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Abstract

Mps One binder 1 (MOBI1) is a core component of NDR/LATS kinase and a positive regulator of the Hippo signaling path-
way. However, its role in neurite outgrowth still remains to be clarified. Here, we confirmed, for the first time, that MOB1
promoted neurite outgrowth and was involved in functional recovery after spinal cord injury (SCI) in mice. Mechanistically,
we found that MOB1 stability was regulated by the PTEN-GSK3p axis. The MOBI1 protein was significantly up-regulated in
PTEN-knockdown neuronal cells. This effect was dependent on the lipid phosphatase activity of PTEN. Moreover, MOB1
was found to be a novel substrate for GSK3 that is phosphorylated on serine 146 and degraded via the ubiquitin—proteasome
system (UPS). Finally, in vivo lentiviral-mediated silencing of PTEN promoted neurite outgrowth and functional recovery
after SCI and this effect was reversed by down-regulation of MOB1. Taken together, this study provided mechanistic insight
into how MOBI acts as a novel and a necessary regulator in PTEN-GSK3p axis that controls neurite outgrowth after SCI.
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Introduction

Functional recovery following SCI is limited by multiple
developmentally related and injury-induced mechanisms that
restrict axonal regeneration in the adult central nervous sys-
tem (CNS) [1, 2]. The injury-disturbed environment affects
several intracellular signaling pathways including PTEN/
mTOR, Jak/STAT, DLK/INK, which destabilize the micro-
tubule cytoskeleton and growth cone structures and eventu-
ally leads to neurite outgrowth inhibition [3, 4]. Therefore,
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regulation of neurite outgrowth is important for developing
therapies that enhance the repair of injured neurons after
SCL

MOBI1 was initially identified as a yeast gene required
for the completion of mitosis and maintenance of ploidy [5].
In mammalian cells, MOBI1 is required for efficient centro-
some duplication, the major microtubule organizing center
[6, 7]. Depletion of MOB1 causes abscission failure as a
consequence of hyper-stabilization of microtubules in the
midbody region [8], suggesting that MOBI is involved in
microtubule stability. In addition, MOB1 protein has been
shown to bind and activate nuclear Dbf2-related (NDR)
kinase, a subfamily of serine/threonine protein kinases that
control cell division and morphogenesis in various cell types
including neuronal cells [9-11]. NDR1/2 double knockdown
prevents the formation of supernumerary axons during the
polarization of hippocampal neurons [11] and NDR2 over-
expression enhances neurite outgrowth in mouse primary
cultured neurons [12], indicating that MOB1 and NDR1/2
are involved in the regulation of neurite outgrowth in mam-
malian CNS. Interestingly, Lin et al. found that Mps One
binder 2 (MOB2), not MOB1, significantly promoted neurite
formation by binding to NDR?2 in vitro [13]. However, our
preliminary studies revealed that MOB1 played a role in
neurite outgrowth in vivo and in vitro. In this study, we will
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clarify the roles and mechanisms of MOB1 in promoting
neurite outgrowth and functional recovery after CNS injury.

Phosphatase and tensin homologue (PTEN) is an impor-
tant negative regulator of the evolutionarily conserved PI3K
pathway that regulates neuronal survival, axonal regrowth
and functional recovery after adult CNS injury [14-16].
Previous studies have shown that PI3K signaling recruits
Akt to the plasma membrane to be activated by phospho-
rylation at T308 via phosphoinositide-dependent kinase-1
(PDK1) [17, 18]. Phosphorylated Akt in turn phosphorylates
glycogen synthase kinase3p (GSK3p) at Ser9 residue and
inhibits its activity [19], which is critical to regulating neu-
ronal polarization, axonal microtubule assembly and neur-
ite outgrowth in mammalian CNS [18, 20, 21]. Currently,
the effect of GSK3p on nerve regeneration is controversial,
some studies suggest that suppression of GSK3f activity is
required for the neurite outgrowth [22] and axonal elonga-
tion [23, 24], while others show that GSK3p significantly
promotes axon extension [25, 26]. It is likely that GSK3p
is a serine/threonine kinase that phosphorylates different
nerve-associated proteins, activating or degrading them in
many different pathways. One known example is that GSK3p
phosphorylates and activates serum response factor (SRF) to
promote axonal outgrowth in mouse hippocampal neurons
[25]. However, the role of PTEN-GSK3f axis in neurite
outgrowth and its downstream molecular targets are poorly
characterized.

In this study, we demonstrated that MOB 1 promoted neu-
rite outgrowth and was involved in functional recovery after
SCI in mice, which was required for PTEN-GSK3f axis.
Importantly, we showed that the lipid phosphatase activity
of PTEN modulated the MOB1 protein stability by activat-
ing GSK3p which bound and phosphorylated MOBI1 at the
Ser146 and degraded ubiquitylated MOB1 via the UPS. It is
suggested that PTEN-GSK3p-MOB1 axis may be a poten-
tial therapeutic approach to improve functional recovery
after SCI.

Results

Expression profiles of PTEN and MOB1
during the development of mouse CNS, in Muridae
cells, and after SCI

In the mammalian CNS, PTEN is essential for embryonic
development [27]. MOBI1 protein is a key regulator of large
tumor suppressor 1/2 (LATS1/2) kinases in the Hippo path-
way, which regulates cell numbers and organ size in mul-
ticellular organisms [28, 29]. Here we aimed to determine
the involvement of MOB1 in CNS development. First, we
examined the expression of PTEN and MOB1 protein in
mice brain (hippocampus) and spinal cord from embryonic
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stage 15 days to adult by western blot (Fig. 1a, c). We found
that the expression of MOB1 was high during the gestation
period, especially in the spinal cord. However, its expression
gradually and stably decreased 7 days after birth. Interest-
ingly, this phenomenon was negatively correlated with the
protein expression of PTEN (Fig. 1b, d). These results sug-
gested a relationship between PTEN and MOB1 in the CNS.
Similarly, we analyzed the expression of PTEN and MOB 1
in multiple Muridae cell lines using western blot. As shown
in Fig. le, f, the protein expression of PTEN and MOB1 was
negatively correlated. Finally, we checked the protein levels
of MOB1 and PTEN after injury by western blot. We found
that the expression level of PTEN increased significantly
at 1 week after injury, and gradually decreased afterwards.
Consistently, there was a negative relationship between the
expression of MOB1 and PTEN (Fig. 1g, h).

PTEN-MOB1 axis controls neurite outgrowth in vitro

To further test the association of PTEN with MOB1, we
constructed three independent PTEN-shRNAs plasmids and
sh-EGFP as a control. After transfection, the protein lev-
els of MOBI significantly increased in the three sh-PTEN
groups (Fig. 2a, b). But, the mRNA level of MOB1 did not
change in all three groups (Fig. 2¢). To confirm these results,
we used mouse neuroblastoma Neuro2A and rat pheochro-
mocytoma PC12 cell lines as in vitro research models to
investigate neurite outgrowth [30, 31]. First, we generated
stable cell lines: PC12-sh-PTEN, PC12-sh-EGFP, Neuro2
A-sh-PTEN and Neuro2A-sh-EGFP. We then found that
PTEN knockdown significantly up-regulated MOB1 protein
expression compared to the control group (Fig. 2d—f), but it
had no effect on mRNA levels of MOBI1 (Fig. 2j, k). Using
the phase contrast microscope, higher neurite formation was
observed in PC12-sh-PTEN (122.1 +2.3 pm) and Neuro2A-
sh-PTEN (126.3 +1.9 pm) cells compared to PC12-sh-EGFP
(20.7+2.8 pm) and Neuro2A-sh-EGFP (18.7 +3.2 pm)
cells, respectively (Fig. 2g—i). Subsequently, we examined
the effects of PTEN on neurite outgrowth by detecting the
expression of growth-associated protein 43 (GAP43) and
neurofilament 200 (NF200), which have been reported to
play a role in neurite outgrowth [32, 33]. We observed a
significant increase in GAP43, p-GAP43 (S41) and NF200
proteins in PC12-sh-PTEN and Neuro2A-sh-PTEN cells
(Fig. 2d-f).

