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Yes-associated protein (YAP) transcriptional coactivator is negatively regulated by the Hippo pathway and functions in controlling the
size of multiple organs, such as liver during development. However, it is not clear whether YAP signaling participates in the process of the
formation of glia scars after spinal cord injury (SCI). In this study, we found that YAP was upregulated and activated in astrocytes of
C57BL/6 male mice after SCI in a Hippo pathway-dependent manner. Conditional knockout (KO) of yap in astrocytes significantly
inhibited astrocytic proliferation, impaired the formation of glial scars, inhibited the axonal regeneration, and impaired the behavioral
recovery of C57BL/6 male mice after SCI. Mechanistically, the bFGF was upregulated after SCI and induced the activation of YAP through
RhoA pathways, thereby promoting the formation of glial scars. Additionally, YAP promoted bFGF-induced proliferation by negatively
controlling nuclear distribution of p27 Kip1 mediated by CRM1. Finally, bFGF or XMU-MP-1 (an inhibitor of Hippo kinase MST1/2 to
activate YAP) injection indeed activated YAP signaling and promoted the formation of glial scars and the functional recovery of mice after
SCI. These findings suggest that YAP promotes the formation of glial scars and neural regeneration of mice after SCI, and that the
bFGF-RhoA-YAP-p27 Kip1 pathway positively regulates astrocytic proliferation after SCI.
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Introduction
Astrocytes are star-shaped cells surrounding neurons in the brain
and the spinal cord. They perform diverse functions in the mam-

malian CNS under physiological and pathological conditions
(Sofroniew and Vinters, 2010; Pekny et al., 2016). In a healthy
CNS, astrocytes regulate metabolism, support the structure,
modulate synaptic transmission, and maintain the blood– brain
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Significance Statement

Glial scars play critical roles in neuronal regeneration of CNS injury diseases, such as spinal cord injury (SCI). Here, we provide
evidence for the function of Yes-associated protein (YAP) in the formation of glial scars after SCI through regulation of astrocyte
proliferation. As a downstream of bFGF (which is upregulated after SCI), YAP promotes the proliferation of astrocytes through
negatively controlling nuclear distribution of p27 Kip1 mediated by CRM1. Activation of YAP by bFGF or XMU-MP-1 injection
promotes the formation of glial scar and the functional recovery of mice after SCI. These results suggest that the bFGF-RhoA-YAP-
p27 Kip1 axis for the formation of glial scars may be a potential therapeutic strategy for SCI patients.
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barrier (Sofroniew and Vinters, 2010; Khakh and Sofroniew,
2015; Chen et al., 2018a). Under CNS pathology, astrocytes have
diverse functions, including changes in neurotrophic factor se-
cretion, elimination of waste debris and dead cells, repair of the
blood– brain barrier, and formation of glial scars (Sofroniew and
Vinters, 2010). Following traumatic injuries of the CNS, includ-
ing spinal cord injury (SCI) (Okada et al., 2018; Li et al., 2019),
different gradations of glial scars are varied with insult severity
(Sofroniew, 2014), and severe injury promotes the proliferation
of astrocytes forming a dense glial barrier, which protects healthy
tissue against inflammation over long periods (Yiu and He,
2006). However, in the past, barriers created by scar-forming
astrocytes have been proposed as the primary causes of axon
regeneration failure after SCI (Yiu and He, 2006; Fitch and Silver,
2008). Astrocytes within the scars secrete several growth-
inhibitory molecules, such as chondroitin sulfate proteoglycans
(GSPGs) and semaphorin 3A, which prevent the neural recovery
of the CNS after injury or disease (Stichel and Müller, 1998; Silver
and Miller, 2004; Kaneko et al., 2006; Gaudet and Fonken, 2018;
Tran et al., 2018). There are common features of severe diffuse
glial scars: appearance of lesion site of the scar border, upregula-
tion of GFAP and vimentin, cellular hypertrophy, and newly pro-
liferated astrocytes (Sofroniew, 2014; Chen et al., 2018b).
Additionally, there is compelling evidence showing that glial
scars are associated with signal transducers and activators of
transcription-3 (STAT-3), C5aR, nuclear factor �B, and leucine
zipper-bearing kinase (LZK) after SCI (Herrmann et al., 2008;
Sofroniew, 2009; Brennan et al., 2015; Chen et al., 2018b) with
either beneficial or detrimental effects on neural regeneration.
Therefore, understanding the roles of glial scars and the underly-
ing molecular mechanisms will guide in the design of therapeutic
intervention strategies to accelerate recovery after traumatic in-
juries and diseases of CNS.

The Hippo/Yes-associated protein (YAP) signaling pathway
controls organ sizes in mammals by regulating cell differentia-
tion, proliferation, and apoptosis (Cai et al., 2010; Pan, 2010;
Johnson and Halder, 2014; Yu et al., 2015). Activation of the
Hippo/YAP kinase cascade induces phosphorylation of YAP and
subsequent proteasomal degradation or cytoplasmic retention.
On the contrary, blocking of the Hippo pathway, for instance,
through the suppression of MST1/MST2 and LATS1/LATS2,
promotes entry of YAP into the nuclei, which interacts with
TEAD family proteins to initiate gene expression (Piccolo et al.,
2014; Maugeri-Saccà and De Maria, 2018). Most studies on YAP
previously focused on tumorigenesis, since the upregulation of
YAP promotes cell growth and inhibits apoptosis of tumor cells
(Lau et al., 2014; Zanconato et al., 2016). For CNS injuries, MST1
and LATS1 have detrimental effects on neural recovery after trau-
matic brain injury and SCI (M. Zhang et al., 2017; Li et al., 2018;
Qu et al., 2018; Y. Wang and Chen, 2018). Our recent studies
indicate that YAP participates in astrocytic differentiation of the
developing mouse cortex via BMP2-YAP-SMAD1 pathway
(Huang et al., 2016b). However, the functions and mechanisms

of YAP, for instance, in regulation of the formation of glial scars
after SCI, remain poorly understood.

In this study, we found that YAP was upregulated and selec-
tively activated in astrocytes in a Hippo kinase-dependent man-
ner after SCI. Conditional KO of yap in astrocytes inhibited the
formation of glial scars through the reduction of astrocytic pro-
liferation, resulting in the inhibition of axonal regeneration and
impairment of the behavioral recovery following SCI. Mechanis-
tically, bFGF was upregulated after SCI and promoted the forma-
tion of glial scars via YAP signaling. Further, YAP promoted
bFGF-induced astrocytic proliferation through negatively con-
trolling nuclear distribution of p27 Kip1 mediated by CRM1.

Materials and Methods
Animals and mice breeding. The yapGFAP-CKO conditional KO mice were
produced by crossing floxed yap allele (yapf/f) with GFAP-Cre transgenic
mice (Shanghai Model Organisms). The yapf/f mice were generated as
previously described (Y. Wang et al., 2014; Huang et al., 2016a,b). Both
the yapf/f and yapGFAP-CKO mice were maintained in C57BL/6 strain
background. All comparisons were made between C57BL/6 WT male
mice, yapf/f, and yapGFAP-CKO male mice. We obtained approval of this
study from the Laboratory Animals Ethics Committee of Wenzhou Med-
ical University (WYDW-2015-0150).

SCI surgical procedures and treatment. The clip-compressive SCI model
was described in previous studies (Mao et al., 2010; Marques et al., 2010;
de Almeida et al., 2011; Y. F. Wang et al., 2014). Briefly, all animals
(WT, yapf/f, and yapGFAP-CKO male mice) were subjected to general
anesthesia (20 ml/kg) by intraperitoneal injection of avertin (2, 2,
2-tribromoethanol, Sigma Millipore) in 0.9% saline solution. A laminec-
tomy from T8 to T9 was performed using a surgical microscope (Nikon,
SMZ745) and mouse spinal cord adapter (RWD, 68094). The spinal cord
was compressed by a vascular clip (30 G force, Kent Scientific) for 15 s
(Joshi and Fehlings, 2002a,b; Marques et al., 2009) (see Fig. 1 A, B). After
SCI, the bladder was manually evacuated twice on a daily basis until the
restoration of the urinating function. All animals in the sham group were
subjected to laminectomy alone. For bFGF injection after SCI, recombi-
nant human bFGF, purchased from Sigma Millipore, was injected sub-
cutaneously near the back wound at a dose of 80 �g/kg at 30 min after
injury (Ye et al., 2016), as described in previous studies that the subcu-
taneous injection of bFGF can cross the blood– brain barrier (Tao et al.,
1996; Wagner et al., 1999; Ye et al., 2010) and effectively improved the
functional recovery and increased the survival of neurons in a rat model
of SCI (H. Y. Zhang et al., 2013a,b; Ye et al., 2016). Subsequently, the
bFGF was injected every 2 d until the animals were killed. For XMU-
MP-1 (Medchemexpress, Y-100526) treatment after SCI, XMU-MP-1
was dissolved in DMSO and injected intraperitoneally at a dose of 1
mg/kg (Fan et al., 2016), given every 2 d, as described in previous studies
that the intraperitoneal injection of XMU-MP-1 alleviated the neurolog-
ical deficits, blood– brain barrier disruption, brain edema, neuroinflam-
mation, and white matter injury after subarachnoid hemorrhage in mice
(Qu et al., 2018), which suggest that XMU-MP-1 may be able to cross the
blood– brain barrier and effectively reduce brain injury. All animals were
randomly distributed into experimental groups. Blind evaluation to ge-
notype and experimental condition was performed. The mice were used
to assess histological, biochemical, and behavioral functions.

