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Rassf7a promotes spinal cord regeneration and
controls spindle orientation in neural

progenitor cells
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Abstract

Spinal cord injury (SCI) can cause long-lasting disability in mam-
mals due to the lack of axonal regrowth together with the inability
to reinitiate spinal neurogenesis at the injury site. Deciphering the
mechanisms that regulate the proliferation and differentiation of
neural progenitor cells is critical for understanding spinal neuroge-
nesis after injury. Compared with mammals, zebrafish show a
remarkable capability of spinal cord regeneration. Here, we show
that Rassf7a, a member of the Ras-association domain family, pro-
motes spinal cord regeneration after injury. Zebrafish larvae har-
boring a rassf7a mutation show spinal cord regeneration and
spinal neurogenesis defects. Live imaging shows abnormal asym-
metric neurogenic divisions and spindle orientation defects in
mutant neural progenitor cells. In line with this, the expression of
rassf7a is enriched in neural progenitor cells. Subcellular analysis
shows that Rassf7a localizes to the centrosome and is essential for
cell cycle progression. Our data indicate a role for Rassf7a in mod-
ulating spindle orientation and the proliferation of neural progeni-
tor cells after spinal cord injury.
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Introduction

Spinal cord injury (SCI) is one of the devastating neurological inju-
ries and can cause long-lasting disability. Injury to the spinal cord
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often results in permanent loss of motor and/or sensory function
below the injured site because the sensory information ascending to
the brain and the motor information descending to the body cannot
go past that point (Schwab & Bartholdi, 1996; Ahuja et al, 2017). In
mammals, the recovering abilities of the central nervous system
(CNS) after injury are extremely limited, mainly due to the lack of
axonal regeneration. A significant barrier to mammalian axonal
regeneration during SCI is astrocyte reactive gliosis at the injury site,
which invariably blocks regeneration by forming glial scars. In the
central core of the lesion site, interactions between fibroblasts,
inflammatory immune cells, and extracellular matrix contributes to
the formation of the fibrotic scar, which is further surrounded by
the astrocytes-enriched glial scars in the periphery to separate the
injured area from uninjured tissues (Silver & Miller, 2004; O’Shea
et al, 2017; Bradbury & Burnside, 2019). By contrast, spinal cord
regeneration is an innate ability of axolotl (salamander) and teleost
fish (zebrafish). It is supposed that these organisms may have speci-
fic mechanisms regulating glial scar formation and the following
proliferation and growth process of axons (Tazaki et al, 2017; Ghosh
& Hui, 2018).

Understanding the cellular mechanisms underlying axonal
regeneration is fundamental to promote spinal cord repair after
injury. Adult zebrafish have a remarkable capability of axonal
regeneration following spinal cord injuries, that is, fishes can fully
regenerate the spinal cord at the lesion site within 4-6 weeks
(Becker et al, 2004; Dias et al, 2012). It has been suggested that
the composition and response of glial cells of zebrafish are differ-
ent from those of mammals, especially for the epithelial-to-
mesenchymal transition (EMT) gene program (Klatt Shaw
et al, 2021). More specifically, there is a clear absence of astroglio-
sis in the adult zebrafish CNS regenerating from SCI (Ghosh &
Hui, 2018) and there is no permanent glial scar formation. By con-
trast, GFAP expressing cells elongate and form a permissive glial
bridge so that the regenerating axons can actively cross the lesion
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site and reinnervate those regions caudal to injury site (Goldshmit
et al, 2012; Mokalled et al, 2016). Larvae fish exhibited a faster
recovery capacity after SCI than adult fish. For instance, zebrafish
larvae can recover their touch-stimulate swimming behavior within
two days when spinal cord injury was performed at 3 or 5 days
postfertilization (dpf; Briona & Dorsky, 2014; Ohnmacht
et al, 2016). Similar to adults, glial cells also participate in spinal
cord regeneration in the larvae (Briona & Dorsky, 2014).

Multiple signaling pathways have been reported to regulate
axonal regeneration after SCI in zebrafish. For example, Wnt/fB-
catenin signals are activated in spinal radial glia cells after SCI, and
overexpression of Dkk1b, a negative regulator of Wnt signaling, pre-
vents glial bridge formation, as well as axonal regeneration (Briona
et al, 2015; Strand et al, 2016). Interestingly, inhibition of Wnt sig-
naling specifically in the glial cells does not impair axonal regenera-
tion, suggesting that Wnt/B-catenin signals may regulate axonal
regeneration via nonglial cells. Indeed, the fibroblast-like cells accu-
mulated in the lesion site are able to express and deposit Collagen
XII upon Wnt signaling activation, which is essential for axonal
regeneration and functional recovery after SCI (Wehner et al, 2017).
A recent study showed that the extracellular matrix components
were partially regulated by a specific type of Pdgfrb* cells recruited
to the lesion site (Tsata et al, 2021). FGF signals are also critical for
axonal regeneration. After SCI, glial cells proliferate and change
their morphology to form the glial bridge in favor of axonal regener-
ation as a response to these signals (Goldshmit et al, 2012). Of note,
different Fgfs play distinct roles in regulating neurogenesis after SCI,
with Fgf2 and Fgf8 being more effective in facilitating neurite out-
growth (Goldshmit et al, 2018). Similarly, activated FGF2 signaling
also promotes axonal regeneration after SCI in mice and humans
(Goldshmit et al, 2014; Ko et al, 2018).