To determine whether the MOB1 affects neurite out-
growth, we used two highly conserved variants of MOB1,
MOBI1A and MOBI1B. Two plasmids were constructed,
Flag-MOB1A and Flag-MOB1B plasmids, and a vector as
a control. As shown in Fig. le, the expression of MOB1
was relatively lower in PC12 cells compared with other
mice cells and the amino acid sequences of MOBI in rat
and murine were similar. Therefore, overexpression of
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Flag-MOB1A or Flag-MOB1B was sufficient to increase
GAP43 and NF200 at mRNA and protein levels, respec-
tively (Fig. 21-m). In addition, immunostaining results were
consistent with those described above, which indicated that
MOBI functions as a neurite outgrowth-promoting molecule
after nerve injury (Fig. 20, p).

To test whether down-regulation of PTEN enhances neu-
rite outgrowth in a MOB1-dependent manner. We used two
shRNAs against MOB1A and MOB1B in PC12-sh-PTEN
cells to evaluate neurite outgrowth (Fig. 3a—d). The results
indicated that MOB1 was required for neurite outgrowth
induced by PTEN knockdown. However, we found that
the PTEN-induced MOB1 degradation did not affect the
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phosphorylation of YAP or its nuclear translocation in vitro
(Fig. 3e-h).

To confirm the results above, we cultured primary hip-
pocampal neurons from mouse hippocampus (Figure
S1a). The effects of PTEN on MOBI1 expression and its
influence on neurite outgrowth were detected by western
blot and immunofluorescence staining. After infection of
primary hippocampal neurons with Lenti-sh-PTEN, the
results showed that the length of the neurites was increased
compared with the Lenti-control group. PTEN knockdown
increased the expression of MOB1, p-GSK3p and neurite
outgrowth markers (NF200, GAP43 and p-GAP43) (Figure
S1b-e). Moreover, MOB1A overexpression increased the
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«Fig.2 PTEN knockdown up-regulates MOB1 expression to pro-
mote neurite outgrowth by activating the PI3K/Akt signaling path-
way in vitro. The changes in PTEN and MOBI1 protein (a, b) and
mRNA (c) levels were detected using western blot and real-time PCR
analysis in NIH3T3 cells transfected with three independent PTEN-
shRNAs: sh-PTEN-1, sh-PTEN-2 and sh-PTEN-3, or sh-EGFP plas-
mids. GAPDH was used as an internal control (*P <0.05, ANOVA
test). d—f PTEN, MOB1, GAP43, p-GAP43, and NF200 protein levels
were measured using western blotting in stable PC12 and Neuro2A
cells with PTEN knockdown, and GAPDH served as an internal con-
trol (*P<0.05, t test). g Morphological changes were photographed
using a digital CCD camera. Both the length of neurite and the num-
ber of neurite-presenting cells increased in stable PC12 and Neu-
ro2A cells with PTEN knockdown. Scale bar, 150 pm. The quanti-
fication of the neurite length in PC12 cells (h) and Neuro2A cells (i)
(*P<0.05, 1 test). PTEN knockdown had no effect on mRNA levels
of MOBI1 expression in PC12 (j) and Neuro2A (k) cells (*P <0.05, ¢
test). Overexpression of Flag-MOB1A or Flag-MOB 1B was sufficient
to increase GAP43 and NF200 at the protein (I, m) and mRNA (n)
levels in PC12 cells, respectively. GAPDH served as an internal con-
trol (*P<0.05, ANOVA test). o0 Representative immunofluorescence
images with anti-NF200 and anti-Flag in PC12 cells transfected with
Flag-MOBI1A, Flag-MOBIB or Vector. Scale bar, 100 pm. p The
quantification of the neurite length in PC12 cells (*P <0.05, ANOVA
test)

length of neurite and expression of neurite outgrowth mark-
ers in primary hippocampal neurons (Figure S1f—j).

Lipid phosphatase activity of PTEN regulates MOB1
protein level in vitro

It was previously reported that PTEN is a tumor suppres-
sor molecule with phosphatase activity against lipids and
proteins and possesses other non-enzymatic mechanisms
of action [34]. To explore the mechanism of PTEN in the
regulation of MOB1, we constructed Flag-PTEN (wild type,
WT) or mutant PTEN-harboring a loss-of-function muta-
tion in the protein (Y138L) [35], lipid (G129E) [36], or
phosphatase domain (C124S) [37]. First, we performed IP
assays to evaluate whether PTEN physically interacts with
MOBI. The result showed that the two proteins did not have
direct interaction (Fig. 4a). Next, we transfected the WT
or mutant PTEN constructs into Neuro2A cells. Surpris-
ingly, both PTEN WT and the Y 138L protein phosphatase
mutant remarkably reduced the endogenous expression of
MOBI1 and increased the expression of phosphorylated
GSK3p-S9 (Fig. 4b, c). No significant differences were
observed between the expression of MOB1 and p-GSK3p-S9
in Neuro2A cells transfected with vector control, G129E, or
C124S constructs. These series of experiments demonstrated
that the lipid phosphatase activity of PTEN had effects on
MOBI.

Further experiments were performed to confirm this
result and to identify the downstream targets of the PTEN-
PI3K signaling that directly modulate MOB1 expression. We
first found that knockdown of PTEN significantly increased

p-PDK1-S241, p-Akt-T308, p-GSK3p-S9 and MOB1
expression (Fig. 4d—f). We then used three specific pharma-
cologic inhibitors of PTEN-PI3K downstream pathways to
explore the mechanism by which PTEN affected the protein
expression of MOB1. PC12-sh-PTEN and Neuro2A-sh-
PTEN cells were treated with PI3K inhibitor LY294002 [38]
or DMSO as a control. We observed that LY294002 could
rescue the MOBI1 stability and block the phosphorylation
of PDK1, Akt and GSK3p induced by PTEN knockdown
(Fig. 4d—f). BX795 [39], an inhibitor of the PI3K down-
stream effector PDK 1, blocked the effect of PTEN on MOB1
compared to DMSO control group (Fig. 4g—i). Previous
studies indicated that PDK1 selectively phosphorylates T308
of Akt which is the major downstream kinase of the PI3K
pathway [39]. In addition, we showed that Perifosine [40],
a novel Akt inhibitor, also decreased MOB 1 expression and
the level of p-GSK3p-S9 in PC12-sh-PTEN and Neuro2A-
sh-PTEN cells compared to DMSO control group (Fig. 4j-1).
Collectively, these data showed that the absence of PTEN
increased MOBI1 expression which promoted neurite out-
growth by activating the PI3K/PDK1/Akt/GSK3f signal-
ing pathway, suggesting that GSK3f may directly regulate
MOBI protein expression.

