap) together with a GFP
expression construct into NSCs dissociated from 1’ NSs. The parental shRNA expression construct
UI4 was used as a control. After transfection, cells were allowed to form secondary (2’) NSs. In the
control group, some transfected cells formed GFP-positive spheres. However, few GFP-positive 2’
NSs were found in the shYap group (Ctrl: 61.7±7.7/106 spheres; shYap: 6.3±3.7/106 spheres, p<0.01;
Fig. 2A-C). This result suggests that Yap is required for self-renewal in postnatal NSCs. To further
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examine whether YAP promotes self-renewal, we over-expressed Yap in postnatal NSCs.
Transfected cells were cultured to form 2’ NSs. Expression of Yap significantly increased the sphere
number (Ctrl: 58±6.1/106 spheres; Yap: 188.7±10.7/106 spheres, p<0.01) and the size (Ctrl: 164.7±9
µm; Yap: 213.5±10.7 µm, p<0.05; Fig. 2D-G). Furthermore, expression of Yap significantly
decreased the percentage of small spheres (100-150 µm in diameter; Ctrl: 53±8.6%; Yap: 18.4±4.6,
p<0.05) and increased the percentage of large ones (>300 µm in diameter; Ctrl: 0.9±0.7%; Yap:
9.1±1.2, p<0.05; Fig. 2H). These findings suggest that YAP is sufficient for self-renewal in
postnatal NSCs.
YAP promotes cell proliferation in postnatal NSCs
Previous studies report that YAP promotes proliferation of neural progenitor cells (Cao et al., 2008;
Fernandez et al., 2009; Lian et al., 2010; Lin et al., 2012; Zhang et al., 2012). Since NSCs and
neuroblasts keep proliferating throughout life, we examined whether YAP regulated cell
proliferation in the adult SVZ. Proliferating cells were identified with anti-Ki67 antibody. Ki67positive cells in the SVZ were significantly decreased in Yap-cKO mice (Ctrl: 91±8.3 x 104/mm3;
Yap-cKO: 66.3±6.7 x 104/mm3, p<0.05; Fig. 2I-K). This result suggests that YAP is required for cell
proliferation in the adult SVZ. Since expression of Yap increased the sphere size, it is possible that
YAP promotes cell proliferation in postnatal NSCs. To test this hypothesis, 1’ NSs were dissociated
and transfected with Yap along with GFP expression constructs. After transfection, cells were
cultured in the differentiation condition and BrdU, a thymidine analog, was added two hours before
fixation to label proliferating cells. Expression of Yap significantly increased the number of BrdUpositive cells (Ctrl: 4.4±0.3%; Yap: 16.7±1.9%, p<0.05; Fig. 2L-N), suggesting that YAP promotes
cell proliferation in postnatal NSCs.
YAP inhibits differentiation in postnatal NSCs
Neuroblasts generated in the SVZ migrate to the OB and differentiate into neurons (Ming and Song,
2011). YAP has been shown to inhibit differentiation in embryonic neural progenitor cells (Lin et
al., 2012; Zhang et al., 2012). Since we found that YAP promoted NSC maintenance and
proliferation (Fig. 1, 2), YAP could inhibit differentiation in postnatal NSCs. Therefore, we
examined OB neurogenesis in adult Yap-cKO mice. To avoid labeling of neuroblasts generated
before Yap was depleted, BrdU was injected four weeks after tamoxifen treatments and mice were
sacrificed two weeks after BrdU injections (Fig. 3A). Newborn cells were identified with anti-BrdU
and neurons were identified with anti-NeuN. BrdU-positive cells were deceased in Yap-cKO mice
(Ctrl: 69.1±5.6 x 103/mm3; Yap-cKO: 50.3±4.2 x 103/mm3, p<0.05; Fig. 3B-D), which could be due
to that YAP is required for cell proliferation in the SVZ. To study whether YAP inhibits neuronal
differentiation, the rate of neuronal differentiation in BrdU-labeled cells was analyzed. Indeed,
higher percentage of BrdU-positive newborn cells was positive for NeuN in Yap-cKO mice (Ctrl:
42.8±3.0%; Yap-cKO: 57.2±2.6%, p<0.01; Fig. 3B, C, E). However, the numbers of BrdU- and
NeuN-double positive new neurons were similar in Yap-cKO and Ctrl mice (Ctrl: 29.2±2.6 x
103/mm3, Yap-cKO: 28.4±1.6 x 103/mm3, n.s.; Fig. 3B, C, F), which could be resulted from the
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offset of the decrease of BrdU-positive newborn cells and the increase of neuronal differentiation.
Since YAP is required for the maintenance of NSCs in the adult SVZ, knockout of Yap may cause a
depletion of NSCs and a collapse of neurogenesis eventually. To examine this, we sacrificed Ctrl
and Yap-cKO mice six months after tamoxifen treatments. Two weeks before sacrifice, these
animals were injected with BrdU to label newborn cells (Fig. 3G). We found that both BrdUpositive newborn cells (Ctrl: 8.5±1.0 x 103/mm3; Yap-cKO: 2.2±0.2 x 103/mm3, p<0.01; Fig. 3H-J)
and BrdU- and NeuN-positive new neurons (Ctrl: 5.2±0.5 x 103/mm3; Yap-cKO: 1.4±0.1 x
103/mm3, p<0.01; Fig. 3K) were indeed significantly decreased in Yap-cKO. These data suggest that
YAP is critical to maintain NSCs and neurogenesis in the adult brain.