Behavioral analysis. The motor function and sensory function of mice
were evaluated using five behavioral tests described below on days 0, 3, 7,
14, and 28 after SCI.

Open-field locomotor task. The objective was to assess gross voluntary
use of the hindlimbs, and did not attempt to define subtle differences in
usage that might be correlated with specific neural mechanisms that
might underlie dysfunctions. We used a simple 6 point scale, as previ-
ously described (Fehlings and Tator, 1995). Briefly, all animals were eval-
uated in an open field by the same one or two observers blind to the
experimental conditions and received a score for gross voluntary move-
ment of each hindlimb using an operationally defined 6 point scale: (0)
no voluntary hindlimb movement, (1) little voluntary hindlimb move-
ment, (3) hindlimb assisted in occasional weight support and plantar
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placement but not in stepping, (4) hindlimb used for weight support and
stepping, but obvious disability, and (5) hindlimb function essentially
normal (Fehlings and Tator, 1995).

Footprint analysis. To assess the athletic ability of forelimbs and
hindlimbs after SCI, the mice were put to run along a paper-lined run-
way, as described previously (Ma et al., 2001; Faulkner et al., 2004).
Briefly, after each forelimb and hindlimb were brushed with black (fore-
limbs) and red (hindlimbs) nontoxic ink, the animals were required to
run along a paper-lined runway (3 feet long, 3 inches wide) in a darkened
box at the end. The plantar stepping, stride length and width, and overall
stepping ability were qualitatively analyzed.

Rotarod performance. To evaluate balance, grip strength, and motor
coordination, the animals were placed on a single-lane rotarod (Anhui
Zhenghua Biological Instrument Equipment, YLS-10A) for three trials
per session, which was set for 3.0 –30 rpm over 180 s. Time taken to fall
was scored. Each trial was scored individually and averaged for a final
score per session.

Pole test. To evaluate balance and coordination in genetic KO animals
compared with WT mice, the animals were placed on a 50-cm-high pole,
and the time all the four limbs took to land on was recorded. Whenever
the animal paused and descended with a lateral body position instead of
turning, the trial was repeated. The time for each trial was scored indi-
vidually and averaged for a final score per session.

Mechanical sensitivity. The tactile sensitivity of the hindlimb was as-
sessed in a subset of the animals (yapf/f male mice, yapGFAP-CKO male
mice, bFGF-treated and XMU-MP-1-treated WT male mice) using von
Frey hair (Faw et al., 2018; Xu et al., 2019). Briefly, the mice were placed
under a small, opaque container on an elevated wire mesh to allow access
to the plantar surface of the paws. The animals acclimated to the exper-
imental conditions for 30 min before testing. The hindpaws were assessed
using the up/down method, beginning with the application of 0.4 g fila-
ment to the plantar L5 dermatome. Each hindpaw received 10 consecu-
tive treatments. Additional trials were performed as needed to achieve a
50% withdrawal threshold, which was determined as the lowest force
evoking withdrawal in at least half of the trials for that force. The dorsal
von Frey method was used in assessing the mechanical sensitivity of mice.

Primary astrocyte culture and transfection. Primary astrocyte cultures
were prepared from the spinal cord of P1-P3 mice as described previously
(Huang et al., 2016b). Briefly, the spinal cords were dissociated, chopped,
and then incubated in 0.125% trypsin (Invitrogen) at 37°C for 20 min,
and dissociated into a single-cell suspension by mechanical disruption.
The cells were seeded on poly-L-lysine (0.1 mg/ml, Sigma Millipore)-
coated culture flasks and cultured with DMEM containing 10% FBS
(Invitrogen). After 6 –10 d, other glial cells were removed by shaking at
250 rpm for 4 – 6 h. The astrocytes were detached and plated into poly-
L-lysine-coated dishes or coverslips. The purity of GFAP � cells in our
culture system was �94%.

For bFGF treatment (100 ng/ml, Invitrogen), astrocytes were starved
with DMEM without serum media for 24 h before bFGF treatment at
various time points (0, 0.5, and 1 h). For Y27632 treatment (10 �M, Sigma
Millipore), astrocytes after bFGF treatment or not were preincubated in
Y27632 for at least 30 min. For cycloheximide (CHX) (100 �M, Med-
chemexpress, HY-12320) treatment, astrocytes after bFGF treatment or
not were incubated with CHX at the indicated time points. For leptomy-
cinB (LMB) (5 ng/ml, Beyotime), astrocytes after bFGF treatment or not
were preincubated in LMB for 6 h. For transfection, astrocytes were
grown in DMEM (Invitrogen) and supplemented with 10% FBS (Invit-
rogen) and 1% penicillin/streptomycin (Invitrogen) in a 5% CO2 incu-
bator at 37°C. Appropriate plasmids (4 �g per 60 mm dish) were
transfected into the cells using Lipofectamine 3000 Transfection Reagent
(L3000-015, Invitrogen) according to the manufacturer’s instructions.

Western blot. The spinal cords or cultured astrocytes were lysed in the
lysis buffer: ice-cold RIPA buffer (P0013B, Beyotime), 100 mM NaF, 100
mM Na3VO4, 100 mM PMSF, and incubated at 4°C for 30 min, and
extracted with 5� loading buffer. Finally, the proteins were boiled at
100°C for 10 min. The samples were separated using 8%, 10%, or 12%
SDS-PAGE and transferred onto nitrocellulose membranes (Life Sci-
ences). After blocking in 5% skim milk for 1.5 h, immunoblots were
incubated overnight at 4°C, with different primary antibodies. Subse-

quently, the plates were washed thrice and incubated with the HRP-
conjugated secondary antibodies (1:10,000, Pierce) for 1.5 h. The
primary antibodies included rabbit anti-YAP (ab205270, Abcam,
1:1000), rabbit anti-p-YAP (#13008, Cell Signaling Technology, 1:1000),
rabbit anti-LATS1 (#3477, Cell Signaling Technology, 1:1000), rabbit
anti-p-LATS1 (ser909) (#9157, Cell Signaling Technology, 1:1000), rab-
bit anti-MST1 (#3682, Cell Signaling Technology, 1:1000), rabbit anti-
p-MST1/2 (Thr183/Thr180) (#49332, Cell Signaling Technology,
1:1000), rabbit anti-SAV1 (#13301, Cell Signaling Technology, 1:1000),
rabbit anti-MOB1 (#13730, Cell Signaling Technology, 1:1000), mouse
anti-GFAP (MAB360, Millipore, 1:3000), mouse anti-p27 Kip1 (#3698,
Cell Signaling Technology, 1:1000), mouse anti-CRM1 (sc-74454, Santa
Cruz Biotechnology, 1:500), rabbit anti-Lamin B1 (ab16048, Abcam,
1:1000), rabbit anti-vimentin (ab92547, Abcam, 1:1000), mouse anti-Akt
(#2920, Cell Signaling Technology, 1:1000), and rabbit anti-p-Akt-
Thr308 (#13038, Cell Signaling Technology, 1: 1000). Rabbit anti-
GAPDH (#2118, Cell Signaling Technology, WB, 1:5000) and mouse
anti-�-actin (A5316, Sigma Millipore, WB 1:10,000) served as loadings
control. The Western blot was detected by the ECL detection kit (Bio-
Rad). Subsequently, the images were analyzed using the Quantity One
software (Bio-Rad).

Nissl staining. Nissl staining was performed as previously described (P.
Wang et al., 2018). Briefly, after perfusing the mice with 0.1 mol/L PBS
followed by 4% PFA, the spinal cords were immersed in 4% PFA for 24 h
and transferred to 30% sucrose where they were immersed. Subse-
quently, T8-T9 thoracic spinal cords segment were cut into 20-�m-thick
transverse and horizontal sections using a freezing microtome (Thermo
Fisher Scientific). The sections were incubated with 0.1% cresyl violet for
3 min at room temperature and then rinsed in double-distilled water
followed by 95% ethanol. They were subsequently dehydrated in 100%
ethanol, cleared in xylene, and then covered by neutral resins. For SCI
samples, the ventral horn and intermediate gray matter layers of spinal
cords were observed. Images were acquired by using a microscope
(Nikon), and the number of neurons in ventral horn of spinal cord was
counted using the ImageJ software (Media Cybernetics). Quantitative
analysis of histological staining and fluorescence was accomplished using
ImageJ.