In anamniotes, newborn neurons are generated rapidly after
SCI to promote axonal regeneration as well as developing other
cell types of neurons that are essential for recovering a fully func-
tional spinal cord. These newly formed neurons are mainly differ-
entiated from a specific type of neural progenitor cells, an
astroglia-like radial glia localized to the central canal (Becker &
Becker, 2015; Becker et al, 2018). These radial glial cells form part
of the ependymal layer and have radial processes extending from
the central canal toward the pial surface. Several stem cell mark-
ers, including Sox2 and Pou5fl, are expressed in these progenitor
cells, which are essential for neurogenesis after SCI (Fei
et al, 2014; Ogai et al, 2014; Hui et al, 2015). During neurogenesis,
radial glia cells can either divide symmetrically to expand the pool
of neural precursors or undergo an asymmetric neurogenic divi-
sion that produces another radial glia and a newborn neuron
(Becker & Becker, 2015; Shohayeb et al, 2021). During symmetric
proliferative division, the cleavage plane is usually perpendicular
to the apical membrane resulting in equal distribution of proteins
between daughters. The cleavage plane is prone to be horizontal
or oblique when the radial glia undergoes an asymmetric division,
in which neurons are mostly generated from the more apical
daughter cell (Konno et al, 2008; Alexandre et al, 2010; Postiglione
et al, 2011; Shao et al, 2020). Asymmetric division of radial glia
cell is also observed in adult zebrafish after spinal cord injury
(Reimer et al, 2008; Hui et al, 2010).

The Ras-association domain family (RASSF) proteins contain 10
members, all of which are characterized by the presence of a Ras-
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association (RA) domain. Depending on the position of the RA
domain, RASSF proteins can be classified as C-terminal (classical)
RASSFs (RASSF1-6) or N-terminal RASSFs (RASSF7-10). The RA
domain interacts with the RAS GTPase family of proteins to regu-
late many cellular processes, including membrane trafficking, apop-
tosis and proliferation (Kitagawa et al, 2006; Richter et al, 2009;
Underhill-Day et al, 2011). The classical RASSF family members are
generally considered as tumor suppressors and have been reported
to participate in many biological processes, such as microtubule sta-
bility, cell cycle control and apoptosis, whereas N-RASSF proteins,
which have been less studied, seem to play diverse roles during cell
growth, apoptosis and embryonic development (Underhill-Day
et al, 2011). RASSF7 has been suggested to play a role during mito-
sis through regulating microtubule dynamics (Sherwood et al, 2008;
Recino et al, 2010; Gulsen et al, 2016). RASSF7 can promote cell
proliferation through MEK1/2-ERK1/2 signaling pathway activation
(Wang et al, 2016; Zhang et al, 2018a). In vitro studies have
also showed that, through interaction with N-RAS, RASSF7 inhibits
mitogen-activated protein kinase kinase (MKK) 7 phosphorylation
to negatively regulate pro-apoptotic JNK signaling under stress-
induced conditions (Takahashi et al, 2011).

Here, we reported the role of Rassf7 during spinal cord regenera-
tion in zebrafish. Zebrafish rassf7a mutants displayed significant
regeneration defects after spinal cord injury, which were mainly due
to the restricted cell proliferation of the neural progenitor cells. We
further provided data to show that rassf7a encodes a centrosomal
protein and regulates spindle orientation during radial glia prolifera-
tion. These results suggested an important role of Rassf7a in spinal
cord regeneration of zebrafish larvae after injury, which may help
us to understand the reasons for the failure of axonal regeneration
in mammals.