We also examined the role of YAP in vitro. In our culture condition, NSCs were primarily
differentiated into GFAP-positive astrocytes and Tuj1-positive neurons, while few were
differentiated into oligodendrocytes. We started with the loss-of-function approach by knocking
down Yap. Cells derived from 1’ NSs were transfected with Ctrl or shYap along with GFP
constructs and cultured in the differentiation condition. In shYap group, Tuj1-positve neurons were
increased (Ctrl: 4.3±2.9%; shYap: 23.7±4.8%, p<0.01; Fig. 3L-N) and GFAP-positive astrocytes
were decreased (Ctrl: 34.1±1.9%; shYap: 26.2±2.5%, p<0.05), suggesting that YAP inhibits
neuronal differentiation. Furthermore, over-expression of Yap significantly decreased Tuj1-positive
neurons (Ctrl: 5±0.6%; Yap: 0.3±0.4%, p<0.01; Fig. 3O-Q) and reduced GFAP-positive astrocytes
(Ctrl: 50.9±7.4%; Yap: 13.9±3.5%, p<0.05), suggesting that YAP inhibits both neuronal and glial
differentiation. Taken together, our findings suggest that YAP maintains the NSC pool in the SVZ
and inhibits neuronal differentiation in the SVZ-OB pathway.
TRIP6 induces the transcription activity of YAP through inhibiting LATS
We have previously shown that TRIP6, a LIM domains-containing Zyxin family protein, is detected
in NSCs and promotes proliferation and inhibits neuronal differentiation of NSCs in the postnatal
SVZ (Lai et al., 2014). The phenotype of TRIP6 over-expression is similar to that of Yap gain-offunction (Fig. 2D-H). Interestingly, it has been reported that a LIM domain protein AJUBA
positively regulates the activity of YAP by binding to and inhibiting LATS1 (Lv et al., 2015). This
study prompted us to examine whether TRIP6 modulated the Hippo pathway, therefore regulating
NSC properties. LATS1/2 are phosphorylated upon activation, so we examined whether TRIP6
regulated the level of phosphorylated LATS1/2 (p-LATS1/2). P19 cells, an embryonic carcinoma
cell line, were used for its potential to differentiate into neurons (McBurney, 1993). We found that
the level of p-LATS1/2 was decreased when TRIP6 was overexpressed in P19 cells (Ctrl: 100%;
TRIP6: 60.5±8.2%, p<0.01; Fig. 4A). Conversely, p-LATS1/2 was increased when TRIP6 was
knocked down (Ctrl: 100%; shT: 187.2±12.3%, p<0.01; Fig. 4B). These results suggest that TRIP6
negatively regulates the activity of LATS1/2.
Since inactivation of the Hippo pathway enables nuclear import of YAP (Zhao et al., 2011), we
next extracted cytoplasmic and nuclear proteins from P19 cells and examined the level of YAP
when the expression of TRIP6 was manipulated. Both of the cytoplasmic and nuclear YAP was
increased when TRIP6 was over-expressed (Cytosol, Ctrl: 100%; TRIP6: 135±4.8%, p<0.01;
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Neuclus, Ctrl: 100%; TRIP6: 171.7 ± 16.2%, p<0.05; Fig. 4C). Nuclear, but not cytoplasmic YAP
was decreased when TRIP6 was knocked down (Cytosol, Ctrl: 100%; TRIP6: 103±33.7%, n.s.;
Nucleus, Ctrl: 100%; shT: 54±8.8%, p<0.05; Fig. 4D). To further confirm that TRIP6 promotes
nuclear localization of YAP, we examined the distribution of YAP by using immunofluorescence
after TRIP6 over-expression. Expression of TRIP6 increased the percentage of cells with a higher
nuclear level of YAP than the cytosol (N>C) (Ctrl: 30.4±5.6%; TRIP6: 60.8±7.8%, p<0.05; Fig. 4EG). These data indicate that TRIP6 promotes nuclear localization of YAP. Since YAP is a
transcriptional co-activator, an increase of nuclear YAP should promote its transcriptional activity.
To test it, P19 cells were transfected with control (Ctrl) or TRIP6 expression constructs along with a
firefly Luciferase reporter construct containing the promoter region of Ctgf, a known target of YAP
(Zhao et al., 2008). Expression of TRIP6 increased the reporter activity (Ctrl: 100%; TRIP6:
241.5±79.8%, p<0.05; Fig. 4H), which indicates that TRIP6 increases the transcriptional activity of
YAP. Taken together, our data suggest that TRIP6 activates YAP by inhibiting LATS1/2 activity.