Immunostaining. After perfusing the mice with 0.1 mol/L PBS followed
by 4% PFA, the spinal cords were immersed in 4% PFA for 24 h and
transferred to 30% sucrose solution until they were immersed. Subse-
quently, T8-T9 thoracic spinal cords segment were cut into 20 �m-thick
transverse and horizontal sections using a freezing microtome (Thermo
Fisher Scientific). For spinal cord tissue section staining, the sections
were fixed for 30 min, and the antigens repaired for 30 min at 90°C using
Sodium Citrate Antigen Retrieval Solution (Solarbio). Subsequently, the
spinal cord tissue sections were processed for 1 h by blocking in 5% BSA
plus 0.3% Triton X-100 at room temperature. This was followed by
overnight incubation with primary antibodies at 4°C. They were subse-
quently washed thrice with PBS, and followed by 1 h incubation at room
temperature with the appropriate secondary antibodies (1:1000, Invitro-
gen). The primary antibodies included mouse anti-YAP (WH0010413M1,
Sigma Millipore, 1:200), mouse anti-GFAP (MAB360, Millipore, 1:500),
goat anti-Iba1 (ab5076, Abcam, 1:500), rabbit anti-NeuN (ab177487,
Abcam, 1:400), rabbit anti-NF200 (ab8135, Abcam, 1:500), rabbit anti-
GAP43 (ab16053, Abcam, 1:500), rabbit anti-PH3 (06 –570, Millipore,
1:200), rabbit anti-Ki67 (RM-9106, Thermo Fisher Scientific, 1:200), and
rabbit anti-vimentin (ab92547, Abcam, 1:600). Sections were stained
with DAPI (1:1000, Sigma Millipore) to visualize the nucleus. For SCI
samples, the ventral horn and intermediate gray matter layers of spinal
cords were observed. The images were acquired using DeltaVision Ultra
(GE Healthcare) and confocal microscopes (Zeiss) and analyzed with
ImageJ and Photoshop (Adobe) software.

For cultured cell staining, the protocols were as described previously
(Huang et al., 2016b). Briefly, the cells were rinsed once with PBS and
fixed in 4% PFA for 20 min. Subsequently, they were blocked and per-
meabilized with 0.1% Triton X-100 in PBS containing 5% BSA for 1 h at
room temperature, and incubated overnight with primary antibodies at
4°C. The cells were subsequently, washed thrice with PBS, and incubated
with an appropriate fluorescence-conjugated second antibody (1:1000,
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Invitrogen) at room temperature. The primary antibodies included
mouse anti-YAP (WH0010413M1, Sigma Millipore, 1:200), mouse anti-
GFAP (MAB360, Millipore, 1:500), rabbit anti-PH3 (ab14955, Abcam,
1:200), rabbit anti-Ki67 (RM-9106, Thermo Fisher Scientific, 1:200), and
mouse anti-p27 Kip1 (#610242, BD Biosciences, 1:200). The sections were
stained with DAPI (1:1000, Sigma Millipore) to visualize the nucleus.
The images were acquired using fluorescent microscopy and analyzed
with ImageJ and Photoshop (Adobe) software.

qRT-PCR. Total RNA was extracted from the spinal cord of SCI (1, 3,
7, 14, and 28 d) or astrocytes using TRIzol reagent (#15596026, Ambion)
following the manufacturer’s instructions. The RNA was reverse transcribed
into cDNA using the SuperScript One-Step Reverse Transcription Kit
(#10928-034, Invitrogen). The expression levels of bFGF and CRM1 mRNA
were quantified using the iTaq Universal SYBR Green Supermix (Bio-
Rad) on the Real-Time PCR detection System (Applied Biosystems). The
samples were amplified independently at least three times. Relative gene
expression was converted using the 2 ���Ct method. The primer used
included the following (Corum et al., 2014; Fang et al., 2014; S. Zhang et
al., 2017): bFGF primer: forward, 5�-CACCAGGCCACTTCAAGGA-3�
and reverse, 5�-GATGGATGCGCAGGAAGAA-3�; CRM1 primer: for-
ward, 5�-AGGAAGGAGCAGTTGGTTCA-3� and reverse, 5�-TATTC

CTTCGCACTGGTTCC-3�; GAPDH primer: forward, 5�-AGGTCGGT
GTGAACGGATTTG-3� and reverse, 5�-TGTAGACCATGTAGTTGA
GGTCA-3�.

Cytosol-nuclei fractionation. We used the nuclear-cytosol extraction kit
(#P1200, Applygen) to dissociate the cytoplasmic and nuclear proteins
following manufacturer’s instructions. The fractions were analyzed by
SDS-PAGE and Western blot with specific antibodies.

RNA sequencing and functional enrichment analysis. Total RNA was
isolated from yap�/� and yap�/� astrocytes using Trizol (Invitrogen)
according to the manufacturer’s instructions. RNA purity was assessed
using the ND-1000 Nanodrop. Each RNA sample had an A260:A280
ratio �1.8 and A260:A230 ratio �2.0. RNA integrity was evaluated using
the 2200 TapeStation (Agilent Technologies), and each sample had the
RIN �7.0. Briefly, rRNAs were removed from the total RNA using
EpicenterRibo-Zero rRNA Removal Kit (Illumina) and fragmented to
�200 bp. Subsequently, the purified RNAs were subjected to first-strand
and second-strand cDNA synthesis followed by adaptor ligation and
enrichment with a low-cycle PCR using the Illumina NEBNext Ultra
RNA Library Prep Kit (NEB) following the manufacturer’s instructions.
The purified double-strand cDNA library products were evaluated using
the 2200 TapeStation (Agilent Technologies) and Qubit 2.0 (Invitrogen)

Figure 1. YAP was upregulated and activated in astrocytes after SCI in a Hippo kinase-dependent manner. A–B, Typical images showing the clip-compressive SCI model. C, Quantitative analysis
of motor function measured by open field behavioral assays at different stages after SCI (n 	 3 per group). D, Western blot analysis of p-YAP, YAP, p-LATS1, LATS1, p-MST1/2, MST1, SAV1, MOB1,
and GFAP expression in spinal cords at different stages after SCI. E–M, Quantitative analysis of p-YAP/YAP (E), YAP (F ), p-LAST1/LATS1 (G), LATS1 (H ), p-MST1/2/MST1 (I ), MST1 (J ), MOB1 (K ),
SAV1 (L), and GFAP (M ) protein levels as shown in D (n 	 4 per group). N, Double immunostaining of YAP (green) and GFAP (red) in spinal cords 14 d after SCI. White dashed lines indicate the injury
sites. N, Images of selected regions (white squares) are shown at higher magnification. O, Quantitative analysis of the number of nuclear YAP-positive astrocytes per mm 2 as shown in N (n 	 4 per
group). C, Quantitative data were analyzed using two-way ANOVA with Bonferroni post tests. E–M, Quantitative data were analyzed using one-way ANOVA with Dunnett’s multiple-comparison test.
O, Quantitative data were analyzed using Student’s unpaired two-tailed t test. *p 
 0.05, **p 
 0.01, ***p 
 0.001, compared with control. Data are mean � SEM. Scale bars: A, B, 200 mm; N,
20 �m.
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and then diluted to 10 pM for cluster generation in situ on the pair-end
flow cell. End pair sequencing (2 � 150 bp) was accomplished on
HiSeq3000.

The raw data reads were cleaned by removal of adapters, poly-N, and
low-quality reads. The cleaned high-quality paired end reads were
aligned to the mouse reference genome using HISAT2 (default parame-
ters). HTSeq-count was subsequently used to convert aligned short reads
into read counts for each gene model. Differential gene expression anal-
ysis was accomplished by DEseq using read counts as input. The
Benjamini-Hochberg multiple test correction method was enabled. Dif-
ferentially expressed genes were chosen according to the criteria of fold
change �2 and adjusted p value 
 0.05. All the differentially expressed
genes were used in the heat map analysis and KEGG ontology enrichment
analyses. A p value 
 0.05 was used as the threshold in KEGG enrichment
analysis to determine the significant enrichment of the gene sets.

Statistical analysis. All data presented represented results from at least
three independent experiments. Student’s unpaired two-tailed t test or
ANOVA with pairwise comparisons was used in statistical analysis. Sta-
tistical significance was defined as p 
 0.05.

Results
YAP was upregulated and activated in astrocytes after SCI
To explore the functions of YAP after SCI, we first examined the
temporal and spatial expression pattern of YAP based on the

clip-compressive SCI model. Compared with the contusion SCI
model, the clip-compressive SCI model is more suitable in the
assessment of the formation of glial scars (Mao et al., 2010;
Marques et al., 2010; de Almeida et al., 2011; Y. F. Wang et al.,
2014). The moderate-severe crush injury was made by compres-
sion from both lateral sides using a vascular clip that caused a
clear blockage lesion zone and motor impairments (Fig. 1A–C).
Based on this SCI model, the protein samples of spinal cords were
collected and the expression of YAP protein and Hippo pathway
proteins were assayed by Western blotting at different stages after
SCI. We found that the expression of YAP protein was signifi-
cantly upregulated at the lesion site from 7 d and with a peak at
28 d after SCI (Fig. 1D,F), whereas the relative ratio of phospho-
YAP (p-YAP)/YAP was significantly decreased at 7, 14, and 28 d
following SCI (Fig. 1D,E). The expression pattern of GFAP (glial
scar maker) was also significantly upregulated from 14 d, delayed
a week than YAP protein (Fig. 1D,M). Additionally, the Hippo
pathway kinase proteins, including LATS1 (Fig. 1D,H), MST1
(Fig. 1D, J), MOB1 (Fig. 1D,K), and SAV1 (Fig. 1D,L), were
significantly upregulated. However, the relative ratio of phospho-
LATS1 (p-LATS1)/LATS1 (Fig. 1D,G) and phospho-MST1/2 (p-
MST1/2)/MST1 (Fig. 1D, I) gradually declined after SCI. These

Figure 2. The expression pattern of YAP in spinal cord tissues at 14 d after SCI and in primary cultured spinal cord neurons. A, B, Double immunostaining of YAP (green) and NeuN (red) (A) or YAP
(green) and Iba1 (red) (B) in spinal cords at 14 d after SCI. White dashed lines indicate the injury sites. A, B, Images of selected regions (white squares) are shown at higher magnification. C, Double
immunostaining of YAP (green) and MAP-2 (red) in primary cultured spinal cord neurons. White arrows indicate YAP-negative and MAP-2-positive cells. Yellow arrows indicate YAP-positive and
MAP-2-negative cells. Scale bars, 20 �m.
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results suggested that YAP was upregulated and activated in a
Hippo pathway-dependent manner from 7 d, especially at 14 d
after SCI.