GSK3p kinase regulates the stability of the MOB1
protein

Since GSK3p phosphorylates a broad range of substrates
including APC [41], Cdc25A [42], and FoxM1 [43], thereby
marking them for degradation via the proteasome, we
explored whether GSK3f also modulates MOB1 degrada-
tion. PC12 cells were treated with a GSK3 inhibitor, LiCl,
in addition to a protein synthesis inhibitor, CHX. LiCl sta-
bilized MOB1 protein in the presence of CHX (Fig. 5a, c).
Subsequently, PC12-sh-PTEN cells were treated with CHX
at the indicated time points (0, 2, 4 and 6 h). PTEN knock-
down significantly increased the half-life of MOB1 through
elevated GSK3p activity (Fig. 5b, d). To confirm that
GSK3p regulates MOB stability, we measured the MOB 1
protein degradation in GSK3p** and GSK3p~'~ mouse
embryonic fibroblast (MEF) cells in the presence of CHX.
We found that MOB1 expression was considerably stable
in MEF GSK3p~~ cells over time (Fig. Se, f). To deter-
mine whether GSK3p kinase activity affects MOB1 protein
stability, the MOB1 levels were monitored in HEK293T
cells overexpressing constitutively active (CA) or kinase-
inactive (KD) GSK3p (corresponding to the sequence of
the human GSK3 protein). As shown in Fig. 5g, h, MOB1
protein levels were reduced in GSK3p-CA group relative to
GSK3p-KD group.

We further tested whether PTEN regulates MOBI stabil-
ity via GSK3p. The results showed that PTEN knockdown
could not increase MOB1 expression in MEF GSK3p ™~ cells
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«Fig. 3 MOBI suppression abolishes the neurite outgrowth in PTEN
knockdown cells, which is independent of phosphorylation of YAP
and YAP nuclear translocation. Representative immunofluorescence
images of the PTEN-knockdown PC12 cells, which were transfected
with sh-EGFP, or shRNAs for MOB1 (sh-MOB1A or sh-MOBI1B),
were incubated with anti-NF200 and anti-MOB1. Scale bar, 100 pm
(a). The quantification of the percentage of cells with neurites show-
ing a significant decrease in a stable PTEN-knockdown PC12 cells
transfected with sh-MOB1 groups (*P<0.05 vs. sh-PTEN group,
ANOVA test followed by Dunnett’s post hoc test) (b). ¢, d Western
blot analysis showing protein bands on the gel for the stable PTEN-
knockdown PC12 cells transfected with sh-EGFP or shRNAs for
MOBI (sh-MOBIA or sh-MOB1B), respectively. There were signifi-
cant differences in neural protein expression (*P <0.05 vs. sh-PTEN
group, *P <0.05 vs. sh-EGFP group, ANOVA test followed by Dun-
nett’s post hoc test). e Cytoplasmic and nuclear fractions were pre-
pared from sh-EGFP or sh-PTEN-transfected PC12 cells. p-YAP and
YAP protein levels were determined by western blot. -Tubulin and
histone served as internal controls. f~h sh-EGFP or sh-PTEN plas-
mids were transfected into PC12 and NIH3T3 cells for 48 h, respec-
tively. Lysates were immunoblotted with anti-PTEN, anti-MOBI,
anti-p-YAP (S127), anti-YAP and anti-GAPDH antibodies. GAPDH
served as an internal control (*P <0.05, ¢ test)

(Fig. 5i-k). Overexpression of GSK3p inhibited MOB1 up-
regulation and decreased neurite outgrowth-related protein
expression in PTEN knockdown cells (Fig. 51, m). Taken
together, these results indicated that GSK3p kinase regulates
the degradation of the MOB1 protein.

GSK3p interacts with MOB1 and regulates its
ubiquitination

To investigate whether GSK3f interacts with MOB1, we
used mouse fibroblast NIH3T3 cell lines as in vitro research
models for this study. As shown in Fig. 6a, GSK3f was pre-
sent in MOB1 immunoprecipitates, but not in normal rabbit
IgG precipitates. We also found that exogenous MOB1A
and MOB1B with Flag-tagged pulled down endogenous
GSK3p and Flag-GSK3p interacted with endogenous MOB1
(Fig. 6b—d). Previous studies showed that MOB1 was ubig-
uitylated and degraded by praja2 in glioblastoma [44]. Here,
we tested whether MOB1 was degraded by ubiquitin protea-
some system in mouse cells. As shown in Fig. 6e, MOB1
formed a high ubiquitin state in NIH3T3 cells treated with
MG132 for 4 h. From the findings above, we postulated that
GSK3p promotes MOB1 degradation through the ubiqui-
tin proteolytic pathway. Accordingly, treatment with the
proteasome inhibitor MG132 reversed the GSK3p-induced
decrease in levels of endogenous MOB1 (Fig. 6f, g). Finally,
we constructed GSK3p shRNA and found that GSK3p
knockdown increased the expression of MOBI1, and that
MOBI1 had a weak ubiquitination when co-expressed with
GSK3p shRNA, indicating that MOB1 protein was ubiquit-
inated in a GSK3p-dependent manner (Fig. 6h—k).

To confirm the results above, direct interaction between
GSK3p and MOBI1 was detected by IP assays and double

immunofluorescence staining in primary hippocampal neu-
rons. As shown in Figure S2f, GSK3p was present in MOB1
immunoprecipitates, but not in normal rabbit IgG precipi-
tates. Additionally, double immunofluorescence staining
(GSK3p and MOB1) also confirmed the direct interaction
between GSK3p and MOBI1 (Figure S1k).

GSK3p phosphorylates MOB1 protein at the Ser146
site and promotes its proteolysis

It has been reported that the classic GSK3p consensus motif
is (S/T-X-X-X-S/T) where X is any amino acid. The poten-
tial GSK3p phosphorylation sites are the underlined S/T
[45, 46]. Analysis of the MOBI1 coding sequence identi-
fied three motifs that resemble the GSK3 target sequence:
T76-XXX-T80, T130-XXX-S134, and S146-XXX-T150
(Fig. 7a). To determine the role of these putative sites in
MOBI protein stability, we generated T76A, T130A, and
S146A mutants by mutating the serine or threonine at the
sites of Flag-MOB1A plasmid to alanine and transferred
them into NIH3T3 cells treated with CHX for the indicated
times. The S146A mutant had a significantly longer half-
life than wild type (WT), while T76A and T130A mutants
were not significantly changed (Fig. 7b, c). Consistent with
its longer half-life, the S146A mutant was less bound to
GSK3p compared to MOB1 WT and had the lowest ubiqui-
tination level among the MOB1 mutants and WT (Fig. 7d,
e). Given that the S146A mutant of MOB1 cannot be phos-
phorylated by GSK3p, we tested whether it could block the
GSK3p-induced inhibition of neurite outgrowth. Indeed, as
shown in Fig. 71, g, exogenous GSK3p degraded MOB1 WT
and mutants, but not S146A, to inhibit NF200 expression
in PC12 cells. However, overexpression of S146A mutant
plasmids alone did not significantly increase the length of
neurites or expression levels of neurite markers (NF200,
GAP43, p-GAP43) compared with MOB1 WT and T76A
mutant (Fig. 7h—k). Together, these results strongly suggest
that PTEN-GSK3p axis phosphorylates MOB1 at Ser146
site and promotes its ubiquitination to inhibit neurite out-
growth in vitro (Fig. 71).