TRIP6 recruits PP1A to inhibit the phosphorylation of LATS1
Previous studies have reported that Protein Phosphatase 1A (PP1A) regulates the Hippo pathway
and activates YAP (Wang et al., 2011; Lv et al., 2015). Since TRIP6 inhibited the phosphorylation
of LATS1/2, it is possible that TRIP6 interacts with PP1A to inhibit the phosphorylation of
LATS1/2. Cell lysates from P19 or HEK293T cells over-expressing flag-TRIP6 were
immunoprecipitated with anti-TRIP6 and anti-flag, respectively. Precipitated protein complexes
were subjected to Western blot with anti-PP1A. PP1A was present in the TRIP6immunoprecipitated group (data not shown), suggesting that TRIP6 interacts with PP1A.
Since PP1A has been shown to interact with LATS1 (Lv et al., 2015), it is possible that TRIP6
promotes the interaction between PP1A and LATS1. Thus, flag-TRIP6 was over-expressed in
HEK293T cells and co-immunoprecipitation was performed with anti-PP1A. Consistent to our
previous findings, TRIP6 was co-immunoprecipitated with PP1A. Importantly, over-expression of
TRIP6 increased the binding between PP1A and LATS1 (Figure 5A), suggesting that TRIP6
promotes the interaction between PP1A and LATS1.
To study whether TRIP6 inhibits the phosphorylation of LATS through PP1A, we knocked
down PP1A and over-expressed TRIP6 simultaneously. One day after transfection, PP1A was
significantly decreased in the shPP1A group (Figure 5B). p-LATS1/2 was significantly increased in
shPP1A group (Figure 5B). These results suggest that TRIP6 inhibits the phosphorylation of LATS1
by promoting the interaction between LATS1 and PP1A.
To examine whether TRIP6 promotes the transcriptional activity of YAP through PP1A, P19
cells were transfected with TRIP6 expression construct with shPP1A or shLacZ control (shCtrl)
along with the YAP activity reporter (Lin et al., 2012). Knockdown of PP1A alone did not affect
YAP activity (Ctrl+shCtrl: 100%; Ctrl+shPP1A: 96.8±4.9%; n.s. Figure 5C). Importantly, TRIP6induced YAP activity was impaired by knockdown of PP1A (TRIP6+shCtrl: 164.7±10.1%, p<0.01
compared to Ctrl; TRIP6+shPP1A: 114.7±13.4, p<0.01 compared to TRIP6+shCtrl; Figure 5C).
These results indicate that TRIP6 increases the transcriptional activity of YAP through PP1A.
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TRIP6 promotes stem cell maintenance in postnatal NSCs through YAP
Our previous work has shown that TRIP6 promotes NSC maintenance in the postnatal SVZ (Lai et
al., 2014). Since we found that TRIP6 activated YAP (Fig. 4), it is possible that TRIP6 modulates
NSC properties through the Hippo pathway. To test this hypothesis, NSCs dissociated from P7 1’
NSs were transfected with TRIP6 and shYap expression constructs and cultured to form 2’ NSs. In
the control group, GFP-positive 2’ NSs were observed. Knockdown of Yap significantly decreased
the size of GFP-positive 2’ NSs (Ctrl+UI4: 95.8±5.4 µm; Ctrl+shYap: 57.3±1.8 µm, p<0.01; Fig.
6A, B, E). Over-expression of TRIP6 increased the size of GFP-positive 2’ NSs as our previous
work shows (TRIP6+UI4: 120.7±9.2 µm, p<0.01; Fig. 6A, C, E) (Lai et al., 2014). Importantly,
knockdown of Yap significantly decreased the size of 2’ NSs even when TRIP6 was over-expressed
(TRIP6+shYap: 45.9±5.3 µm, p<0.01; Fig. 6C-E), suggesting that TRIP6 promotes self-renewal in
postnatal NSCs through YAP.
Our previous study has shown that TRIP6 promotes cell proliferation in postnatal NSCs (Lai et
al., 2014). It is possible that TRIP6 regulates cell proliferation through YAP. To test this possibility,
NSCs dissociated from 1’ NSs were transfected with TRIP6 and shYap expression constructs and
cultured in differentiation condition. BrdU was added two hours before fixation. Knockdown of Yap
significantly decreased the percentage of BrdU-positive cells (Ctrl+UI4: 9.0±0.7%; Ctrl+shYap:
4.7±0.2%, p<0.01), suggesting that Yap is required for cell proliferation. Over-expression of TRIP6
promoted cell proliferation, which is consistent to our previous finding (TRIP6+UI4: 12.1±1.1%,
p<0.05 compare to Ctrl+UI4 group) (Lai et al., 2014). Knockdown of Yap significantly decreased
cell proliferation even when TRIP6 was over-expressed (TRIP6+shYap: 6.7±1%, p<0.01 compare to
TRIP6+UI4 group). This result suggests that TRIP6 promotes cell proliferation in postnatal neural
progenitor cells through YAP.