Results

Tissue-specific expression of rassf7a and rassf7b during
early embryogenesis

When searching for cilia-related genes via whole-mount in situ
hybridization assay, we identified two rassf7 homologous genes,
rassf7a and rassf7b, in zebrafish. Zygotic rassf7a was first
detected in the dorsal forerunner cells (DFCs), at around 90%
epiboly stage (Appendix Fig S1A). At 14-somite stage, rassf7a
expression was initially enriched in the third and fifth rhom-
bomeres, as suggested by double in situ staining with krox20, a
well-known hindbrain marker (Appendix Fig S1B). At 18-somite
stage, rassf7a started to be expressed in the neural tube, and
showed abundant expression in the whole central nervous sys-
tems at 24 h postfertilization (hpf; Fig 1A, Appendix Fig S1C).
Transverse sections through the trunk suggested that rassf7a was
expressed in the whole neural tube with high enrichment in the
central canal at both 24 and 72 hpf (Fig 1B and C). Similarly,
rassf7b was also expressed in the DFCs, starting at 75% epiboly
stage (Appendix Fig S1D). At 10-somite stage, expression of rass-
fZlb  was observed mainly in the Kupffer’s vesicle (KV;
Appendix Fig S1E). At 24 hpf, rassf7b expression was selectively
enriched in the pronephric duct, olfactory placode, otic vesicle
and posterior notochord (Appendix Fig S1F).

© 2022 The Authors
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Generation of rassf7 zebrafish mutants

The expression pattern of rassf7b is similar to those of genes
involved in cilia development (Song et al, 2016; Han et al, 2018;
Zhang et al, 2018b), promoting us to first investigate the role of
Rassf7b during ciliogenesis. We generated zebrafish rassf7b mutants
using the TALEN system and identified a mutant line carrying a 7-bp
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deletion in the target site (Appendix Fig S2A). We further confirmed
this deletion through Sanger sequencing of the mutant transcripts,
which suggested that this deletion caused a frameshift during mes-
senger RNA (mRNA) translation, resulting in the disruption of the
Ras-association domain of Rassf7b protein (Appendix Fig S2A and
B). The expression level of the mutant transcripts was also decreased
due to nonsense-mediated decay (Appendix Fig S2C and D).

mwt  (n=459)
=174 7" (n=723)

severe

normal mild

I 2 p<0.0001 J
L 100+ . 0.2+
5 5
2 = ®
S = B8
3 >
g
RZ 0 | ;
A wt
(n=48)

Figure 1.

© 2022 The Authors

<0.0001
P K p<0.0001
6004 I 1 & active
%D o = static
€ 2 4004 i
EE %
. z s e
o -2 200+ e
8 ZE o
23 ﬁﬁm
&. 0=
Ja~" wt 7a™"
(n=47) (n=48) (n=47)

EMBO reports 24:e54984|2023 3 of 17



EMBO reports

Figure 1. Locomotion defects of rassf7a mutants after SCI.

Panpan Zhu et al

A Whole mount in situ hybridization results showing expression of rassf7a at 24 hpf.
B, C Cross sections through the trunk region showing the expression of rassf7a in the spinal cord of 24 and 72 hpf zebrafish larvae.

D, E External phenotypes of wild-type (D) and rassf7a mutant (E) larvae at 6 dpi.

F Bar graph showing the percentages of larvae with normal, mild and severe body axis defects in wild-type (n = 459) or rassf7a mutants (n = 723) at 6 dpi.
G, H Locomotion tracking of each individual larva of wild-type (G) or rassf7a mutants (H) at 6 dpi in 24-well plates.

| Dot plots showing the swimming distance of each larva at a duration of 500 s.

J Dot plots showing the swimming velocity of wild-type and mutant larvae as indicated.
K Bar graph showing active swimming time in wild-type and mutant larvae at a duration of 500 s.

Data information: In panels | and J, each dot represents an individual larva. P values for unpaired Mann—Whitney test (I, J) and Two-way ANOVA with Bonferroni’s multi-
ple comparisons test (K) are indicated. Data are shown as mean £ S.E.M. Scale bars: 100 pm in (A-C) and 1 mm in (D and E).

Surprisingly, zebrafish rassf7b mutants were viable and fertile.
Whole-mount immunohistochemistry with an anti-acetylated tubu-
lin antibody suggested that cilia were grossly normal in rassf7b
mutants (Appendix Fig S2E-1).

Considering that Rassf7a may play a redundant role in rassf7b
mutants, we further generated rassf7a mutants carrying a 4-bp dele-
tion in the target area (Appendix Fig S2A and B). The expression
level of mutant mRNA was also substantially decreased in the
mutants (Appendix Fig S2C and D). We further generated rassf7a;
rassf7b double mutants (7a™~;7b~/~). Strikingly, double homozy-
gous mutants were also viable and fertile. Of a total of 263 adults
crossed from double heterozygote mutants, we identified 15 double
homozygous mutants, including seven females and eight males,
which suggest that Rassf7 proteins are dispensable for the growth of
zebrafish. In addition, cilia were also grossly normal in the double
mutants (Appendix Fig S2E-I). Being derived from DFCs, Kupffer’s
vesicle is an essential organ for the establishment of left-right asym-
metry (Essner et al, 2005). Although both rassf7 genes were
expressed at a high level in the DFCs, there were no laterality
defects in the double mutants, as indicated by the expression of
lefty-2, an asymmetry marker expressed in the lateral plate meso-
derm of early zebrafish larvae (Appendix Fig S2J; Zhao & Mal-
icki, 2007). Moreover, the number and length of cilia in the
Kupffer’s vesicle was comparable between control and mutant
embryos (Appendix Fig S2E-G). These data suggested that Rassf7
proteins were neither essential for ciliary development, nor for left—
right asymmetry determination.