PTEN-regulated MOB1 expression affects
the neurite outgrowth, formation of glial scar
and functional recovery following SCI

The effects of PTEN-GSK3f-regulated MOB1 expression
on neurite outgrowth in vitro suggest the physiological sig-
nificance of the PTEN-MOBI axis in the contusion model
of SCI. Therefore, we investigated the impact of MOB1
silencing on neurite outgrowth and functional recovery after
SCI in the context of PTEN inhibition. After SCI in mice,
we injected lentivirus shRNA vectors targeted at PTEN
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«Fig. 4 Lipid phosphatase activity of PTEN regulates MOB1 protein
level in vitro. a Neuro2A cells were transfected with Flag-PTEN or
vector constructs. After 48 h of transfection, cells were lysed and 5%
of lysate was used as input control and the remaining lysate was sub-
jected to IP with an anti-Flag antibody. Input and IP were analyzed by
western blotting. b, ¢ Immunoblotting (IB) of PTEN, p-GSK3p (S9),
GSK3p and MOBI in Neuro2A cells transduced with WT or mutant
PTEN (C124S, Y138L, or G129E). GAPDH was used as a loading
control (*P <0.05 vs. sh-PTEN group, P <0.05 vs. sh-EGFP group,
ANOVA test followed by Dunnett’s post hoc test). d-1 Stable PTEN-
knockdown PC12 and Neuro2A cells were treated with specific phar-
macological inhibitors of PTEN-PI3K downstream pathways for
2 h: 20 pM LY294002 (PI3K inhibitor) (d—f), 2 pM BX795 (PDK1
inhibitor) (g-i) and 20 pM Perifosine (Akt inhibitor) (j-1). Levels of
p-PDK1 (S241), PDK1, p-Akt (T308), Akt, p-GSK3p (S9), GSK38,
MOBI1,NF200 and PTEN were determined by IB. GAPDH served as
an internal control (*P<0.05 vs. sh-PTEN group, #P<0.05 vs. sh-
EGFP group, ANOVA test followed by Dunnett’s post hoc test)

and MOBI into the injured spinal cord of mice and waited
6 weeks.

One week after SCI, spinal cord sections processed for
H&E staining showed similar lesion size, independently of
the SCI group (Figure S2a and b). Meanwhile, the relative
expression of PTEN and MOB1 was measured after SCI by
western blot and the results revealed that the Lenti-shRNA
sequences and patterns were useful (Figure S2c and d).
Subsequently, the functional recovery of the SCI mice was
evaluated. As shown in Fig. 8a, the mice BMS scores were
9 points in all four groups before injury. Immediately after
SCI, all mice demonstrated significant loss of motor func-
tion of the hind limbs and the BMS scores were reduced
to 0. Thereafter, the BMS score increased gradually in all
mice, and reached 6.25 +0.43 in the Lenti-sh-PTEN group
at 6 weeks after injury, which meant that the hind limbs
showed frequent or consistent plantar stepping, coordina-
tion, and paws parallel at initial contact. On the contrary, the
BMS scores at the same time point in the Lenti-eGFP and
Lenti-sh-PTEN + Lenti-sh-MOB1 groups were 3.8 +0.74
and 4 +0.89, respectively. After 2 weeks post-injury, the
BMS scores increased significantly in the Lenti-sh-PTEN
group compared with the other two SCI groups. We then
performed a footprint test by evaluating weight-supported
plantar stepping 6 weeks after SCI. Based on the recovery
levels and BMS scores in control SCI, we could not meas-
ure the footprint distance consistently because the animals
dragged their legs. However, the pictures showed that the
motor function of the hind limbs in the Lenti-sh-PTEN
group was significantly improved compared with other two
SCI groups (Fig. 8b).

To explore the role of PTEN and MOBI inactivation
in neurons in vivo, NF200, a neurofilament protein and
a marker of neurites/neurons, was used to mark neurons.
Microscopy images showed that the positive response
area of NF200 staining (in the rostral, caudal and central
parts of the lesion) in the Lenti-sh-PTEN group was the

largest and the length of neurite outgrowth was signifi-
cantly increased at 6 weeks after injury, compared with the
other SCI groups (Fig. 8c—f). In addition, we measured the
glial scars by immunofluorescence staining (GFAP) and
carried out a quantitative analysis. The results showed that
PTEN inhibition promoted the formation of the glial scar
after SCI, and this effect was reversed by down-regulation
of MOBI1 (Figure S2e and f). The expression of MOB1 in
different nerve cells at 4 weeks after SCI was analyzed by
double immunofluorescence staining. The results showed
that MOB1 expression was higher in neurons (NeuN) and
astrocytes (GFAP), compared to oligodendrocytes (OLIG2)
(Figure S2g), indicating that the PTEN-MOBI1 axis may
also regulate the formation of a glial scar. In line with these
results, ShRNA against PTEN promoted neurite outgrowth
and functional recovery in spinal cord contusion mice. This
phenomenon was reversed by MOB1 knockdown.

Discussion

In this study, we have revealed for the first time that MOB1,
a key node of the PTEN-GSK3 axis, regulates neurite out-
growth and functional recovery after SCI in mice. Specifi-
cally, we demonstrate that GSK3f modulates the phospho-
rylation of MOBI at serine 146 (which is a direct substrate
of GSK3p) and promotes its proteolysis by the UPS in vitro.
Therefore, the PTEN-GSK38-induced proteolysis of MOB1
represents a novel mechanism for controlling neurite out-
growth and functional recovery after SCI.

MOBI1, a microtubule-associated protein, plays a critical
role in the neurite outgrowth. Previous studies have shown
that microtubules are the principal cytoskeletal components
of neurites and axons, and control of microtubule assembly
is a key regulatory step in neurite outgrowth during regen-
eration after SCI [21]. MOB/1 is involved in the centrosome
duplication [6] and microtubule stability [8]. The kinases
NDRI1/2 are direct downstream targets of MOB1 that pro-
mote neurite sprouting during the spinal cord development
process [12, 47]. In this study, we found that MOB1 was
involved in the development of mice brain and spinal cord,
because overexpression of MOBI1 significantly promoted
neurite outgrowth in neuronal cell models and primary hip-
pocampal neurons. These results provide direct evidence
that MOB1 contributes to neurite outgrowth in mammalian
CNS. Although previous studies found that up-regulation of
MOBI1 in Neuro2A cells did not promote neurite formation
[13], it is likely that the high level of endogenous MOB1
expression in Neuro2A cells suppresses the acute effects
(36 h) of exogenous MOBI.