Since TRIP6 promotes self-renewal and cell proliferation through YAP, it is possible that
TRIP6 also inhibits differentiation through YAP. To test this hypothesis, NSCs dissociated from 1’
NSs were transfected with TRIP6 and shYap expression constructs and cultured in differentiation
condition. Knockdown of Yap significantly increased Tuj1-positive neurons as in Fig. 3 (Ctrl+UI4:
12±0.3%; Ctrl+shYap: 17.6±0.8%, p<0.01; Fig. 6F, G, J). Over-expression of TRIP6 reduced
neuronal differentiation (TRIP6+UI4: 9.1±0.7%, p<0.01 compare to Ctrl+UI4 group; Fig. 6H, J)
(Lai et al., 2014). Knockdown of Yap significantly increased Tuj1-positive neurons even when
TRIP6 was over-expressed (TRIP6+shYap: 13.5±1%, p<0.01 compare to TRIP6+UI4 group; Fig.
6I, J), suggesting that TRIP6 inhibits neuronal differentiation through YAP. Taken together, our
results indicate that TRIP6 maintains NSCs in the postnatal SVZ through YAP.
YAP promotes stem cell maintenance in postnatal NSCs through the SHH signaling
Previously, we report that the SHH pathway mediates the proliferation effect of YAP in embryonic
cortical progenitor cells (Lin et al., 2012). Since it has been proposed that Gli2, the downstream
effector of the SHH pathway is one of the target genes of YAP (Zhao et al., 2008), we examined
whether the expression of Gli2 is reduced in the SVZ of Yap-cKO mice. Gli2 expression was
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significantly decreased in the adult SVZ of Yap-cKO mice (Ctrl: 100.0±12.3%; Yap-cKO:
72.2±7.5%, p<0.05; Fig. 7A, B), suggesting that YAP regulates the SHH pathway by controlling the
level of Gli2 in the postnatal SVZ.
Since the SHH pathway promotes NSC maintenance (Palma et al., 2005), it is possible that the
SHH signaling also acts downstream of YAP to regulate self-renewal of postnatal NSCs in the SVZ.
To this end, we performed 2’ NS formation assay by knocking down the SHH effect Gli1 or Gli2 in
Yap overexpression condition. NSCs dissociated from P7 1’ NSs were transfected with Yap and
shGli1 or shGli2 expression constructs and cultured to form 2’ NSs. Knockdown of Gli1
significantly decreased the number of GFP-positive 2’ NSs (Ctrl+shLacZ: 446.7±57.8 spheres;
Ctrl+Gli1: 166.4±36.9 spheres, p<0.05; Fig. 7C). shGli2 also reduced the formation of 2’ NSs
(Ctrl+Gli2: 196.2±23.8 spheres, p<0.05; Fig. 7C). Over-expression of Yap increased the number of
GFP-positive 2’ NSs as shown in Fig 2 (Yap+shLacZ: 784.7±88.3 spheres, p<0.01; Fig. 7C).
Interestingly, knockdown of Gli1 or Gli2 significantly decreased the number of 2’ NSs in Yap overexpressed group (Yap+shGli1: 425.7±88.3 spheres, p<0.05; Yap+shGli2: 199.4±14.8 spheres,
p<0.01; Fig. 7C), suggesting that YAP promotes self-renewal in postnatal NSCs through the SHH
pathway.
We also examined whether YAP inhibited neuronal differentiation of postnatal NSCs through
the SHH signaling. NSCs dissociated from 1’ NSs were transfected with Yap and shGli1/2
expression constructs and cultured in differentiation condition. Overexpression of Yap significantly
decreased Tuj1-positive neurons as in Fig. 4 (Ctrl+shLacZ: 5.7±0.34%; Yap+shLacZ: 2.5±0.3%,
p<0.01; Fig. 7D, E, H). Knockdown of Gli1 or Gli2 increased neuronal differentiation (Ctrl+shGli1:
13.9±0.2%, p<0.01; Ctrl+shGli2: 11.0±2.0%, p<0.01 compare to Ctrl+shLacZ group; Fig. 7D-G).
Knockdown of Gli1 or Gli2 significantly increased Tuj1-positive neurons even when Yap was overexpressed (Yap+shGli1: 9.2±0.3%, p<0.01; Yap+shGli2: 6.6±1.0%, p<0.01compare to Yap+shLacZ
group; Fig. 7D, H-J), suggesting that YAP inhibits neuronal differentiation through Gli1/2. Taken
together, our results indicate that YAP maintains NSCs in the postnatal SVZ through the SHH
pathway.
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Discussion
The role of YAP in stem cells is emerging. Here, we show that YAP promotes postnatal NSC
maintenance and inhibits differentiation. In addition, TRIP6 disinhibits YAP through recruiting
PP1A to LATS1 protein complex. Nuclear YAP induces the expression of Gli2 to maintain selfrenewal of NSCs in the postnatal SVZ. Therefore, YAP acts downstream of TRIP6 to regulate
postnatal NSC properties through the SHH signaling (Fig. 8).