Locomotion defects of rassf7a mutants after SCI

Although rassf7a showed abundant expression in the central ner-
vous systems, the development of spinal cords was grossly nor-
mal in rassf7a mutants as suggested by the normal thickness
visualized via Tg(huc:GFP) or Tg(foxjla:HA-tdTomato) transgenic
lines (Appendix Fig S3A-E). We further asked whether mutant
spinal cord will exhibit developmental defects in stress-induced
conditions. Considering the high expression of rassf7a in the cen-
tral nervous systems (Fig 1A-C), we evaluated the regeneration
efficiency of spinal cord after injury. For this, we transected the
spinal cord with a beveled microinjection pipette at 3 days post-
fertilization and investigated the regeneration efficiency at differ-
ent time points after injury (Fig EV1A and B). Similar to
previously report, the wound sites were gradually closed at
around 48 h post-injury (hpi; Ohnmacht et al, 2016). Spinal cord
was fully regenerated at around 7 days

after transection
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(Fig EV1C). After regeneration, most larvae displayed a straight
body axis, while some exhibited dorsal bending at varying degrees
(Fig EV1D). Surprisingly, we found a significant increase in the
percentage of embryos exhibiting dorsal bending phenotype in
rassf7a mutants after SCI (16% in wild-type, n = 459 vs 60% in
the mutants, n = 723; Fig 1D-F). In most cases, regenerated lar-
vae with severe dorsal bending failed to swim straight and could
not react properly to touch stimulus (Movies EV1 and EV2).

To further analyze locomotion, we monitored the behavior of
zebrafish larvae at 6 days post-injury (dpi) using EthoVision XT11,
a professional behavior tracking software (Fig 1G and H). Under the
tapping stimulus condition, the motion distance and velocity
decreased significantly in the mutant larvae (Fig 1G-J). Moreover,
mutant larvae static state lasted longer than that of control zebrafish
(Fig 1K). We further compared the motion capability of wild-type
and mutant larvae with straight and curved body axis at 6 dpi.
Clearly, the movement of larvae with dorsal bending was signifi-
cantly weaker than those of the straight larvae in both wild-type
and mutant groups (Fig EV1E and F). Strikingly, wild-type larve
with straight body axis were also more active than those of mutant
larvae with straight body axis (Fig EV1G).These data suggested that
rassf7a mutant embryos exhibited locomotion defects at 6 days after
spinal cord injury.

Axonal regeneration defects in rassf7a mutants after SCI

To clarify the reason of locomotion defects in mutants, we generated
rassf7a homozygotic mutants carrying either the Tg(gfap:GFP) or Tg
(huc:GFP) transgene, which labels neural glial and neuronal cells
respectively. These transgenes allow for the gap in the lesion sites
to be easily visualized after injury (Fig 2A). In wild-type larvae, both
HuC and GFAP expressing cells started to accumulate at the injury
site rather quickly between 1 and 3 days after injury (Fig 2A-C). Till
7 dpi, the fluorescence gaps were almost completely recovered for
both wild-type transgenes (Fig 2A). Interestingly, we found no dif-
ference in the areas of GFP expression in the glial cells at the lesion
sites between wild-type and rassf7a mutants (Fig 2B). By contrast,
the recovery of fluorescence signals in the Tg(huc:GFP) transgene
were significantly delayed in the mutants (Fig 2C). We further mea-
sured the thickness of GFP fluorescence signals in both straight and
curved larvae at 5 and 7 dpi. As shown in Fig EV1, the regenerated
HuC" fascicles were significantly thinner in both straight and curved
larvae of the mutants (Fig EV1H-J).

We further employed rassf7a-targeted vivo morpholinos (MOs)
to knockdown rassf7a expression in wild-type embryos. The

© 2022 The Authors
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Figure 2. Recovery of neural and glial cells in rassf7a mutants after injury.

huc:GFP at the lesion site

1.0 - wt (n=26)
& 7a" (n=24)

P<0.0001
p<0.0001
p<0.0001

p=0.0115

p=0.8965

0dpi 1dpi 3dpi 5dpi 7dpi

Relative GFP expression area

A Representative images showing GFP expression in wild-type or rassf7a mutants carrying Tg(gfap:GFP) or Tg(huc:GFP) transgene at different time points as indicated.

Bottom rows showing the magnified views near the lesion sites.