The PTEN-MOBI axis controls neurite outgrowth and
functional recovery after SCI. Many studies have reported
that inactivation of PTEN by various approaches promotes
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«Fig.5 GSK3p kinase regulates the stability of the MOB1 protein.
a, ¢ MOBI1 expression level was determined in PC12 cells treated
with or without GSK3f inhibitor LiCl (20 mM) and CHX (10 pM)
for indicated time points (0, 2, 4 and 6 h) (a). GAPDH served as an
internal control. The quantification of densitometry levels of MOB1
(*P<0.05, ANOVA test) (c) GAPDH was used as a loading con-
trol. MOB1 expression level was determined in PC12-sh-PTEN
cells and PC12-sh-EGFP cells treated with CHX for indicated time
points (b). GAPDH served as an internal control. The quantifica-
tion of densitometry levels of MOBI1 (¥*P <0.05, ANOVA test) (d).
GSK3p wild-type (WT) and knockout (KO) cells were treated with
CHX (10 pM) for the indicated times, and MOB1 and GSK3p expres-
sion levels were determined by western blotting (e). GAPDH served
as an internal control. The quantification of densitometry levels of
MOBI1 (¥*P<0.05, ANOVA test) (f). GSK3p8-CA or GSK3B-KD
plasmids were transfected into HEK293T cells for 48 h. The cells
were then treated with CHX (10 pM) for the indicated times. Endog-
enous MOBI1 expression level was determined by western blotting.
GAPDH served as an internal control (g). GAPDH served as an
internal control. The quantification of densitometry levels of MOB1
protein (¥*P <0.05, ANOVA test) (h). i—-k Knockdown of PTEN did
not increase MOBI expression in MEF GSK3B~~ cells. Protein
expression was analyzed by western blotting. GAPDH served as an
internal control (*P<0.05, ¢ test). 1, m Stable PTEN-knockdown
Neuro2A cells were transfected with Flag-GSK3p. Protein expres-
sion was analyzed by western blotting. GAPDH served as an internal
control (*P <0.05 vs. sh-PTEN group, P <0.05 vs. sh-EGFP group,
ANOVA test followed by Dunnett’s post hoc test)

different degrees of neurite outgrowth in CNS injuries [15,
48, 49], up-regulation of the PI3K/Akt signaling pathway
and its downstream effectors, such as mTOR and GSK3p
[18, 50, 51]. In our previous study, we showed that expres-
sion of various components of the PI3K/Akt signaling path-
way altered during SCI in mice [52]. Consistently, this study
found that suppression of PTEN enhanced neurite outgrowth
via activation of the PI3K/Akt/GSK3p pathway. Importantly,
we show, for the first time, a direct mechanistic link between
MOBI protein and PTEN-GSK3p axis in regulating neurite
outgrowth. We found that PTEN knockdown significantly
up-regulated MOBI1 protein expression in primary hip-
pocampal neurons and down-regulation of MOB 1 blocked
PTEN sh-RNA-induced neurite outgrowth and functional
recovery after SCI in mice, suggesting that MOBI1 is a key
effector of PTEN-GSK3f axis-mediated neurite outgrowth
in the injured CNS [53]. Previous study demonstrated that
conditional genetic deletion of PTEN enhanced regenerative
growth of CST axons, and on cross sections axons extended
into and around the lesion with exuberant axon arboriza-
tion ventrally in the gray matter below the lesion [54]. In
this study, PTEN-MOB1 axis regulation of motor function
recovery in mice could be partly attributed to sprouting of
spared and injured axons, rostral and caudal to the lesion.
However, on cross sections, it will be further addressed
whether there is an enhanced sprouting within the ventral
area, or an evenly distributed NF200-immunoreactivity.
Recent studies found that deletion of PTEN or inhibi-
tion with bisperoxovanadium (bpV) constitutively activated

the Akt/mTOR signaling, thereby, producing neuroprotec-
tive effects in CNS injury/disease [55-57]. Considering
that the increased NF-200 immunoreactivity was observed
at relatively early time after injury, we speculate that Lenti-
sh-PTEN may offer additional neuroprotection after SCI.
However, it is not clear whether MOB/1 is involved in sh-
PTEN-induced neuroprotective effects after SCI.

It is noteworthy that PTEN-MOB1 axis may be involved
in the formation of the glial scar after SCI. Accumulating
evidence suggests that PTEN and PI3K/Akt signaling path-
way are involved in glial scar formation [53, 58]. Similarly,
the results demonstrated that PTEN inhibition promoted
the formation of glial scar after SCI, and this effect was
reversed by down-regulation of MOB 1. Recent studies have
suggested that loss of PTEN may promote neural stem cells
proliferation and differentiation [59]. On the other hand,
MOBI1 contributes to stem cell differentiation [60], indicat-
ing that the PTEN-MOBI axis may affect the astrocytes
during the differentiation of endogenous neural stem cells
in the spinal cord.

Additionally, PTEN-MOBI1 axis-mediated neurite out-
growth is independent of the Hippo-YAP pathway. As a
positive regulator of the Hippo cascade, MOBI1 activates
the LATS1/2, which mediates phosphorylation of YAP at
Ser127 to inhibit its nuclear localization and transcriptional
activity [29, 44]. However, our results showed that PTEN-
induced MOB1 degradation did not affect the phosphoryla-
tion of YAP or YAP nuclear translocation in vitro, probably
because other molecules of the PTEN-PI3K pathway may
be involved in regulation of Hippo pathway [61, 62]. Hence,
it is important to study the relationship between the PTEN-
PI3K and Hippo-YAP pathways to reveal the role of this
complex signal transduction network in the recovery of SCI.

MOBI is a novel substrate for GSK3p that is phosphoryl-
ated on serine 146 and degraded via the UPS. Accumulat-
ing evidences indicate that GSK3p phosphorylates a broad
range of microtubule-interacting proteins to regulate spe-
cific aspects of microtubule assembly in axons [63], includ-
ing CRMP2 [23], MAPI1B [64] and tau [64]. For example,
GSK3p controls neurite branching and microtubule dynam-
ics by phosphorylating the microtubule-associated protein
MAPI1B [65]. Yet, the relationship between MOB1 and
other microtubule-associated substrates involved in GSK3f-
mediated neurite outgrowth remains unclear. Previous stud-
ies reported that most signaling pathways require both phos-
phorylation and ubiquitination for full regulatory control,
and ubiquitination is often regulated by phosphorylation
[66]. E3 ubiquitin ligase praja2 regulates MOB1 ubiquitin-
mediated proteolysis in glioblastoma [44]. Indeed, we found
that the GSK3p-induced MOB1 ubiquitin-mediated prote-
olysis was required for its Ser146 phosphorylation as the
S146A mutant blocked GSK3p-induced inhibition of neurite
outgrowth. Thus, these findings provide a novel mechanism
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«Fig. 6 GSK3f interacts with MOB1 and regulates its ubiquitina-
tion. a Endogenous MOBI interacts with GSK3p. Cell extracts of
NIH3T3 cells were subjected to IP using a MOB1 antibody or con-
trol IgG, followed by western blotting with the anti-GSK3f anti-
body. Lysates were prepared from NIH3T3 cells transfected with the
Flag-MOBI1A (b), Flag-MOBIB (c) or Flag-GSK3p (d) for 48 h.
Lysates were resolved directly by SDS-PAGE or were incubated with
anti-Flag antibodies. Precipitates were analyzed by western blotting
with the indicated antibodies. e Cells were transiently co-transfected
with HA-ubiquitin and Flag-MOB1A or Flag-MOBIB. Cells were
treated for 4 h with MG132 (20 pM) before harvesting. Lysates were
immunoprecipitated with anti-Flag antibody. The precipitates and
lysates were immunoblotted with anti-HA, and anti-flag antibodies.
f, g Cells were transiently co-transfected with Vector or Flag-GSK3f
plasmids. The cells were treated for 4 h with MG132 (20 pM) before
harvesting. Lysates were immunoblotted with the indicated antibod-
ies. GAPDH served as an internal control (*P <0.05 vs. Flag-GSK3p
group, ANOVA test followed by Dunnett’s post hoc test). h, i GSK3p
knockdown in Neuro2A and NIH3T3 cells increased the expression
of MOBI1 protein. GAPDH served as an internal control (*P <0.05, ¢
test). k Flag-MOB1A or vector and sh-EGFP or sh-GSK3p with HA-
ubiquitin plasmids were co-transfected into NIH3T3 cells. Cells were
treated for 4 h with MG132 (20 pM) before harvesting. Cell lysates
were subjected to IP with anti-Flag antibody, followed by IB with
anti-HA, anti-Flag and anti-GSK3p antibodies

that adds to our understanding of the roles played by the
PTEN-GSK3pB-MOBI1 axis in neurite outgrowth and func-
tional recovery after SCL.