The Hippo pathway has been shown to control proliferation and differentiation potential of
stem cells in different tissues among various organisms. In the Drosophila ovary, Yorkie (Yki), the
Drosophia homolog of YAP, is required for the maintenance of follicle stem cells and controls cell
fate specification (Chen et al., 2011; Huang and Kalderon, 2014; Hsu et al., 2017). In Drosophila
intestinal stem cells, Yki promotes stem cell division in response to tissue damage (Karpowicz et
al., 2010; Ren et al., 2010). The mammalian Hippo pathway also regulates stem cell properties and
tissue growth. It controls cell proliferation and differentiation of liver progenitor/stem cells in mice
(Ramos and Camargo, 2012). YAP has also been reported to maintain pluripotency and prevent cell
differentiation in embryonic stem cells (Lian et al., 2010). In the nervous system, we and others
have shown that YAP promotes cell proliferation and inhibits differentiation in the chicken spinal
cord, mouse cerebellar granule neuron precursors, retinal and cortical progenitors (Cao et al., 2008;
Fernandez et al., 2009; Lin et al., 2012; Zhang et al., 2012). With both of in vitro and in vivo
approaches, here we show that YAP is important for promoting NSC maintenance in the postnatal
SVZ (Fig. 1-3). This finding further demonstrates a key role of YAP in regulating functions of stem
cells in various organisms of different ages.
Tissue homeostasis during embryonic development and in adult usually shares similar regulatory
mechanisms to achieve sophisticated balance between proliferation and differentiation of stem cells.
As to the Hippo pathway, conditional knockout of Yap in the intestine does not cause defects for
normal homeostasis in mice. However, the regenerative ability after dextran sulfate sodium-induced
intestinal inflammatory bowel disease-like colitis is significantly undermined in Yap-cKO mice (Cai
et al., 2010), suggesting that YAP differentially regulates regeneration versus development. In the
nervous system, no obvious phenotype was observed in the cerebral cortex when Yap is
conditionally knocked out in embryonic neural progenitor cells. Proliferation and differentiation of
embryonic neural progenitor cells remains normal (Huang et al., 2016b). In addition, development
of the hippocampus and dorsal root ganglia is also normal in mice with Yap deletion specifically in
the nervous system (Lavado et al., 2013; Serinagaoglu et al., 2015). However, YAP is critical for the
repair capacity of Schwann cells after injury (Mindos et al., 2017). Therefore, it is possible that in
the nervous system, YAP plays a more prominent role in injury-induced regeneration and in adult
rather than normal tissue homeostasis or during development.
How the Hippo pathway is regulated remains to be investigated. Previously, we have reported
that a Zyxin family of LIM protein TRIP6 promotes NSC maintenance in the postnatal SVZ (Lai et
al., 2014). Interestingly, Drosophila Zyxin (Zyx) has been shown to activate Yki by binding to
Warts (Wts), the Drosophila homolog of LATS1/2 (Rauskolb et al., 2011). The Drosophila homolog
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of AJUBA LIM protein Jub, which shares C-terminal LIM domains with Zyx, also negatively
regulates the Hippo pathway by interacting with Wts (Das Thakur et al., 2010). Furthermore, the
mammalian LIM protein AJUBA inhibits the Hippo pathway through interacting with LATS1/2 as
well (Sun and Irvine, 2013). Consistent to the role as an Yki/YAP activator of LIM-containing
proteins, we demonstrate that TRIP6 interacts with LATS1 (Fig. 4-5). In addition, we show that
TRIP6 augments the interaction between PP1A and LATS1, therefor promoting dephosphorylation
and inactivation of LATS1. Functionally, YAP acts downstream of TRIP6 to control NSC
maintenance and differentiation (Fig. 6). In addition, a recent study also reports that TRIP6 inhibits
the Hippo signaling in response to tension at adherens junctions by competing with MOB1, a
mediator for the association of MST1/2 and LATS1/2, for binding to LATS1/2 (Dutta et al., 2018).
Therefore, TRIP6 may regulate the phorsphorylation of LATS1/2 by two approaches: preventing
LATS1/2 to be phorsphorylated by MST1/2 and dephosphorylating of LATS1/2 by recruiting PP1A.
Taken together, LIM-containing proteins are important regulators of the Hippo pathway.
Epidermal growth factor (EGF), a commonly used mitogen for NSC cultures (Reynolds and
Weiss, 1992), has also been shown to interact with the Hippo pathway. EGF promotes Yki activity
through enhancing Jub binding to Wts in a Ras-MAPK-dependent manner (Reddy and Irvine,
2013). Moreover, activation of the MAPK pathway promotes MST1/2 heterodimerization, which
results in YAP activation (Rawat et al., 2016). Since we find that YAP is sufficient and required for
cell proliferation of NSCs both in vitro and in vivo (Fig. 2), it is possible that the mitogenic effect of
EGF in NSCs is mediated by YAP. Amphiregulin, a known YAP target gene, also encodes an EGFR
ligand promoting proliferation of adult NSCs (Falk and Frisen, 2002; Zhang et al., 2009). Thus,
there could be a positive feedback loop of EGF-YAP-EGF signaling to maintain NSCs in vivo.