Moreover, to examine the spatial expression pattern of YAP
in the spinal cord after SCI, we performed double immuno-
staining of YAP and cell markers, including GFAP (astrocytes
marker), NeuN (neurons marker), and Iba1 (microglia
marker) in the mice spinal cords. In the uninjured spinal
cords, YAP was detected in GFAP � astrocytes, but not in the

NeuN � neurons and Iba1 � microglial cells (Figs. 1N, 2 A, B).
In addition, YAP was not expressed in primary cultured spinal
cord neurons, but in MAP-2-negative cells (Fig. 2C). The YAP
protein was upregulated and displayed the nuclear distribu-
tion in the GFAP � astrocytes at 14 d after SCI (Fig. 1 N, O).
Together, these results indicated that YAP was upregulated
and activated in the astrocytes in a Hippo pathway-dependent
manner after SCI, implying that they may be involved in the
formation of glial scars.

Figure 3. Normal development of spinal cords in yapGFAP-CKO mice. A, Western blot analysis of YAP expression in the cerebellum, hippocampus, cortex, and spinal cord of 2-month-old male yapf/f

and yapGFAP-CKO mice. B, Quantitative analysis of the relative YAP level as shown in A (n 	 3 per group). C, Double immunostaining analysis of YAP (green) and GFAP (red) in spinal cords of
2-month-old male yapf/f and yapGFAP-CKO mice. D, Western blot analysis of YAP expression in cultured yap�/� and yap�/� astrocytes. E, Double immunostaining analysis of YAP (green) and GFAP
(red) in cultured yap�/� and yap�/� astrocytes. F, Quantitative analysis of astrocytic size as shown in E (n 	 19 per group). G, Quantitative analysis of body weight of yapf/f and yapGFAP-CKO mice
at different developmental stages (n 	 3 per group). H, Typical Nissl staining images showing the ventral horn of spinal cords of 2-month-old male yapf/f and yapGFAP-CKO mice. I, Quantitative
analysis of the number of Nissl staining-positive cells as shown in H (n 	 3 per group). J, Immunostaining of NeuN (green) and DAPI (blue) in spinal cords of 2-month-old male yapf/f and yapGFAP-CKO
mice. K, Quantitative analysis of the number of NeuN � cells as shown in J (n 	 3 per group). L, Double immunostaining analysis of PH3 (green) and GFAP (red) in spinal cords of 2-month-old male
yapf/f and yapGFAP-CKO mice. M, Quantitative analysis of the number of PH3 �/GFAP � cells as shown in L (n 	 3 per group). N, Representative footprint images of 2-month-old male yapf/f and
yapGFAP-CKO mice in footprint behavioral assay as shown in Figure 6B. O, P, Quantitative analysis of rotarod performance (O) and pole test (P) in 2-month-old male yapf/f and yapGFAP-CKO mice (n 	
24 for yapf/f mice; n 	 16 for yapGFAP-CKO mice). Q, Quantitative analysis of 50% threshold of von Frey hair test to the plantar surface hindpaw in 2-month-old male yapf/f and yapGFAP-CKO mice (n 	
6 per group). C, E, H, J, L, Images of selected regions (white squares) are shown at higher magnification. B, Quantitative data were analyzed using Student’s paired two-tailed t test. F, I, K, M, O, P,
Q, Quantitative data were analyzed using Student’s unpaired two-tailed t test. G, Quantitative data were analyzed using two-way ANOVA with Bonferroni post tests. ***p 
 0.001, compared with
control. n.s., not significant. Data are mean � SEM. Scale bars, 20 �m.
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Conditional yap deletion in astrocytes impaired the
formation of glial scars and increased the injury size due to
the reduction of astrocytic proliferation after SCI
The nuclear distribution of YAP in astrocytes at 14 d after SCI
suggests that it plays a critical role in regulating the formation of

glial scars after SCI. We generated a conditional yap deletion in
the astrocytes in mice, yapGFAP-CKO mice, by crossing floxed yap
allele (yapf/f) with GFAP-Cre transgenic mice to test this hypoth-
esis further. Yap was successfully knocked out in the spinal cords
and the brain regions, such as cerebellum, hippocampus, and

Figure 4. Conditional yap deletion in astrocytes impaired glial scar formation and increased the injury size due to the reduction of astrocytic proliferation after SCI. A, Typical Nissl
staining images showing the spinal cords of 2-month-old male yapf/f and yapGFAP-CKO mice at 14 d after SCI. B, Immunostaining of GFAP (red) in spinal cords of 2-month-old male yapf/f

and yapGFAP-CKO mice at 14 d after SCI. C, Quantitative analysis of astrocytic size as shown in B (n 	 5 per group). D, Quantitative analysis of lesioned size in spinal cords as shown in B
(n 	 5 per group). E, Quantitative analysis of GFAP intensity in spinal cords as shown in B (n 	 5 per group). F, Immunostaining of vimentin (cyan) in spinal cords of 2-month-old male
yapf/f and yapGFAP-CKO mice at 14 d after SCI. G, Quantitative analysis of vimentin intensity as shown in F (n 	 5 per group). H, Double immunostaining of Ki67 (green) and GFAP (red)
in spinal cords of 2-month-old male yapf/f and yapGFAP-CKO mice at 14 d after SCI. I, Quantitative analysis of the numbers of proliferating astrocytes by Ki67 �/GFAP � colabeling within
1500 �m of the injured spinal cords as shown in H (n 	 5 per group). J, Double immunostaining of PH3 (green) and GFAP (red) in spinal cords of 2-month-old male yapf/f and yapGFAP-CKO
mice at 14 d after SCI. K, Quantitative analysis of the numbers of proliferating astrocytes by PH3 �/GFAP � colabeling within 1500 �m of the injured spinal cords as shown in J (n 	 5
per group). White or black dashed lines indicate the injury sites. B, F, H, J, Images of selected regions (white squares) are shown at higher magnification. Student’s unpaired two-tailed
t test: *p 
 0.05, ***p 
 0.001, n.s., not significant. Data are mean � SEM. Scale bars, 20 �m.
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cortex, as well as in the primary cultured astrocytes (Fig. 3A–E).
We found that there was no significant difference in the size
between yap�/� and yap�/� astrocytes (Fig. 3F). Additionally,
there was no significant difference in the body weight, neuronal
number, and neuronal distribution in spinal cords between yapf/f

and yapGFAP-CKO mice (Fig. 3G–K). Moreover, the conditional
KO yap did not significantly affect proliferation of the astrocytes
in spinal cords (Fig. 3L,M). Behavior testings, including foot-
print, rotarod performance, pole test, and von Frey hair tests,
showed that yap KO in astrocytes did not significantly affect the
motor and mechanical sensory functions of mice (Fig. 3N–Q).
Together, these findings indicated that yap deletion in astrocytes
did not affect the development of the spinal cords, motor and
mechanical sensory functions.

The spinal cord samples were collected from yapf/f and
yapGFAP-CKO mice at 14 d after SCI since glial scars are consid-
ered mature at 14 d after SCI (Herrmann et al., 2008). Nissl

staining showed that the lesion size of the
injured spinal cord was significantly
higher in the yapGFAP-CKO mice (Fig.
4A,B,D,F). Immunostaining of the
GFAP (glial scar maker) (Sofroniew,
2014; Chen et al., 2018b) showed that
there was no significant difference in as-
trocyte size between yapf/f mice and
yapGFAP-CKO mice after SCI (Fig. 4C).
However, the astrocytes at the lesion bor-
der formed a less compact scar border in
yapGFAP-CKO mice at 14 d (Fig. 4B,F)
and the fluorescence intensity of GFAP
(Fig. 4E) or vimentin (glial scar maker)
(Fig. 4G) around the lesion sites was sig-
nificantly lower in yapGFAP-CKO mice
than in the control group. Since previous
findings indicated that the closer to the
lesion area, the higher the number of the
proliferating astrocytes at 14 d after SCI
(Wanner et al., 2013), we examined
whether the reduction of glia scars in
yapGFAP-CKO mice was caused by the de-
crease of the proliferation of astrocytes by
yap deletion. The GFAP were colabeled
with Ki67 or PH3 (cell proliferation
markers) for the identification of prolifer-
ation astrocytes (Frik et al., 2018). Com-
pared with the control mice, both the
number of Ki67�/GFAP� cells (Fig. 4I)
and PH3�/GFAP� cells (Fig. 4K) around
the lesion sites were significantly lower in
the yapGFAP-CKO mice at 14 d after SCI
(Fig. 4H–K). These results together sug-
gested that yap deletion in the astrocytes
impaired glial scar formation due to the
reduction of astrocytic proliferation after
SCI, resulting in injury size increasement.