B Line plots showing relative expression level of GFP fluorescence at the lesion sites in wild-type and rassf7a mutants at different time points as indicated.
C Statistical results showing relative expression area of GFP fluorescence at the lesion sites of Tg(huc:GFP) transgenic larvae.

Data information: In panel (A), the white rectangle and red dashed box indicate the fixed size for GFP fluorescence measurement and the neural tube respectively.
Relative GFP expression area was calculated by the ratio of the GFP expression area in the white rectangle to the size of the neural tube (see methods for the details). P
values for Two-way ANOVA with Bonferroni’s multiple comparisons test (B, C) are indicated. Data are shown as mean + S.E.M. N =7 biological replicates per group. Each

data point represents an average of each group as indicated. Scale bars: 500 pm.

knockdown efficiency of this MO was first validated via coninjection
with a reporter construct at one cell stage, which showed that this
MO can reduce the expression of GFP to the background level
(Appendix Fig S4A-C). Next, we injected rassf7a or control MOs
into the Tg(huc:GFP) transgenic embryos at the lesion sites

© 2022 The Authors

immediately after injury and found that rassf7a knockdown signifi-
cantly obstructed the recovery of GFP fluorescence
(Appendix Fig S4D and E). Meanwhile, we overexpressed Rassf7a
protein in the mutants by injecting rassf7a under a heat shock indu-
cible promoter. After heat shock, the GFP fluorescence signals
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improved significantly, while overexpression of tdTomato alone
failed to prevent the regeneration defects in the mutants
(Appendix Fig S4F). Of note, ectopic expression of Rassf7a also
slightly increased the recovery of GFP fluorescence in wild-type lar-
vae (Appendix Fig S4G).

Axonal regrowth is necessary for the functional recovery of
spinal cord in larval zebrafish (Bhatt et al, 2004; Ohnmacht
et al, 2016), we further analyzed axonal regrowth and glial bridge
formation in the mutants through a combination of immunohisto-
chemical (anti-acetylated alpha tubulin staining) and transgenic
marker (gfap:GFP) labeling. Similar to previous report (Wehner
et al, 2017), the majority of fascicles (65%, n = 58 fasicles) that
entered the lesion sites were composed of axonal-only processes at
1 dpi in wild-type larvae (Fig EV2A and B). The glial-only and mixed
processes were also detectable (Fig EV2B). Noticeably, the propor-
tion of these fascicles were similar between mutant and control lar-
vae (Fig EV2A and B). The percentages of larvae with axonal or
glial processes were comparable, and the axonal bridges were also
of similar length between mutant and control larvae at 1 dpi
(Fig EV2C and D). By contrast, the thickness of these axonal
bundles was significantly reduced in both straight and curved
groups of the mutant larvae at 5 dpi (Fig EV2E and F). These data
revealed that the initial formation of axonal and glial bridge was not
affected, while axonal regeneration during later stages were inhib-
ited in the absence of Rassf7a.

Mutation of Rassf7a affected the neuronal differentiation of
newborn cells

The later-onset axonal regeneration defects in the mutants may
due to the deficiencies of the production of neuronal cells at the
lesion sites. To test this, we evaluated the numbers of newborn
neurons via BrdU labeling. Starting at 1 day after injury, multiple
BrdU" cells accumulated at the lesion sites (Fig 3A). These BrdU"
cells include differentiated neuronal cells (huc:GFP), glial cells
(gfap:GFP), together with cells involved in immune response and
dermal and myogenic repair as previously reported (Suzuki
et al, 2005). Noticeably, we observed a higher number of BrdU*
neurons or glial cells in the wounded region at 3 dpi, while the
number of these BrdU" cells decreased at 5 dpi with the recovery
of spinal cord (Figs 3A-F and EV3). Next, we compared the num-
ber of BrdU" neurons between wild-type and mutant larvae. As
shown in Fig 3, the number of BrdU" neurons decreased signifi-
cantly in rassf7a mutants (Fig 3B-E). By contrast, there was no
significant difference in the number of BrdU" glial cells between
wild-type and mutant larvae (Fig 3B-D and F). These results
implied that Rassf7a loss mainly affected the neuronal differentia-
tion of newborn cells.