Therefore, YAP deficiency causes defects in NSC properties (Fig. 1-3).
In addition to the EGFR signaling, the Notch, Wnt, BMP and SHH pathways are important for
postnatal NSC properties (Lie et al., 2005; Palma et al., 2005; Aguirre et al., 2010; Bond et al.,
2012). Previously, we report that the SHH pathway mediates the proliferation effect of YAP in
embryonic cortical progenitor cells (Lin et al., 2012). Here, we also demonstrate that SHH signaling
also acts downstream of YAP in regulating the properties of postnatal NSCs and YAP is required for
the expression of Gli2 (Fig. 7). Besides the SHH pathway, YAP can bind to β-catenin, a key effector
of the Wnt signaling, to prevent its nuclear translocation and target gene expression (Imajo et al.,
2012). Since the Wnt pathway induces the expression of a neural bHLH transcription factor NeuroD
and induces neuronal differentiation (Kuwabara et al., 2009), suppression the Wnt signaling by YAP
may provide a mechanism for YAP inhibiting neuronal differentiation in postnatal NSCs (Fig. 3). In
terms of other upstream pathways of YAP, it has been shown that BMP2 activates YAP to promote
astrocyte differentiation in the developing forebrain (Huang et al., 2016a). Moreover, conditional
knockout of Yap in the embryonic cortex or astrocytes decreases the production of astrocytes
(Huang et al., 2016b), suggesting that YAP is required for glial differentiation during development.
Taken together, the interactions between multiple pathways may orchestrate a regulatory network to
maintain NSCs in the postnatal SVZ.
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SOX2 is a key transcription factor to maintain stemness in multiple stem cells. It has been
shown that SOX2 maintains cancer stem cells (CSCs) in osteosarcomas (Basu-Roy et al., 2012).
Interestingly, SOX2 negatively regulates Nf2, an upstream component of the Hippo pathway, by
binding to its promoter region, which results in YAP activation to maintain CSCs (Basu-Roy et al.,
2015). Since we find that SOX2-positive NSCs are decreased in Yap-cKO mice and YAP is required
for the self-renewal of NSCs (Fig. 1, 2), it not only links YAP in NSC maintenance, but also
provides insight of the role of TRIP6 and YAP in tumorigenesis and metastasis (Xu et al., 2004; Cai
and Xu, 2013; Qiao et al., 2017). It would be interesting to investigate whether TRIP6 activates
YAP to promote tumor formation. Therefore, our study sheds light on the regulatory mechanism of
postnatal NSCs, as well as identifies possible therapeutic targets of cancer treatments.
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Figure 1. YAP is required for maintaining NSCs and neuroblasts in the postnatal SVZ. (A)
Schematic diagram of Nestin-CreER and floxed Yap for conditional knockout of Yap (Yap-cKO) in
NSCs with tamoxifen induction in vivo. The first two exons (E1, E2) of Yap were flanked by LoxP
sites. (B) Experimental procedure. Tamoxifen was injected intraperitoneally once per day for five
days. Mice were sacrificed two weeks after the last tamoxifen injection. (C) Proteins extracted from
the SVZ were subjected to Western blotting. Nucleolin was a loading control. (D) Quantification of
C. YAP in the SVZ was decreased in Yap-cKO mice. n=3. (E, F) SVZ sections of Ctrl and Yap-cKO
mice were immunolabeled with anti-YAP (red) and anti-SOX2 (green). Most of YAP-expressing
cells in the SVZ were also SOX2-positive. Higher magnification of YAP- and SOX2-positive cells
is shown in the inset in E. YAP- and SOX2-positive cells in the SVZ were decreased in Yap-cKO
mice. (G, H) NSCs (arrows) were identified with anti-GFAP (red) and anti-SOX2 (green). Nuclei
were stained by DAPI (blue). The left inset in G and H are the higher magnification of GFAP- and
SOX2-double positive NSCs in the SVZ with a bipolar or unipolar morphology. The right inset in G
and H are the higher magnification of multipolar astrocytes in the ST. (I) Quantification of G and H.
GFAP- and SOX2-double positive NSCs in the SVZ were decreased in Yap-cKO mice. (J, K)
Neuroblasts were identified with anti-DCX (red). (L) Quantification of J and K. DCX-positive
neuroblasts in the SVZ were decreased in Yap-cKO mice. t-test, n≧4. **: p<0.01, compare with the
control group. All data are shown as mean ± SEM. Scale bar: 40 μm for E-K and 10 μm for insets.
LV, lateral ventricle; ST, striatum.
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Figure 2. YAP is necessary and sufficient for self-renewal in postnatal NSCs. NSCs were
dissected from P7 SVZ and cultured to form 1’ NSs. Cells dissociated from 1’ NSs were
electroporated with shYap, Yap or control (Ctrl) along with a GFP expression construct and cultured
to form 2’ NSs for five days. (A, B) GFP-positive 2’ NSs (arrows) in the control and shYap groups.