Conditional yap deletion in astrocytes
inhibited neural regeneration after SCI
Following SCI, the mature glial scar per-
sists over long periods and limits or aids
axon regeneration (Yiu and He, 2006; An-
derson et al., 2016). Therefore, we exam-
ined whether a reduction of glial scars

affected neural regeneration in yapGFAP-CKO mice after SCI. We
analyzed the status of axon by its features constituting of the
number of neurons near the lesion sites and the axonal regener-
ation (Fig. 5A). Immunohistochemical analysis of NeuN showed
that there was a decrease in the number of neurons in the distant
lesion center in the KO mice within 1500 �m (Fig. 5B,C). The
neurofilament positive (NF�) and growth-associated protein-43
positive (GAP43�) axons are used in the analysis of axonal re-
generation (Kaneko et al., 2006; Chen et al., 2019; Ren et al.,
2019). NF forms the framework of nerve cells and participates in
axonal transport (Hoffman and Lasek, 1975; Brown et al., 2005;
Yuan et al., 2017), whereas GAP43 functions in neurite forma-
tion, regeneration, and plasticity (Kaneko et al., 2006). Therefore,
we used NF and GAP43 as regeneration axon markers. A signifi-
cantly smaller number of NF� axons (Fig. 5D,F) as well as
GAP43� axons (Fig. 5E,G) were observed within the lesion site
in yapGFAP-CKO mice at 14 d after SCI, compared with the

Figure 5. Conditional yap deletion in astrocytes inhibited neural regeneration after SCI. A, Scheme of analysis of NF or GAP43
positive axons after SCI. Horizontal view of lesion core and astrocytic scar (AS) after SCI. Intercepts of NF and GAP43 positive axons
with lines drawn at various distances from lesion center (Cn) were counted and expressed as a percentage of axons 1500 �m
proximal. B, Immunostaining of NeuN (green) and DAPI (blue) in spinal cords of 2-month-old male yapf/f and yapGFAP-CKO mice at
14 d after SCI. C, Quantitative analysis of the number of NeuN-positive cells in the distance lesion center of the spinal cords as shown
in B (n 	 4 per group). D, E, Immunostaining of NF (D) and GAP43 (E) in spinal cords of 2-month-old male yapf/f and yapGFAP-CKO
mice at 14 d after SCI. Dotted lines indicate lesion center 500 �m on either side. F, G, Quantitative analysis of NF positive (F ) and
GAP43 positive (G) area at various distances from the SCI lesion center as a percentage of the total area of axons present 1500 �m
proximal (n 	 5 per group). Dotted lines indicate lesion center and 1500 (B) or 500 �m (D,E) on either side. White dashed lines
indicate the injury sites. B, D, E, Images of selected regions (white squares) are shown at higher magnification. C, Quantitative data
were analyzed using Student’s unpaired two-tailed t test. F, G, Data were analyzed using two-way ANOVA with Bonferroni post
tests. **p 
 0.01, ***p 
 0.001, n.s., not significant. Data are mean � SEM. Scale bars, 100 �m.
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control mice. These results suggested that
yap KO in astrocyte inhibited axonal
regeneration.

Conditional yap deletion in astrocytes
inhibited the behavioral recovery
after SCI
We next examined whether the recovery
of motor function and mechanical sen-
sory function were affected by yap dele-
tion after SCI. The behavior status
analysis constituted the following: foot-
print analysis, open-field locomotor task,
rotarod performance, and von Frey hair
test. The behavioral recovery was signifi-
cantly reduced in the yapGFAP-CKO mice
in footprint assays from 14 and 28 d after
SCI, compared with the control mice (Fig.
6A–C). Additionally, there was a signifi-
cant difference in open field score from 21
and 28 d after SCI (Fig. 6D). However,
there were no significant differences in ro-
tarod performance (Fig. 6E) and mechan-
ical sensory functions (Fig. 6F) between
the yapf/f and yapGFAP-CKO mice. To-
gether, these results suggested that KO as-
trocytic yap in mice caused a defect in the
behavioral recovery of mice after SCI.

bFGF was upregulated, activated YAP signaling, and
promoted the formation of glial scars after SCI
Since bFGF is upregulated after SCI and promotes the prolifera-
tion of astrocytes (Koshinaga et al., 1993; Follesa et al., 1994;
Mocchetti et al., 1996; Zai et al., 2005), we investigated whether
the bFGF as an upstream molecule of YAP that promoted astro-
cytic proliferation. We found that bFGF mRNA was significantly
upregulated after SCI, particularly at 14 d (Fig. 7A). Treatment of
the mice through bFGF injection significantly promoted the mo-
tor recovery in the footprint analysis at 14 d after SCI (Fig. 7B,C).
However, there was no significant change in the mechanical sen-
sory functions of the mice, compared with WT mice following
bFGF treatment (Fig. 7D). Additionally, the lesion size of injured
spinal cord was significantly decreased after bFGF treatment (Fig.
7E,F), and the expression level of GFAP was significantly in-
creased after bFGF treatment (Fig. 7E). These results suggested
that bFGF was upregulated and promoted the formation of glial
scars after SCI. The Western blot analysis revealed that bFGF treat-
ment indeed activated YAP and upregulated vimentin (glial scar
marker) after SCI (Fig. 7G–J). Together, these results suggested that
bFGF was upregulated, activated YAP signaling, and promoted the
formation of glial scars after SCI.

bFGF promoted the proliferation of cultured astrocytes by
activating YAP
We next used cultured astrocytes to investigate the molecular
mechanism how bFGF activates YAP signaling and then pro-
motes astrocyte proliferation. As shown in Figure 8A–C, YAP
expression was significantly increased with bFGF treatment in a
time-dependent manner, whereas p-YAP and p-YAP/YAP signif-
icantly decreased in cultured astrocytes. The Hippo pathway ki-
nase proteins, including LATS1 (Fig. 8A,E) and MST1 (Fig.
8A,G), were significantly upregulated after bFGF treatment. On
the contrary, the relative ratios of p-LATS1/LATS1 (Fig. 8A,D)

and p-MST1/2/MST1 (Fig. 8A,F) were significantly decreased
after bFGF treatment. These results suggested that YAP was up-
regulated and activated in a Hippo pathway-dependent manner
after bFGF treatment. Additionally, immunostaining assays re-
vealed that bFGF treatment enhanced the nuclear translocation
of YAP (Fig. 8H). Western blot analysis of an incubation of as-
trocytes with CHX, an inhibitor of protein synthesis, at different
time points revealed that bFGF treatment did not significantly
increase the stability of the YAP protein (Fig. 8 I, J). Additionally,
the immunostaining of Ki67 (Fig. 8K,L) or PH3 (Fig. 8M,N)
with GFAP showed that bFGF treatment significantly promoted
the proliferation of astrocytes (Fig. 8K–N), compared with con-
trol treatment. Together, these results suggested that bFGF
treatment upregulated and activated YAP, and promoted the
proliferation of cultured astrocytes.

We next examined whether YAP was required for bFGF-
induced proliferation of astrocytes. yap�/� and yap-deleted as-
trocytes (yap�/�) were cultured from yapf/f and yapGFAP-CKO
mice, respectively, and then treated with bFGF. The immuno-
staining of Ki67 (Fig. 9A,B) or PH3 (Fig. 9C,D) revealed that
bFGF treatment significantly promoted proliferation of yap�/�

astrocytes; however, bFGF treatment failed to induce the prolif-
eration of yap-deleted astrocytes (Fig. 9A–D). These results sug-
gested that yap was required for the bFGF-induced proliferation
of astrocytes.

Since bFGF is secreted by astrocytes following SCI injury (Ko-
shinaga et al., 1993; Follesa et al., 1994; Mocchetti et al., 1996; Zai
et al., 2005) and bFGF is a target gene of YAP in fallopian tube
secretory epithelial cells (Hua et al., 2016), we next examined
whether bFGF was a target gene of YAP in astrocytes. We se-
quenced the mRNA of yap�/� and yap�/� astrocytes and ana-
lyzed the change of growth factor family members (Fig. 9E,F).
Subsequently, the mRNA of the fibroblast growth factor family
members, including bFGF (FGF2), were not significantly
changed in yap�/� astrocytes, compared with yap�/� astrocytes

Figure 6. Conditional yap deletion in astrocytes impaired the behavioral recovery after SCI. A, Representative footprint images
of 2-month-old male yapf/f and yapGFAP-CKO mice 14 d after SCI. B, C, Quantitative footprint analysis of stride length (B) and stride
width (C) in 2-month-old male yapf/f and yapGFAP-CKO mice at different stages after SCI. D, E, Quantitative performance analysis of
2-month-old male yapf/f and yapGFAP-CKO mice over a 28 d period after SCI in open-field walking (D) and rotarod (E) assays. B–E,
Sham after SCI, n 	 15 yapf/f mice, n 	 9 yapGFAP-CKO mice; 3 d after SCI, n 	 9 yapf/f mice, n 	 6 yapGFAP-CKO mice; 7 d after SCI,
n 	 7 yapf/f mice, n 	 6 yapGFAP-CKO mice; 14 d after SCI, n 	 24 yapf/f mice, n 	 16 yapGFAP-CKO mice; 21 and 28 d after SCI, n 	
12 yapf/f mice, n 	 9 yapGFAP-CKO mice. F, Quantitative analysis of 50% threshold of von Frey hair test to the plantar surface
hindpaw after SCI in 2-month-old male yapf/f and yapGFAP-CKO mice (Sham after SCI, n 	 6 yapf/f mice, n 	 13 yapGFAP-CKO mice;
7 d after SCI, n 	 12 per group; 14 d or 21 d after SCI, n 	 12 yapf/f mice, n 	 6 yapGFAP-CKO mice; 28 d after SCI, n 	 8 yapf/f mice,
n 	 6 yapGFAP-CKO mice). Quantitative data were analyzed using two-way ANOVA with Bonferroni post test. *p 
 0.05, **p 

0.01, ***p 
 0.001. Data are mean � SEM.
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(Fig. 9F). qPCR confirmed that there was no significant differ-
ence in the relative mRNA levels of bFGF between yap�/� and
yap�/� astrocytes (Fig. 9G). These results implied that YAP was
required for bFGF-induced proliferation of astrocytes and not
the transcription of bFGF in astrocytes.