In addition, it was reported that PTEN is a tumor suppres-
sor and the long-term loss of PTEN might increase suscep-
tibility to cancer conditions or neoplasia in normal tissues
[67]. It is possible that suppression of PTEN may lead to
abnormal function of its downstream signaling pathways.
As a downstream effector of the PTEN-GSK3p axis, MOBI1
may be a promising therapeutic target for SCI in contrast
to PTEN. Therefore, more studies focusing on the role of
MOBI in neurite outgrowth and identification of a small
molecule inhibitor targeting its Ser146 residue are required
to drive the discovery of drugs for the treatment of SCI.

In conclusion, this study shows the role of MOB1 in neu-
rite outgrowth and reveals a novel molecular mechanism in
which PTEN induces MOB1 degradation to inhibit neurite
outgrowth via GSK3p-mediated ubiquitination, which sug-
gests that PTEN-MOB1 axis may be a potential therapeutic
target to improve functional recovery after SCI.

Materials and methods
Plasmids and antibodies

Full-length mouse PTEN, MOB1A, MOBI1B or GSK3p
cDNA was subcloned into the mammalian expression
vectors p3xFLAG-CMV-24 (Sigma). Full-length mouse
GSK3p cDNA was subcloned into the mammalian expres-
sion vectors pcDNA3.1-HA (Sigma, St. Louis, MO, USA).

GSK3p-CA, GSK3p-KD and HA-Ubiquitin vectors were
provided by University of Jiangsu, Zhenjiang, China. The
PTEN-1, PTEN-2, PTEN-3, GSK3p, MOB1A, and MOB1B
shRNA oligos (Supplementary Table 1, Sangon Biotech.,
Shanghai), which had homology between rat and mice cell
lines, were first annealed into double strands and then cloned
into pLKO.1-puro-vector (Sigma). The primer pairs (Sup-
plementary Table 1) were used to generate the mutation con-
structs: Flag-PTEN (C124S, Y138L and G129E) and Flag-
MOBIA (T76A, T130A and S146A). Point mutations were
created using the KOD mutagenesis kit (Toyobo, Osaka,
Japan) according to the manufacturer’s recommendations.

Antibodies against PTEN (#9188), MOB1 (#13730),
p-Akt (#13038), Akt (#4691), p-GSK3p (#9323), GSK3p
(#12456), p-PDK1 (#3438), PDK1 (#3062), GAP43
(#8945), NF200 (#2836), LATS1 (#3477), HA-Tag (#3724),
Rabbit IgG (#3423), YAP (#14074), p-YAP (#13008) His-
tone (#9717) p-tubulin (#2128) and GAPDH (#2118) were
purchased from Cell Signaling Technology (CST) (Danvers,
MA, USA). The antibody against Flag (F1804) was from
Sigma. The antibodies against MOB1A (sc-393212) and
OLIG?2 (5c-293163) antibody were from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). The antibody against
GFAP (ab10062) and NeuN (ab104224) antibody were from
Abcam (Cambridge, MA). The antibody against p-GAP43
(S41) antibody was from Bioworld Technology (St. Louis
Park, MN, USA).

Animals

ICR mice from embryonic stage 15 days to 8 weeks were
provided by Jiangsu University Animal Experimental
Center and maintained in SPF level housing temperature at
21 +2 °C, humidity 30-35%, 12/12-h dark/light cycle, with
free access to food and water. All experimental procedures
were in accordance with the guidelines of animal research
of Science and technology department of China, and have
been approved by the ethic committee of animal research in
Jiangsu University.

Cell culture and treatments

PC12, Neuro2A, HEK293T, and NIH3T3 cells were pur-
chased from the Type Culture Collection of the Chinese
Academy of Sciences, Shanghai, China. GL261, BV2,
HT?22, wild-type and GSK3p double-knockout MEF cells
were provided by Jiangsu University. PC12, Neuro2A,
BV2, HT22 and GL261 cells were cultured in DMEM/F12
(Hyclone, Beijing, China) with 10% fetal bovine serum
(FBS) (Gibco, Carlsbad, CA, USA). Meanwhile, HEK293T,
NIH3T3, wild-type and GSK3p double-knockout MEF cells
were cultured in DMEM (Hyclone, Beijing, China) contain-
ing 10% FBS. All cells were cultured with 1% penicillin/

@ Springer



4458 Z.Song et al.
- WT
a bepxy 0 2 4 6 0 2 4 6 C 12, = T
Prediction of MOB1A =i > - T130A
, ' e e | 27| S— |35 -
phosphorylation motif by wt | ' | = 104 5146A
GSK3g: T76A| — — e |27l-~|35 g 0.8+
QO ~
T76 GTITEFCTEA T130A|—-—— — |27l—- |35 2 20.61
T130 DDETLFPSKI 3E
$146 NFMSVAKTIL S14GA | s s s | 27—, 35 0~ 0.4
$ Y& S SRS Fla GAPDH 2 o2
S SSF S sss ™ :
d PTG LR s T & 0.0 . . .
F A oL &S X 0 2 4 6
GSK3B|m *| 45 NN AN CHX Treatment Time (h)
- - S
Flag) eseseses GDEDEDES 27 HA-CSKp MR h Fo 88
@
IgG - - - 25 HA| ----| 48 ¥ Lo
Fla
GAPDH| eaw e e | 37 Flag| @D e e o wmmg] 27 9 - —— 27
: — —
o lnput . IP:Flag NF200| SN S e et __| 200 NF200 200
(‘}9/\ §.°§.§ (‘}9& (Ov.“?v-g 37 GAP43 48
| — DD
SLEEY SELLEDY GAPDH | s S 4N @59 SN s | 57 D
PC12 GAP43| == ) GG |
PC12
- GAPDH| s s s a | 37
= WT+HA-GSK36 i PC12
HA-Ubi T76A+HA-GSK3B . Vector
: = T130A+HA-GSK3B WT
_ S146A+HA-GSK3pB BN T76A
24 I D3, S146A
2 - @
23 . 3
2 [P
Flag - —_ =
IgG E% I 5
GAPDH | e en w en e b7 & 2.
<4 )
& =
Input IP:Flag % %
A ©
J NF200 = xo-