During neurogenesis in zebrafish larvae, neurons are mainly dif-
ferentiated from neural progenitor cells (NPCs). The reduced num-
ber of BrdU" neuronal cells promoted us to further investigate
whether Rassf7a malfunction can cause proliferation defects of the
neural progenitors. Sox2 is one of the earliest transcription factors
expressed in neural stem and progenitor cells (Graham et al, 2003).
We further analyzed the proliferating ability of Sox2 expressing cells
after spinal cord injury by co-immunostaining anti-Sox2 antibody
with antiproliferating cell nuclear antigen (PCNA) antibody, a
marker of cell proliferation (Fig 3G). In the spinal cord, Sox2 is
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mainly expressed in the radial glial progenitor cells near the central
canal. High number of proliferating cells (Sox2"/PCNA™) can be
easily identified at the lesion sites in wild-type larvae (Fig 3G-I). By
contrast, the number of Sox2"/PCNA" cells was significantly
decreased in rassf7a mutants (Fig 3G-I). Altogether, these data sug-
gested that Rassf7a regulates the proliferation of neural progenitor
cells and the neuronal differentiation of newborn cells after SCI.

rassf7a is mainly expressed in neural progenitor cells

The proliferation defects of neural progenitors suggested that Rass-
f7a may regulate the differentiation of these cells directly. Next, we
asked whether rassf7a was expressed in these progenitor cells. First,
we performed fluorescence in situ hybridization (FISH) to check the
colocalization between rassf7a and several markers of different neu-
ral cell types, including neuronal cells (huc) and neural progenitors
(msil and sox2). At 24 hpf, rassf7a expression was distributed
throughout the neural tube (Fig 1A-C, Appendix Fig S5). While we
did not find colocalization between rassf7a and huc, part of rassf7a
was colocalized with msil and sox2 expression (Appendix Fig S5A—
I). Noticeably, both msil and sox2 were widely expressed in the
neural tube at this stage, suggesting a broad distribution of neural
progenitors at early stages (Appendix Fig SS5E and H). The expres-
sion level of rassf7a decreased substantially in the mutants, further
confirmed the specificity of these fluorescent signals as well as NMD
effects of the mutants (Appendix Fig SSA’-I'). At 3 dpf, the expres-
sion of rassf7a was mainly accumulated in the central canal, where
the neural progenitor cells were dispersed as indicated by sox2 and
msil staining. We detected strong overlap signals between rassf7a
and msil, sox2 near the central canals, where the staining of huc
was absent (Fig 4A-0).

Next, we performed fluorescence-activated cell sorting (FACS)
experiment to confirm the co-location between rassf7a and sox2.
First, we sorted Huc" cells and Sox2" cells from Tg(huc:GFP) or Tg
(sox2:s0x2-2a-sfGFP) transgenic larvae at 3 dpf. Quantitative real-
time PCR (qPCR) results showed that rassf7a was mainly present in
the Sox2" cells with lower detectable levels in Huc" cells (Fig 4P). In
addition, the expression level of rassf7a in the Sox2" cells was com-
parable between control (uninjured) and injured larvae at 10 hpi,
while the expression of rassf7a increased significantly at 3 days
after injury (Fig 4Q and R). Furthermore, we plotted the rassf7a-
expressing cells from two published single-cell transcriptomes
(Cavone et al, 2021; Scott et al, 2021). The expression of rassf7a is
mainly enriched in those neural progenitor clusteres expressing
GFAP and Sox2 (Fig EV4A-D). Altogher, these data suggested that
the expression of rassf7a was highly enriched in the neural progeni-
tor cells at larvae stage.

Rassf7a regulates mitotic spindle orientation in NPCs

We next sought to characterize the cellular basis of cell proliferation
defects in NPCs by performing time-lapse analysis using a Tg(sox2:
s0x2-2a-sfGFP) knock-in transgenic line (Shin et al, 2014). In wild-
type larvae, the dividing GFP™ NPCs can be detected near the lesion
sites. Noticeably, we observed slightly rotation of the longer divid-
ing axis during metaphase to anaphase transition (Movie EV3,
Fig 5A and B), reminiscent of the mitotic-spindle rotations occurred
in a variety of controlled cell divisions (Kaltschmidt et al, 2000;

© 2022 The Authors
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Figure 3. Neuronal differentiation defects in rassf7a mutants after SCI.
A Confocal images showing localization of BrdU positive cells (red) near the lesion sites in wild-type and rassf7a mutants carrying different transgenes. Inserted
images are magnified views.
B-D Dot plots showing the percentages of BrdU/GFP double labeled cells in wild-type and rassf7a mutants at different time points as indicated.
E Statistical plot showing percentages of BrdU labeling neuronal cells at different time points.
F Statistical plot showing percentages of BrdU labeling neural glia cells at different time points after SCI.
G Confocal images showing proliferating neural progenitor cells visualized with anti-Sox2 (green) and anti-PCNA (red) antibodies in wild-type and rassf7a mutants
after SCI.
H, | Dot graphs showing percentages of proliferating Sox2 positive cells in wild-type and rassf7a mutants at one day (H) and three days (I) after spinal cord injury.