RhoA pathway was required for bFGF-induced activation of
YAP and proliferation of astrocytes
Since the RhoA pathway is an important upstream signal of YAP
(Huang et al., 2016c; He et al., 2019) and downstream signal of
FGF receptor pathway (Ge et al., 2016; Z. G. Wang et al., 2016),
we examined whether RhoA pathway as bFGF downstream mol-
ecule that regulates YAP activity. We found that Y-27632 (a spe-
cific Rho associated kinase inhibitor that inhibits the RhoA
pathway) inhibited the bFGF-induced activation of YAP (Fig.
10A–C) and astrocytic proliferation (Fig. 10D,E). This suggested
that bFGF activated YAP through the RhoA pathway. Meanwhile,
as a positive downstream signaling control of bFGF (Hua et al.,
2016), bFGF also upregulated p-Akt and the ratio of p-Akt/total
Akt, which indicated that bFGF also activated the Akt pathway in
our treatment system (Fig. 10F,G). These results suggest that
RhoA pathway was required for bFGF-induced activation of YAP
and proliferation of astrocytes.

YAP promoted the proliferation of astrocytes through
negatively controlling nuclear distribution of p27 Kip1

How does YAP regulate bFGF-induced proliferation of astro-
cytes and participate in the formation of glial scars? Cell pro-
liferation is associated with the cell cycle; for instance, p27 Kip1,
a cyclin-dependent kinase (CDK) enzyme inhibitor, serves as a ma-
jor negative regulator in cell proliferation in various cells (Nakayama
et al., 2004; Jang et al., 2017). The expression level of p27Kip1 protein
was significantly increased after SCI, whereas yap deletion signifi-
cantly reduced the increasing level of p27Kip1 protein expression
(Fig. 11A,B). Similarly, yap deletion inhibited the increasing expres-
sion of p27Kip1 protein in bFGF-induced astrocytes (Fig. 11C,D).
These results suggested that YAP promoted the expression of
p27Kip1 in astrocytes by SCI or bFGF treatment. Since YAP regulates
the proliferation of several cells through p27Kip1 and the subcellular
distribution of p27Kip1 is critical to the proliferation of cells (Shen et
al., 2008, 2019; Li et al., 2009; Ishida et al., 2015; Kim and Kang,
2018), we next examined whether YAP promoted the proliferation
of astrocytes by regulating the subcellular distribution of p27Kip1.
The bFGF treatment significantly increased the cytoplasm distribu-
tion of p27Kip1 and reduced the nucleus/cytoplasm ratio of p27Kip1,
whereas yap deletion significantly increased the nucleus/cytoplasm
ratio of p27Kip1 and failed to reduce the nucleus/cytoplasm ratio of

Figure 7. bFGF was upregulated, activated YAP signaling, and promoted the formation of glial scars after SCI. A, Real-time PCR analysis showed the relative mRNA level of bFGF in spinal cords of
2-month-old male mice at different stages after SCI (n	3 per group). B, Representative footprint images of control and bFGF-treated mice at 14 d after SCI. C, Quantitative footprint analysis of stride
length in uninjured mice (Sham mice), control, and bFGF-treated mice after SCI (n 	 6 per group). D, Quantitative analysis of 50% threshold of von Frey hair test to the plantar surface hindpaw in
control and bFGF-treated mice after SCI (n 	 6 per group). E, Immunostaining of GFAP (red) in spinal cords of control and bFGF-treated mice at 14 d after SCI. F, Quantitative analysis of lesioned size
in spinal cords as shown in E. G, Western blot analysis of p-YAP, YAP, and vimentin expression in spinal cords of control and bFGF-treated mice 14 d after SCI. H–J, Quantitative analysis of p-YAP/YAP
(H ), YAP (I ), and vimentin (J ) protein levels as shown in G (n 	 3 per group). White dashed lines indicate the injury sites. E, Images of selected regions (white squares) are shown at higher
magnification. C, Quantitative data were analyzed using two-way ANOVA with Bonferroni post tests. D, F, Data were analyzed using Student’s unpaired two-tailed t test. H–J, Quantitative data were
analyzed using one-way ANOVA with Bonferroni’s multiple-comparison test. *p 
 0.05, **p 
 0.01, ***p 
 0.001, n.s., not significant. Data are mean � SEM. Scale bars, 20 �m.
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p27Kip1 induced by bFGF (Fig. 11E,F). Additionally, immunostain-
ing analysis of p27Kip1 revealed that the deletion of yap in astrocytes
significantly increased the nucleus/cytoplasm ratio of p27Kip1, com-
pared with yap�/� astrocytes (Fig. 11G,H). Finally, the overexpres-
sion of p27Kip1-EGFP in WT astrocytes significantly decreased the
bFGF-induced proliferation of astrocytes, compared with the EGFP

control group (Fig. 11I,J). Additionally, yap deletion significantly
increased the nucleus/cytoplasm ratio of the p27Kip1 in astrocytes
transfected with EGFP-p27Kip1 constructs, compared with the
yap�/� astrocytes (Fig. 11K,L). These findings indicated that YAP
promoted the astrocytic proliferation through negatively controlling
nuclear distribution of p27Kip1.

Figure 8. bFGF activated YAP signaling in a Hippo kinase-dependent manner and promoted the proliferation of cultured astrocytes. A, Western blot analysis of p-YAP, YAP, p-LATS1,
LATS1, p-MST1/2, and MST1 expression in WT astrocytes treated with bFGF (100 ng/ml) at indicated time points. B–G, Quantitative analysis of the relative levels of p-YAP/YAP (B), YAP
(C), p-LATS1/LATS1 (D), LATS1 (E), p-MST1/2/MST1 (F ), and MST1 (G) as shown in A (n 	 5 per group). H, Double immunostaining analysis of YAP (green) and GFAP (red) in WT astrocytes
treated with bFGF (100 ng/ml) for 1 h. I, Western blot showing YAP level in WT astrocytes treated with CHX (100 �M) plus bFGF at indicated time points. J, Quantitative analysis of the
relative level of YAP as shown in I (n 	 5 per group). K, M, Double immunostaining analysis of Ki67 (green) and GFAP (red) (K ), or PH3 (green) and GFAP (red) (M ) in WT astrocytes treated
with bFGF (100 ng/ml). L, N, Quantitative analysis of the percentages of Ki67 �/GFAP � (L) or PH3 �/GFAP � (N ) proliferating astrocytes over total astrocytes as shown in K or M (n 	
6 per group). B–G, Quantitative data were analyzed using one-way ANOVA with Dunnett’s multiple-comparison test. J, Quantitative data were analyzed using two-way ANOVA with
Bonferroni post tests. L, M, Quantitative data were analyzed using Student’s unpaired two-tailed t test. *p 
 0.05, **p 
 0.01, ***p 
 0.001. Data are mean � SEM. Scale bars,
20 �m.
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YAP promoted bFGF-induced proliferation of astrocytes
through negatively controlling nuclear distribution of p27 Kip1

mediated by CRM1
How does YAP negatively regulate the nuclear distribution of
p27 Kip1? We sequenced mRNA of yap�/� and yap�/� astrocytes,
and the regulatory proteins of p27 Kip1, including CRM1, CDK5,
and SGK1 (Fig. 12A,B). The CRM1 mRNA was significantly de-
creased in yap-deleted astrocytes. qPCR confirmed that the

CRM1 mRNA was significant downregulation between yap�/�

and yap�/� astrocytes (Fig. 12C). Previous studies have shown
that CRM1 promotes nuclear export of p27 Kip1 (Hnit et al.,
2015). Therefore, we examined the protein levels of CRM1 in
spinal cords of yapf/f and yapGFAP-CKO mice at 14 d after SCI.
The expression level of CRM1 protein was increased after SCI,
and yap deletion inhibited the increasing expression of CRM1
protein after SCI (Fig. 12 D, E). Similarly, there were signifi-

Figure 9. YAP was required for bFGF-induced proliferation of astrocytes, but not the transcription of bFGF mRNA. A, C, Double immunostaining analysis of Ki67 (green) and GFAP (red) (A) or PH3
(green) and GFAP (red) (C) in yap�/� and yap�/� astrocytes treated with bFGF (100 ng/ml) for 1 h. B, D, Quantitative analysis of the percentages of Ki67 �/GFAP � (B) or PH3 �/GFAP � (D)
proliferating astrocytes over total astrocytes as shown in A (n 	 8 per group). E, The volcano plot of differential mRNAs of growth factor family sequenced in yap�/� and yap�/� astrocytes. F,
Histogram of FGF family mRNAs sequenced in yap�/� and yap�/� astrocytes. G, Real-time PCR analysis showed the relative mRNA level of bFGF in yap�/� and yap�/� astrocytes (n 	 3 per
group). B, D, Quantitative data were analyzed using one-way ANOVA with Bonferroni’s multiple-comparison test. G, Quantitative data were analyzed using Student’s paired two-tailed t test. *p 