PC12

&

Vector

(O Phosphorylation
@ Ubiquitination

WT

Phosphorylation Poly-ubiquitinatic Degradati

T76A

GSK3p
MOBI

_‘

S146A

3

Neurite
Outgrowth

Cell surface Cytosol

Relative length of neurite

0
Vector WT T76AS146A

Springer



PTEN-GSK3B-MOB1 axis controls neurite outgrowth in vitro and in vivo

4459

«Fig. 7 GSK3p phosphorylates MOBI1 protein at the Ser146 site and
promotes its proteolysis and working model. a Sequence analysis of
mouse MOBIA identified three putative GSK3p target sites at T76,
T130, and S146. NIH3T3 cells were transfected with Flag-tagged
MOBI1A (WT) and mutants (T76A, T130A or S146A), respectively.
After 48 h, cells were treated with CHX (10 pM) for the indicated
time points. Lysates were subjected to IB with Flag antibody and
GAPDH served as an internal control (b). The curves of MOBI1 rela-
tive stabilities were shown using the ratio of relative density normal-
ized to that of 0-h group in three independent experiments (c). d
Lysates from NIH3T3 cells expressing MOB1A (WT) or mutants
T76A, T130A and S146A were subjected to IP using Flag anti-
body, followed by IB with GSK3f and Flag antibodies. Vector was
used as a control. € MOB1A (WT) or mutants T76A, T130A and
S146A were co-transfected with HA-Ubiquitin plasmids. Lysates
from the above NIH3T3 cells were subjected to IP using Flag anti-
body, followed by IB with HA and Flag antibodies. Vector was used
as a control. f, g HA-GSK3p and Flag-MOBI1A or mutants were co-
transfected into PC12 cells. Cell lysates were subjected to IB with
anti-HA, anti-Flag, and anti-NF200. GAPDH served as an internal
control (*P <0.05 vs. WT group, ANOVA test followed by Dunnett’s
post hoc test). h, i Lysates from PC12 cells expressing MOB1A (WT)
or mutants T76A and S146A were subjected to IB with Flag, NF200,
GAP43 and p-GAP43 antibodies. GAPDH served as an internal con-
trol. j, k Neurite outgrowth in PC12 cells was observed under differ-
ent conditions. Representative immunofluorescence images of cells
treated with anti-NF200 and anti-Flag for PC12 cells transfected with
Flag-tagged MOB1A (WT) or mutants (T76A or S146A) are shown.
Vector was used as a control. Scale bar, 100 pm (j). The quantifica-
tion of the neurite length in PC12 cells stained with NF200-Cy3 (N.S.
not significant vs. WT group, ANOVA test followed by Dunnett’s
post hoc test) (k). 1 Working model. PTEN-GSK3f axis promotes
ubiquitination and degradation of the MOBI1 protein to suppress neu-
rite outgrowth

streptomycin (Thermo Scientific) at 37 °C in a humidified
incubator with 5% CO, supply. Cells were transfected with
the stated constructs in six-well plates or 60-mm dishes
using a Lipofectamine 2000 reagent (Invitrogen, Missis-
sauga, ON, Canada). The experimenter was blind to the
plasmid transfected in each condition.

Hippocampus were dissected from postnatal 3-d (P 3)
mice, digested with papain for 30 min at 37 °C, and dis-
sociated with micropipette tips in Neurobasal-A medium
(Gibco) supplemented with 0.5 mM L-glutamine (Sigma)
and 2% B27 supplements (Invitrogen). Neurons were then
plated onto poly-L-lysine (Sigma)-coated dishes at a density
of 150 neurons/mm?. Neuronal cultures were incubated at
37 °C with 5% CO,. After neurons attached to poly-L-lysine-
coated dishes (24 h after plating), the medium was gently
exchanged to new neuronal culturing medium supplemented
with 4 pmol Ara-C (Sigma) and 1% penicillin/streptomycin
(Thermo Scientific).

Real-time PCR
Total RNA was extracted using RNAiso Plus (Takara, Shiga,

Japan). Reverse transcription was performed using Rever-
tAid First-Strand cDNA Synthesis Kit (Thermo, Waltham,

MA, USA) according to the manufacturer’s specification.
Real-time PCR was performed in triplicate in 20 pl reactions
with iQ SYBR Premix Ex Taq Perfect Real Time (Bio-Rad
Laboratories, Inc., Hercules, CA, USA), 50 ng of first-strand
cDNA and 0.2 mg of each primer (Supplementary Table 2).
Samples were cycled once at 95 °C for 2 min, and then sub-
jected to 35 cycles of 95, 56, and 72 °C for 30 s each. The
expression of each gene was defined from the threshold
cycle (Cr) and melting temperatures (7,,) were recorded.
The relative mRNA content was calculated using the 2-44Ct
method with GAPDH as an endogenous control.

Western blotting and quantitative analysis

Western blot was performed to measure indicated protein
levels in cells. The cells were washed with cold PBS before
being incubated with RIPA lysis buffer containing protease
inhibitor cocktail at 4 °C for 10 min and centrifuged at 4 °C
at 12,000g for 15 min. The supernatant was removed and
the concentration of protein was measured with the BCA
method. Proteins (40 pg) were loaded into 8-10% gel and
then transferred to the PVDF membrane (EMD Millipore,
IPFL00010). The membrane was blocked with 5% non-fat
milk for 1 h and then incubated overnight with primary anti-
bodies at 4 °C. The relative band intensity was quantified
using the software ImageJ (Version 1.48v, NIH, USA) [68].
Briefly, all protein levels are first normalized to the levels
of GAPDH. Then, we would select one of the protein levels
as 1 and the rest of the protein levels were compared with it.
Separate experiments were conducted three times.

Immunofluorescence on cells

1 x 10* cells were seeded into the 24-well plate. The medium
was removed and the cells were washed with cold PBS at
48 h post-transfection. Cells were fixed with 4% paraform-
aldehyde for 20 min and washed three times with PBST, and
permeabilized in 0.3% Triton X-100 for 10 min. After that,
the cells were incubated overnight with primary antibodies
at 4 °C and then incubated with secondary antibodies for 1 h
with the nuclei stained with DAPI for 5-10 min. Pictures
were sequentially photographed with fluorescent microscope
(Nikon, Tokyo, Japan). To determine the length of neurites
extending over the neuronal cell substrate, the longest neur-
ites were measured in micrometer using Image-Pro Plus 6.0
software (Media Cybernetics, Silver Spring, MD, USA). The
number of neurites that directly originated from neuronal
cell bodies was also calculated.

Immunoprecipitation (IP)

Cells were lysed in IP buffer [10 mM HEPES (pH 8.0),
300 mM NaCl, 0.1 mM EDTA, 20% glycerol, 0.2% NP-40,
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«Fig. 8 Lentiviral-mediated silencing of MOBI1 reverses functional
recovery and neurite outgrowth after mouse SCI caused by PTEN
knockdown. a BMS score was determined before injury (day 1) and
at days 1, 3, 7, 14, 28, and 42 after surgery (n=10 in Sham group,
n=12 in Lenti-eGFP group, n=11 in Lenti-sh-PTEN group and
n=13 in Lenti-sh-PTEN + Lenti-sh-MOB1 group). From week 2
following SCI until the end of the experiment, animals of the Lenti-
PTEN group consistently exhibited significantly higher BMS scores
compared with the two other SCI groups (*P<0.05, two-way
repeated measures ANOVA followed by Bonferroni’s post hoc test).
b Footprint data in false-color mode. Four or more consecutive steps
were used to determine the mean values of each measurement. Scale
bar, 2.5 cm. ¢ Representative immunofluorescence images of the lon-
gitudinal sections of spinal cord showing NF200-Cy3-labeled neu-
rites in the various groups at 2 weeks after SCI (left panels, lower
magnifications, scale bar, 1 mm) (right panels, higher magnifications,
scale bar, 100 um). Quantitative analysis of the NF200* cells in the
rostral (d), caudal (e) and central (f) parts of the spinal cord longi-
tudinal sections, respectively (5—7 mice were used in each group.
*P<0.05 vs. Lenti-sh-PTEN group, ANOVA test followed by Dun-
nett’s post hoc test)

protease and phosphatase inhibitors (Thermo Scientific)] and
centrifuged under 4 °C at 14,000g for 15 min. Five percent
of lysate was saved as input control. The remaining lysate
was subjected to IP using the first indicated antibodies at
4 °C overnight. Then, the protein complexes were collected
by incubation with 30 pl of Protein G-Agarose (Roche, Swit-
zerland) for 2 h at 4 °C. The collected protein complexes
were washed six times with co-IP buffer and analyzed by
western blotting.