Data information: Arrows in (A, G) represent lesion sites. Individual channels of panel (A) were shown in Fig EV3. P values for unpaired Student’s t-test (huc:GFP group in
B and D, C, H, I), unpaired Mann—Whitney test (gfap:GFP group in B and D) and two-way ANOVA with Bonferroni’s multiple comparisons test (E, F) are indicated. Data are
shown as mean + S.E.M. N = 3-5 biological replicates per group in (A-F), N = 3 biological replicates per group in (G-I). Each data point represents an individual fish in
(B-D) and (H and 1), and averages of each group were indicated in (E, F). Scale bars: 20 um in (A, G).

Haydar et al, 2003; Fededa et al, 2016). We measured the rotation
angles of the spindle axes between their initial position at the meta-
phase and final dividing position at the anaphase (Fig 5B). In wild-
type larvae, the spindle rotation of these NPCs was mainly restricted
to a small field, ranging from 0° to 45° (average = 31.07° + 5.446°,
mean + S.E.M.; Fig 5C). By contrast, cell divisions were relatively
less common in rassf7a mutants. The spindle rotation angles were
significantly increased to a great extent in the mutants with an aver-
age of 55.76° + 8.989° (mean + S.E.M.; Fig 5C-E, Movie EV4).
Such abnormal mitotic spindle rotation of NPCs was also present in

© 2022 The Authors

the rassf7a morphants (Fig EV5A-D). In some case, we could see
cell rotates nearly 360° (Movie EV5). Moreover, the rotation defects
also delayed the mitosis process as demonstrated by the elongated
cell division time (Figs 5F and EV5E).

Cell divisions of the NPCs can be either symmetric or asymmet-
ric. The symmetric division expands the pool of progenitor cells,
while asymmetric division produces another daughter progenitor
cell and, most importantly, a second daughter cell that can be
further differentiated into neurons (Alexandre et al, 2010). The gen-
eration of symmetric or asymmetric cell division is mainly regulated
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Double fluorescence in situ hybridization results showing the localization of rassf7a (A, E, 1) and huc (B), msil (F) or sox2 (J) on the cross sections of spinal cord of

72 hpf zebrafish larvae. Panels (D), (H) and (L) are magnified views of the boxes indicated in panels (C), (G) and (K).

M-0 Line profile plots showing the pixel intensities of green and red channels along the dotted rectangles as indicated in panels (D), (H) and (L).
P gRT-PCR results showing the relative expression level of rassf7a in Sox2" or Huc" cells as indicated.
Q. R gRT-PCR results showing the relative expression level of rassf7a in Sox2* cells between control and injured larvae at 10 hpi (Q) and 3 dpi (R) as indicated.

Data information: P values for unpaired Student’s t-test with Welch’s correction (P-R) are indicated. Data are shown as mean + S.E.M. N = 10-12 biological replicates
per group in (A-L). N = 3 biological replicates per group in (P-R). Each data point in (P-R) represents a biological replicate. Scale bars: 10 um in (A-L).

by spindle orientation of the NPCs. During neurogenesis, several
studies have showed that neurons are prone to be generated from
the more apical daughter cells during the asymmetric perpendicular
division (the cleavage plane is close to parallel to the apical surface;
Bultje et al, 2009; Alexandre et al, 2010; Dong et al, 2012). Similarly,
by microinjecting H2B-GFP mRNA into the Tg(huc:Gal4;uas-
mCherry) double transgenic embryos, we observed the expression
of mCherry in the daughter cells from three out of eight cells under-
going perpendicular division (Movie EV6). In one case, we also
found that mCherry proteins are expressed in both daughter cells
differentiated from a vertically divided cell (Movie EV7). By con-
trast, we did not find any red fluorescence signals in the daughter
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cells from planar symmetric division of the NPCs (n = 8;
Movie EV8). These data suggested that perpendicular division of
NPCs is critical for the generation of neurons.

Next, we further explored the final orientation of cell divisions
by measuring the angles between cell division axis and the anterior—
posterior axis (Fig 6A and B). In wild-type larvae, more than 50% of
the progenitor divisions were within 45° of the dorsal-ventral axis
with the maximum occurring in the 75-90° sector, which probably
would undergo an asymmetric division to generate differentiating
neurons (Fig 6B and C). In rassf7a mutants, over 63% of cell divi-
sions were within 30° of the anterior—posterior axis with the maxi-
mum occurring in the 0-15° sector, which were prone to undergo
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planar division and generate two daughter progenitor cells (Fig 6C). RASSF?7 is essential for mitosis in cultured cells

These results were further confirmed via rassf7a morpholino

(Fig 6A and D). Together, these time-lapse results showed that both The proliferation defects of the NPCs in the mutants suggested a role
cell proliferation and spindle orientation of the proliferating NPCs of Rasssf7 during cell division, which promoted us to further charac-
were affected in the absence of Rassf7a. terize the subcellular localization profile of Rassf7 during mitosis.
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Figure 5. Abnormal mitotic spindle rotation of NPCs in rassf7a mutants after SCI.