0.05, **p 
 0.01, ***p 
 0.001, n.s., not significant. Data are mean � SEM. Scale bars, 20 �m.
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cant differences in CRM1 protein expression between yap�/�

and yap�/� astrocytes after bFGF treatment both in the West-
ern blot (Fig. 12 F, G) and qPCR analysis (Fig. 12H ). These
results suggested that YAP might regulate the expression of
CRM1 and promote the cytoplasmic distribution of p27 Kip1

induced by bFGF.
We next examined whether CRM1 mediates the bFGF-

induced cytoplasmic distribution of p27 Kip1 and promotes
bFGF-induced proliferation. Astrocytes were treated with exonu-
clear transport inhibitors of CRM1, leptomycinB (LMB) as pre-
viously described (Connor et al., 2003; Ishida et al., 2015). We
found that LMB significantly inhibited the increasing cytoplas-
mic location of p27 Kip1 in bFGF-induced astrocytes (Fig. 12 I, J).
Similarly, LMB blocked bFGF-induced proliferation of astrocytes
(Fig. 12K,L). These results suggested that YAP promoted bFGF-
induced astrocytic proliferation by negatively controlling nuclear
distribution of p27 Kip1 mediated by CRM1.

Activation of YAP signaling by MST1/2 inhibitor promoted
the formation of glial scars and functional recovery after SCI
Recent studies have shown that XMU-MP-1 selectively inhibits
MST1 and MST2 to enhance their downstream YAP activation
and promotes regeneration in the liver and the intestine (Fan et
al., 2016), and protected the function of heart (Triastuti et al.,
2019) and brain (P. Zhang et al., 2019). Therefore, we examined
whether XMU-MP-1 promotes the formation of glial scars and
functional recovery of mice after SCI. We found that XMU-MP-1
treatment significantly promoted the motor recovery of mice
in footprint assays at 14 d after SCI but did not significantly
affect the mechanical sensory functions, compared with con-
trol mice (Fig. 13A–C). We further investigated the signaling
cascades and found that XMU-MP-1 treatment activated YAP
and promoted the expression of CRM1 and p27 Kip1 (Fig. 13D–

I ). Accordingly, the lesion size in the injured spinal cord was
significantly decreased after XMU-MP-1 treatment, and the
formation of glia scars was significantly increased after XMU-
MP-1 treatment (Fig. 13 J, K ). These results suggested that the
activation of YAP signaling by XMU-MP-1 increased the for-
mation of glia scars and promoted the functional recovery of
mice after SCI.

Discussion
In this study, we provide evidence of YAP’s function in the for-
mation of glial scars after SCI and propose its working mecha-
nism (Fig. 14). In this model, bFGF is upregulated after SCI and
promotes proliferation of astrocytes by activating YAP, which
contributes to form glial scars and promotes neural regeneration.
Conditional KO of yap in astrocytes inhibits the formation of glial
scars and neural regeneration. Mechanistically, YAP promotes
bFGF-induced proliferation of astrocytes by negatively control-
ling nuclear distribution of p27 Kip1 via CRM1. Moreover, bFGF
regulates the activation of YAP through RhoA pathways. Collec-
tively, these results show that the bFGF-RhoA-YAP-p27 Kip1 axis
positively regulates the formation of glial scars and promotes the
neural regeneration after SCI.

Glial scars are dense barriers formed by proliferating reactive
scar-forming astrocytes. They represent an effective repair and
recovery strategy of CNS cells. The glial scars prevent the spread-
ing of microbial infections and inflammatory responses. They
also stimulate vascular remodeling to enhance nutritional and
metabolic support to the nervous tissues (Stichel and Müller,
1998). Reactive astrocytes secrete several growth-inhibitory mol-
ecules that prevent axonal extensions (Yiu and He, 2006; Gervasi
et al., 2008). However, recent reports have shown that scar-
forming astrocytes permit and efficiently promote the regenera-
tion of appropriately stimulated CNS axons (Anderson et al.,

Figure 10. RhoA pathway was required for bFGF-induced activation of YAP and proliferation of astrocytes. A, Western blot analysis of p-YAP and YAP expression in WT astrocytes treated with
bFGF (100 ng/ml) and/or Y27632 (10 �M) for 1 h. B, C, Quantitative analysis of the relative levels of p-YAP/YAP (B) and YAP (C) as shown in A (n 	 4 per group). D, Double immunostaining analysis
of Ki67 (green) and GFAP (red) in WT astrocytes treated with bFGF (100 ng/ml) and/or Y27632 (10 �M). E, Quantitative analysis of the percentages of Ki67 �/GFAP � proliferating astrocytes over
total astrocytes as shown in D (n 	 6 per group). F, Western blot analysis of p-Akt and Akt expression in WT astrocytes treated with bFGF at indicated time points. G, Quantitative analysis of the
relative levels of p-Akt/Akt as shown in F (n 	 6 per group). B, C, E, Quantitative data were analyzed using one-way ANOVA with Bonferroni’s multiple-comparison test. G, Quantitative data were
analyzed using one-way ANOVA with Dunnett’s multiple-comparison test. *p 
 0.05, **p 
 0.01, ***p 
 0.001. Data are mean � SEM. Scale bars, 20 �m.
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2016). Meanwhile, inhibition of the formation of glial scars may
be detrimental in other pathological contexts of the CNS, includ-
ing ischemia and experimental autoimmune encephalomyelitis
(EAE) (Li et al., 2008; Voskuhl et al., 2009). This implies that
astrocyte scar formation may facilitate axonal regeneration. Pre-
vious reports have shown that STAT-3 signaling and nuclear fac-
tor �B are among key downstream mechanisms involved in the
formation of glial scars after SCI (Herrmann et al., 2008; Chen et
al., 2018b; Gaudet and Fonken, 2018). Impairing the formation
of glial scars caused by deletion of astrocytic stat3 prevented ax-
onal regeneration (Alluin et al., 2014; Anderson et al., 2016).
Consistently, inhibiting the formation of glial scars by deleting
astrocytic yap suppressed axonal regeneration and impaired the
behavioral recovery in the medium and late stage after SCI, im-
plying that compromised glial scar caused by yap deletion might
inhibit nerve regeneration and recovery. Interestingly, YAP was
upregulated and activated in astrocytes after SCI (Figs. 1N,
2A,C). which is consistent with our previous studies that YAP
was selectively expressed in cortical astrocytes and neural stem
cells but was not detectable in cortical neurons (Huang et al.,
2016a,b). Therefore, we postulate that astrocytic YAP may pro-
mote nerve regeneration by influencing the formation of glial
scars. However, we also note that previous studies have shown
that YAP is predominantly localized in neuronal somata in the
spinal dorsal horn after chronic constriction injury of the sciatic
nerve (CCI) (Xu et al., 2016). The discrepant results may be due

to different animal model (CCI vs SCI) or different used
antibodies.

We note that other key proteins of the Hippo pathway, such as
MST1 and LATS1, are also involved in neural regeneration and
recovery. As the upstream inhibitory protein, deletion of mst-1
protects spinal motor neurons via enhancing autophagy flux.
Moreover, inhibition of LATS1 promotes astrogliosis after SCI
(M. Zhang et al., 2017; Y. Wang and Chen, 2018). Other reports
show that YAP/TAZ participates in peripheral nerve injury pro-
gression, and inhibiting the activity of YAP/TAZ in spinal cord
may suppress neuropathic pain (Li et al., 2013; Xu et al., 2016).
This implicates YAP in the induction of neuropathic pain was in
both early and later phases. Our results showed that YAP was
upregulated and activated by SCI through suppression of Hippo
kinases (Fig. 1) and deletion of astrocytic yap prevented neural
regeneration and recovery. Moreover, XMU-MP-1 (an inhibitor
of Hippo kinase MST1/2) injection activated YAP signaling and
promoted the formation of glial scar and the functional recovery
of mice after SCI. This discrepancy may be attributed to the dif-
ferent recovery processes of neurons in different injury models.

bFGF (FGF2), a growth factor with both mitogen and che-
moattractant effect on astrocytes, is secreted by reactive astro-
cytes after injury to the CNS (Zhou et al., 2018). Previous reports
have shown that bFGF regulates the differentiation of progenitor
cells (Zittermann and Issekutz, 2006), withdrawal of myelin
sheath (Zhou et al., 2018), and glial scar formation (Polikov et al.,