Arrowheads in B indicate GFP-positive cells without forming spheres. (C) Quantification of sphere
formation efficiency in A and B. 2’ NS numbers were significantly decreased in shYap group. t-test,
n=3. (D, E) GFP-positive 2’ NSs (arrows) in the control and Yap over-expression groups. (F)
Quantification of sphere formation efficiency in D and E. 2’ NS number was significantly increased
in Yap group. t-test, n=4. (G) Quantification of sphere size in D and E. 2’ NS diameter was
significantly increased in Yap group. t-test, n=4. (H) GFP-positive 2’ NSs were categorized
according to the diameter. YAP shifted the distribution toward larger sizes. Kruskal-Wallis test, n=4.
(I, J) Control and Yap-cKO mice were sacrificed two weeks after the last tamoxifen injection.
Proliferating cells in the SVZ were identified with anti-Ki67 (green). Nuclei were stained by DAPI
(blue). (K) Quantification of I and J. Ki67-positive cells in the SVZ were decreased in Yap-cKO
mice. (L, M) NSCs derived from P7 1’ NSs were overexpressed with Yap and cultured in the
differentiation condition for two days. BrdU was added two hours before fixation. Cells were
immunolabeled with BrdU (red) and GFP (green) and nuclei were labeled with DAPI. (N) The
percentage of BrdU-positive cells (arrows in M) was higher in Yap group than that of the control. ttest, n≧3. *: p<0.05, **: p<0.01. All data are shown as mean ± SEM. Scale bar: 200 µm for A-E, 40
μm for I and J and 50 μm for L and M.
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Figure 3. YAP inhibits neuronal differentiation in the adult OB. (A) Experimental procedure.
Tamoxifen was injected intraperitoneally once per day for five days. BrdU were injected twice
intraperitoneally at week five. Mice were sacrificed two weeks after BrdU injections. (B, C)
Newborn cells were labeled with anti-BrdU (green). Mature neurons were identified with antiNeuN (red). (D) Quantification of BrdU-positive cells in A and B. Newborn cells were decreased in
Yap-cKO mice. (E) Quantification of neuronal differentiation rate in A and B. Neuronal
differentiation was increased in Yap-cKO mice. (F) Quantification of BrdU- and NeuN-double
positive cells (arrows) in A and B. The number of new neurons in the OB was not affected in YapcKO mice. (G) Experimental procedure. Tamoxifen was injected intraperitoneally once per day for
five days. Six months after tamoxifen treatments, mice were injected with BrdU twice
intraperitoneally and sacrificed two weeks later. (H, I) Newborn cells were labeled with anti-BrdU
(green). Mature neurons were identified with anti-NeuN (red). (J) Quantification of BrdU-positive
cells in H and I. Newborn cells were decreased in Yap-cKO mice. (K) Quantification of BrdU- and
NeuN-double positive cells (arrows) in H and I. The number of new neurons in the OB was
decreased in Yap-cKO mice. t-test, n≧3. *: p<0.05, **: p<0.01, compared with the control group.
(L-Q) NSCs derived from 1’ NSs were transfected with control (Ctrl), shYap or Yap along with a
GFP expression construct and cultured in the differentiation condition for three days. Neurons were
identified with Tuj1 antibody (red). GFP- and Tuj1-double positive cells are indicated by arrows.
(N) Quantification of L and M. Tuj1-positive neurons were increased in shYap group. (Q)
Quantification of O and P. Tuj1-positive neurons were decreased in Yap group. Two-way ANOVA
with post hoc Tukey. n=3. *: p<0.05, **: p<0.01, compared with the control group. Scale bar in B
(for B, C, H and I): 40 µm. Scale bar in L (for L, M, O and P): 50 µm. All data are shown as mean ±
SEM.
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Figure 4. TRIP6 promotes the transcription activity of YAP. (A-D) P19 cells transfected with
TRIP6 or shTRIP6 (shT) expression constructs were cultured in the differentiation condition for 24
hours and three days, respectively. β-Tubulin (Tub) or Nucleolin was the loading control for
total/cytoplasmic and nuclear protein, respectively. Cytoplasmic and nuclear proteins were extracted
for Western blotting analysis in C-D. (A) TRIP6 decreased p-LATS1/2 level. n=3. (B) p-LATS1/2
level was increased in shTRIP6 group. n=3. (C) TRIP6 increased the level of cytoplasmic and
nuclear YAP. n=5. (D) The level of nuclear YAP was decreased in shTRIP6 group. n=3. (E, F) P19
cells were transfected with Yap, TRIP6 or Ctrl constructs. Transfected cells were cultured in a low
cell density for 24 hours and stained with anti-GFP (green) and anti-YAP (red). Nuclei DNA were
stained by DAPI (blue). Cell membranes and nuclei were circled with dashed lines. Cells with
stronger YAP in the nucleus than that in the cytosol (N>C) were indicated by arrows and cells with
more cytoplasmic YAP than nuclear YAP (N<C) were indicated by arrowheads. (G) Quantification
of E and F. The percentage of transfected cells with a high level of nuclear YAP was normalized to
Ctrl. TRIP6 promoted the accumulation of nuclear YAP. n=3. (H) P19 cells were transfected with
TRIP6 or control (Ctrl) along with firefly Luciferase reporter constructs containing the promoter
28

region of Ctgf, a known target of YAP. US2-renilla Luciferase constructs were co-transfected to
serve as internal controls. Cells were lysed one day after transfection. TRIP6 increased the
transcription activity of YAP. n=5. All data are shown as mean ± SEM and normalized to the control
group. t-test. *: p<0.05, compared with the Ctrl group. Scale bar: 40 µm.