Cytoplasm and nuclear fractionation

Cytoplasm and nuclear fractionation was performed accord-
ing to the manufacturer’s instructions (Vazyme, Nanjing,
China). Briefly, cells were washed with cold PBS before
being suspended in Isolation buffer A containing protease
inhibitor cocktail at 4 °C for 10 min and centrifuged at 4 °C
at 12,000g for 5 min. The supernatant containing the cyto-
plasm fraction was collected and stored at — 80 °C. The Iso-
lation buffer B was added to the remaining cell fragments
and then rotated for 30 s and repeated four times every
10 min. After 14,000g centrifugation at 4 °C for 5 min,
supernatant was collected containing the nuclear fractiona-
tion and stored at — 80 °C.

Lentivirus packaging and production of stable cell
lines

The shRNA sequences targeting mus PTEN and MOB1
(homologous sequence silenced MOB1A together with
MOB 1B mRNA) are shown in Supplementary Table 2. The
backbone vector for shRNA was the GV493 vector (Gene-
Chem, Shanghai, China) and backbone vector for MOB1A
was pLenti-CMV-GFP-puro-vector (Public Protein/Plasmid

Library, Nanjing, China). The backbone vectors, pHelper
1.0 and pHelper 2.0 packing plasmids (GeneChem) were
co-transfected into HEK293T cells using Lipofectamine
2000 (Invitrogen). Supernatant was collected 48 h post-
transfection and virus was concentrated by centrifugation
(25,000g for 2 h at 4 °C). Then the virus was suspended
in PBS and frozen at — 80 °C until use. The lentivirus was
determined by quantitative real-time PCR. For the determi-
nation of infection efficiency, GFP expression in HEK293T
cells or spinal cord tissues was analyzed using fluorescence
microscope. For target cell transduction, cells were pas-
saged to 40% confluency the following day. Viral medium
was added to the cells with Polybrene (8 ug/ml, Sigma).
After 24 h, viral particle-containing medium was removed
and replaced with fresh medium containing the puromycin
(PC12 cells: 8 pg/ml; Neuro2A cells: 1 pg/ml, Sigma). From
days 4 to 10, fresh medium was replaced when necessary
and evaluated for cytotoxicity under a microscope. Finally,
the stable cells were collected for further experiments.

Contusion spinal cord injury surgery and lentiviral
vector injection

Female ICR mice aged 6-8 weeks were used in these experi-
ments. Surgical procedures for modeling injury were per-
formed as described previously [52]. Briefly, a laminec-
tomy was performed at T9-T11 levels to expose the T10
thoracic spinal cord, and the spinal cord was contused with
a Multicenter Animal Spinal Cord Injury Study (MASCIS)
Impactor weight-drop device, which used a 5-g weight
impact rod dropped from a height of 25 mm to produce a
reliable contused SCI model (impacting force: 125 kdyn).
The standard contusion model injury resulted in complete
spinal cord injury and loss of motor function of hind limbs
in mice. Sham group animals were only subjected to a lami-
nectomy operation without virus injection. Immediately fol-
lowing SCI, the mice were randomized into three groups
[Lenti-eGFP (Control shRNA), Lenti-sh-PTEN, and Lenti-
sh-PTEN + Lenti-sh-MOB1 (1:1)], and lentiviral vectors
were injected into two points at a distance of 1.5 mm rostral
and caudal to the center of the injury site with a depth of
1.0 mm. For each site, the mice were injected with 5 pl of
lentiviral solution (1 x 10® TU/ml) at a flow rate of 50 pl/min
through a glass microinjection needle (0.4 mm in diameter)
connected to a Hamilton syringe driven by a microinjec-
tion pump. After lentiviral solution delivery, the microin-
jection needle was left in place for 2 min and then slowly
withdrawn from the injection site. Muscles and skin were
then sutured. Animals were left to recover and provided with
food, sterile water, and the appropriate ambient tempera-
ture after the surgery. Meanwhile, tramadol hydrochloride
(50 mg/kg body weight) was administered intraperitoneally
for the postoperative analgesia. The mice were given manual
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bladder evacuations twice per day. The spinal cord located
1 cm proximally and distally to the injury epicenter was
removed for serial sagittal/horizontal sections. The serial
sections, which were well integrated and close to the injury
center, were selected for H&E and fluorescent staining.

Basso mouse scale (BMS) and footprint test

The BMS assesses the locomotion behaviors of mice in an
open field. Mice were observed in a blinded manner by two
observers for 5 min. Many features were noted, including
ankle movements, stepping pattern, coordination, paw place-
ment, trunk instability, and tail position, with a minimum
score of 0 (no movement) to a maximum score of 9 (normal
locomotion). Mice were tested before injury (day 1) and at
days 1, 3,7, 14, 28, and 42 after SCI. Mice with a BMS score
of 3 (some stepping) at 1 day after injury were excluded
from the analysis. For footprint test, walking patterns of
mouse hind paws were recorded with ink during continuous
locomotion across a 50-cm runway, and the stride length on
each side and stride width between two sides of the prints
were measured and calculated from multiple steps.

Immunofluorescence on tissue

Frozen spinal cord (20 pm thickness) obtained from the
injury site and from 1 cm rostral and caudal to the lesion
center was used for immunostaining using primary anti-
bodies overnight at 4 °C. Then, sections were incubated
with the secondary antibodies labeled with Cy3/FITC at
37 °C for 1 h. The slides were washed with PBS and stained
with DAPI and coverslipped using Vectashield mounting
media (Vector Laboratories, Burlingame, CA, USA). All
samples were processed in parallel under the same con-
dition and observed on a fluorescent microscope (Nikon,
Tokyo, Japan). We used five to seven mice in each group,
and three sagittal/horizontal sections were serially selected
from the medial part of each spinal cord from the animals.
Two images were obtained per section from each spinal cord
for fluorescent microscopy. Morphological evaluation was
quantified using the software ImageJ (Version 1.48v, NIH,
USA) [68].

Statistical analysis

All results, expect of animal experiments which are
expressed as mean value + SEM, are expressed as mean
value + SD of three independent experiments (n=3). Differ-
ences between experimental groups were evaluated by two-
tailed unpaired Student’s ¢ test or one-way ANOVA followed
by a Dunnett’s post hoc test analysis. Repeated measures
two-way ANOVA was used to compare matched data at mul-
tiple time points, and Bonferroni’s post hoc test analysis was

@ Springer

used to compare means at each time point unless otherwise
stated. P <0.05 was considered to be significant. All statisti-
cal analyses were performed using SPSS 18.0 software (IBM
Corporation, NY, USA).
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