Figure 11. YAP promoted the proliferation of astrocytes through negatively controlling nuclear distribution of p27 Kip1. A, Western blot analysis of YAP and p27 Kip1 expression in spinal cords of
2-month-old male yapf/f and yapGFAP-CKO mice 14 d after SCI. B, Quantitative analysis of the relative levels of p27 Kip1 as shown in A (n 	 4 per group). C, Western blot analysis of total YAP and
p27 Kip1 expression in yap�/� and yap�/� astrocytes treated with bFGF treatment (100 ng/ml) for 1 h. D, Quantitative analysis of the relative level of p27 Kip1 as shown in C (n 	 5 per group). E,
Western blot analysis of the nuclear and cytoplasmic expression of p27 Kip1 in yap�/� and yap�/� astrocytes treated with bFGF treatment (100 ng/ml) for 1 h. F, Quantitative analysis of
nucleus/cytoplasm ratio of p27 Kip1 protein levels as shown in E (n	8 per group). G, Double immunostaining analysis of GFAP (red) and p27 Kip1 (green) in yap�/� astrocytes and yap�/� astrocytes
treated with bFGF treatment (100 ng/ml) for 1 h. H, Quantitative analysis of the percentages of nuclear p27 Kip1� astrocytes over total astrocytes as shown in G (n 	 6 per group). I, Immunostaining
of Ki67 (red) in astrocytes transfected with EGFP or EGFP-p27 kip1 plasmids for 48 –72 h after bFGF treatment. J, Quantitative analysis of the percentages of Ki67 �/EGFP � cells over EGFP � cells as
shown in I. K, Immunostaining of p27 Kip1 (red) in yap�/� and yap�/� astrocytes transfected with EGFP-p27 kip1 plasmids for 48 –72 h. L, Quantitative analysis of the nuclear and cytoplasmic
intensity of p27 Kip1 in EGFP-p27 kip1 astrocytes between yap�/� and yap�/� astrocytes as shown in K (n 	 7 per group). White arrows indicate Ki67 and EGFP positive cells. B, D, F, H, Quantitative
data were analyzed using one-way ANOVA with Bonferroni’s multiple-comparison test. J, L, Quantitative data were analyzed using Student’s unpaired two-tailed t test. Data are mean � SEM. *p 

0.05, **p 
 0.01, ***p 
 0.001. Scale bars, 20 �m.
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2009; Ye et al., 2015) after SCI. It also participates in the forma-
tion of glial scars by increasing astrocytic proliferation (Zhou et
al., 2018). Consistent with these studies, our study showed that
bFGF was upregulated, and this promoted the formation of glial
scars due to activation of YAP after SCI. Interestingly, bFGF in-
jection in vivo indeed activated YAP and promoted the formation
of glial scars and the functional recovery of mice after SCI (Fig. 7).

Previous studies indeed have shown that bFGF binds to its FGF
receptors and activates downstream signaling pathways, includ-
ing the PI3K-Akt pathways, leading to the suppression of the
Hippo pathway and activation of YAP in the FTSECs, and the
activation of YAP promotes the bFGF-induced proliferation of
FTSECs (Hua et al., 2016). Similarly, we also found that bFGF
activated the PI3K-Akt pathway kinase proteins and the RhoA

Figure 12. YAP promoted bFGF-induced proliferation of astrocytes through negatively controlling nuclear distribution of p27 Kip1 mediated by CRM1. A, The volcano plot of differential mRNAs of
the regulatory genes of p27 Kip1 sequenced in yap�/� and yap�/� astrocytes. B, Transcription level expression of the regulatory proteins of p27 Kip1 in yap�/� and yap�/� astrocytes. C, Real-time
PCR analysis showed the relative mRNA level of CRM1 in yap�/� and yap�/� astrocytes (n 	 3 per group). D, Western blot analysis of YAP and CRM1 expression in spinal cords in 2-month-old male
yapf/f and yapGFAP-CKO mice 14 d after SCI. E, Quantitative analysis of the relative level of CRM1 (n 	 4 per group) as shown in D. F, Western blot analysis of YAP and CRM1 expression in yap�/� and
yap�/� astrocytes treated with bFGF treatment (100 ng/ml) for 1 h. G, Quantitative analysis of the relative level of CRM1 (n 	 4 per group) as shown in F. H, Real-time PCR analysis showed the
relative mRNA level of CRM1 in yap�/� and yap�/� astrocytes treated with bFGF treatment (100 ng/ml) for 1 h (n 	 4 per group). I, Western blot detected the nuclear and cytoplasmic expression
of p27 Kip1 in WT astrocytes treated with bFGF (100 ng/ml) for 1 h and/or were preincubated in LMB treatment at 5 ng/ml for 6 h. J, Quantitative analysis of nucleus/cytoplasm ratio of p27 Kip1 as
shown in I (n 	 4 per group). K, Double immunostaining analysis of Ki67 (green) and GFAP (red) in WT astrocytes treated before and 1 h after bFGF (100 ng/ml) and preincubated in LMB treatment
at 5 ng/ml for 6 h. L, Quantitative analysis of the percentages of Ki67 �GFAP � proliferating astrocytes over total astrocytes as shown in K (n 	 5 per group). C, J, L, Quantitative data were analyzed
using Student’s unpaired two-tailed t test. E, G, H, Quantitative data were analyzed using one-way ANOVA with Bonferroni’s multiple-comparison test. Data are mean � SEM. *p 
 0.05, **p 

0.01, ***p 
 0.001, n.s., not significant. Scale bars, 20 �m.

2658 • J. Neurosci., March 25, 2020 • 40(13):2644 –2662 Xie et al. • Astrocytic YAP Promotes the Formation of Glia Scars



pathway was required for the bFGF-induced activation of YAP. It
is interesting to test whether the cross talk between RhoA path-
way and PI3K-Akt pathway regulates the activity of YAP in astro-
cytes in future.

Previous studies have shown that YAP promotes the prolifer-
ation of several types of cells by downregulating the expression of
p27 Kip1 (Nakayama et al., 2004; Jang et al., 2017). However, in
this study, yap deletion abolished the increase of p27 Kip1 protein
expression in astrocytes induced by bFGF and after SCI. These
results suggested that YAP upregulated the expression of total
p27 kip1 in astrocytes after SCI or with bFGF treatment. Neverthe-
less, evidence from some studies indicates that YAP regulates cell
proliferation, such as neuroblastoma cells, by modulating the
nuclear and cytoplasmic trafficking of p27 Kip1 (Li et al., 2009;
Kim and Kang, 2018; Shen et al., 2019). Consistent with these
studies, we found that deletion of yap in astrocytes increased the

nucleus/cytoplasm ratio of p27 Kip1, thereby reducing astrocytic
proliferation. CRM1, as a nuclear export protein, mediates the
translocation of p27 Kip1 from the nucleus to the cytoplasm and
promotes cell proliferation as a consequence (Bencivenga et al.,
2014; Ishida et al., 2015). Indeed, our results confirmed the de-
creased expression of CRM1 in yap�/� astrocytes and yapGFAP-
CKO mice after SCI, and CRM1-dependent nuclear export of
p27 Kip1 after bFGF treatment. This indicates that CRM1 may
mediate the effects of YAP on bFGF-induced astrocytic prolifer-
ation through the nuclear export of p27 Kip1. Our preliminary
results of CHIP assay showed that yap did not bind with the
promoter of CRM1 in cultured astrocytes (data not shown),
which suggest that YAP may regulate the expression of CRM1
indirectly. However, a recent study has shown that CRM1 can
also mediate the nuclear export of YAP (Fang et al., 2018). There-
fore, CRM1 may partially participate in the nuclear export of

Figure 13. Activation of YAP signaling by MST1/2 inhibitor promoted formation of glial scars and functional recovery of mice after SCI. A, Representative footprint images of control and
XMU-MP-1-treated mice at 14 d after SCI. B, Quantitative analysis of stride length of sham mice, control, and XMU-MP-1-treated mice at indicated days after SCI (n 	 6 per group). C, Quantitative
analysis of 50% threshold of von Frey hair test to the plantar surface hindpaw in control and XMU-MP-1-treated mice after SCI (n 	 6 per group). D, Western blot analysis of CRM1, p-YAP, YAP,
vimentin, and p27 Kip1 expression in spinal cords of control and XMU-MP-1-treated mice at 14 d after SCI. E–I, Quantitative analysis of p-YAP/YAP (E), YAP (F ), vimentin (G), CRM1 (H ), and p27 Kip1

(I ) protein levels as shown in D (n 	 3 per group). J, Immunostaining of GFAP (red) in spinal cords of control and XMU-MP-1-treated mice at 14 d after SCI. K, Quantitative analysis of lesioned size
in spinal cords as shown in J. White dashed lines indicate the injury sites. J, Images of selected regions (white squares) are shown at higher magnification. B, Quantitative data were analyzed using
two-way ANOVA with Bonferroni post tests. E–I, Quantitative data were analyzed using one-way ANOVA with Bonferroni’s multiple-comparison test. C, K, Data were analyzed using Student’s
unpaired two-tailed t test. *p 
 0.05, **p 
 0.01, ***p 
 0.001, n.s., not significant. Data are mean � SEM. Scale bars, 20 �m.
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YAP, perhaps competing for the nuclear export of p27 Kip1. Nev-
ertheless, the role of CRM1-mediated nuclear export of YAP
needs to be clarified. Moreover, whether CRM1-mediated nu-
clear export of YAP contributes to bFGF-induced astrocytic pro-
liferation requires further validation.

In conclusion, our study not only discovers that YAP pro-
motes the formation of glial scars after SCI, but also implicates
bFGF-RhoA-YAP-p27 Kip1 axis in the positive regulation of astro-
cytic proliferation. These findings suggest that YAP participates
in the formation of glial scars, induced by bFGF after SCI through
the regulation of astrocytic proliferation via negatively control-
ling nuclear distribution of p27 Kip1 mediated by CRM1, which
may be an option of design of therapeutic intervention strategies
to accelerate the functional recovery after SCI.
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