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Figure 5. TRIP6 regulates the Hippo pathway through PP1A. (A) HEK293T cells were
transfected with flag-TRIP6 or a flag control construct (Ctrl). Cell lysates were immunoprecipitated
with anti-PP1A and subjected to LATS1 and flag Western blotting. *: non-specific binding. TRIP6
promoted protein-protein interaction between LATS1 and PP1A. These three proteins formed a
protein complex. n=3. (B) P19 cells transfected with TRIP6, shPP1A or shLacZ control were
subjected to Western blotting. β-Tubulin (Tub) was a loading control. PP1A was decreased in
shPP1A group. p-LATS1/2 level was increased in shPP1A group. n=3. t-test. *: p < 0.05. (C) P19
cells were transfected with TRIP6 or control (Ctrl), shPP1A or shLacZ control (shCtrl) along with
firefly Luciferase reporter constructs containing the promoter region of Ctgf. US2-renilla Luciferase
constructs were co-transfected as internal controls. Cells were lysed one day after transfection.
Expression of TRIP6 increased the transcription activity of YAP through PP1A. n=3. Two-way
ANOVA with post hoc Tukey. All data are shown as mean ± SEM and normalized to the control
group. ##: p < 0.01, compared with the Ctrl group. **: p<0.01, compared with the shCtrl group.
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Figure 6. TRIP6 promotes postnatal NSC self-renewal and inhibits neuronal differentiation
through YAP. NSCs derived from P7 1’ NSs were transfected with TRIP6 plus shYap or UI4
control along with a GFP expression construct and cultured to form 2’ NSs for five days. (A-D)
Representative images of four experimental conditions. Arrows and arrowheads indicate regular and
small 2’ NSs, respectively. (E) Quantification of the 2’ NS diameters. Expression of TRIP6
increased the diameter of 2' NSs. Knockdown of Yap decreased the diameter of 2' NSs even when
TRIP6 was over-expressed. (F-I) NSCs derived from P7 1’ NSs were transfected with TRIP6 plus
shYap or UI4 control along with a GFP expression construct and cultured in the differentiation
condition for three days. Transfected cells were labeled with anti-GFP (green). Neurons were
identified with Tuj1 antibody (red). Nuclear DNA was stained by DAPI (blue). GFP- and Tuj1double positive cells are indicated by arrows. (J) Quantification of F-I. TRIP6 inhibited neuronal
differentiation through YAP. Two-way ANOVA with post hoc Tukey, n≧3. All data are shown as
mean ± SEM. **: p<0.01 compared with the UI4 group. @@, ##: p<0.01 compared with the control
group. Scale bar in A: 200 µm for A-D; in F: 50 µm for F-I.
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Figure 7. YAP promotes postnatal NSC self-renewal and inhibits neuronal differentiation
through Gli1/2. (A) Yap-cKO mice were sacrificed one month after the last tamoxifen injection.
Proteins extracted from the SVZ were subjected to Western blotting. Nucleolin was a loading
control. (B) Quantification of A. Gli2 in the SVZ was decreased in Yap-cKO mice. n=3. t-test. (C)
NSCs derived from P7 1’ NSs were transfected with YAP plus shGli1, shGli2 or shLacZ control
along with a GFP expression construct and cultured to form 2’ NSs for five days. 2’ NS numbers
were significantly increased in Yap group. Knockdown of Gli1 or Gli2 decreased 2' NS numbers
even when Yap was over-expressed. (D-J) NSCs derived from P7 1’ NSs were transfected with Yap
plus shGli1/2 or shLacZ control along with a GFP expression construct and cultured in the
differentiation condition for three days. Transfected cells were labeled with anti-GFP (green).
Neurons were identified with Tuj1 antibody (red). Nuclear DNA was stained by DAPI (blue). GFPand Tuj1-double positive cells are indicated by arrows. (D) Quantification of E-J. YAP inhibited
neuronal differentiation through Gli1/2. Two-way ANOVA with post hoc Tukey. *: p<0.05, **:
p<0.01 compared with the shLacZ group. @@, ##, $$: p<0.01 compared with the control group.
n≧3. Scale bar: 50 µm. All data are shown as mean ± SEM.
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Figure 8. A model of TRIP6-YAP-SHH axis in regulating postnatal NSCs. TRIP6 recruits
PP1A to inhibit the phosphorylation of LATS1. This results in the activation and nuclear
translocation of YAP to induce Gli2 expression, which in turn maintains self-renewal of NSCs in
the postnatal SVZ.
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