A Sequences of time-lapse photographs to illustrate mitotic rotation of a single neural progenitor cell in wild-type or rassf7a mutants expressing Sox2"-GFP transgene.
g g g Y| g 3

Anterior is to the left, dorsal is to the up. Time is in min:sec.

B Diagram showing the rotation angles of the spindle axis during metaphase (orange dashed line) to anaphase (red dashed line) transition.
Statistical analysis of angles of mitotic spindle rotation in wild-type or rassf7a mutants. The outer circle indicates the same rotation angles occurred in two individual

cells. The number of NPCs counted is shown in the bottom.

D Statistical plot showing the distribution of dividing cells with different rotation angles in wild-type and rassf7a mutants.
E History plots of mitotic spindle orientation in wild-type and rassf7a mutants at different time points. Green dashed lines indicate 45° spindle rotation.

F Bar graph showing the time of NPCs division in wild-type and rassf7a mutants.

Data information: P values for unpaired Student’s t-test (C) and Mann—-Whitney test (F) are indicated. Data are shown as mean + S.E.M. Each data point represents a

cell. Scale bars: 5 um.

wt

7a”

7a MO

Figure 6. Spindle orientation defects in rassf7a mutants.

wt (n=38) 7a”- (n=49)

{e}

ctr MO (n=18) 7a MO (n=30)

A Time-lapse images showing representative NPCs undergoing perpendicular (wt) or horizontal (mutant and morphant) cell division. The red dashed lines indicate

spindle orientation at anaphase.

B Diagram illustrating how the spindle angle was measured between axes defined by the anaphase spindle and anterior—posterior.
Distribution of dividing NPCs with different spindle angles in wild-type and rassf7a mutants.
D Spindle orientation in control and rassf7a morphants. The percentages of progenitor cells with different spindle angles are shown within six 15° sectors. n represents

the number of NPCs. Time is in min:sec. Anterior is to the left, dorsal is to the up.

Data information: P values for Fisher’s exact test (C, D) are indicated. Scale bars: 5 um.

First, we generated stable cell line expressing Flag-tagged RASSF7 in
hTERT-RPE-1 cells and determined the protein localization during
mitosis using anti-Flag antibody. Immunofluorescence showed that
RASSF7 localized to the cytoplasm with enrichment in the centro-
some during interphase, as demonstrated by the colocalization anal-
ysis with y-tubulin and PCMI1, two centrosomal markers (Fig 7A
and B). During mitotic process, RASSF7 was mainly present at the
spindle pole regions where centrosomes localize (Fig 7C). We fur-
ther overexpressed GFP-tagged Rassf7a into zebrafish embryos and
found similar colocalization between Rassf7a and centrosome
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proteins, y-tubulin and Centrin (Appendix Fig S6, Movie EV9). Next,
we performed knockdown analysis through siRNA approach. The
knockdown efficiency was first evaluated by quantitative real-time
PCR (Fig 7D). Similar to the NPCs in rassf7a mutants, the percent-
ages of proliferating cells were significantly decreased in RASSF7
knockdown cells, as indicated by Ki67 or phospho-Histone H3
(pH3) antibody staining (Fig 7E-H). Further time-lapse imaging
showed that the average cell division time was substantially delayed
in the knockdown cells (Fig 7I and J, Movies EV10 and EV11).
What’s more, the percentages of dividing cells was also decreased
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Figure 7. Knocking down of RASSF7 resulted in cell proliferation defects.
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A, B Subcellular localization of RASSF7 in hTERT-RPE-1 cells. The distribution of RASSF7 was visualized with anti-Flag antibody (green). The centrosome was stained by
anti-y-tubulin (red, A) and anti-PCM1 (pericentriolar material 1) antibody (red, B), nuclei were labeled with DAPI (blue). N = 3-6 biological replicates per group.

C During mitosis, localization of RASSF7 was enriched in the spindle poles (green), together with y-tubulin (red). N = 6 biological replicates.

D gRT-PCR results showing the relative expression level of RASSF7 in control or siRNA-treated cells N = 3 biological replicates per group. Each data point represents a

biological replicate.

E, F Representative staining results for Ki67 (red, E) and pH3 (red, F) positive cells in siRNA treated hTERT-RPE-1 cells.
G, H Quantitative results of the percentages of Ki67 (G) and pH3 (H) positive cells in control or RASSF7 siRNA-treated cells. N = 4 biological replicates per group. Each

data point in (G, H) represents a biological replicate.
| Sequences of time-lapse photographs to illustrate mitotic divisions in control or RASSF7 siRNA-treated hTERT-RPE-1cells.
J Bar graph showing the time of cell division in control or RASSF7 siRNA treated cells. N = 6 biological replicates per group. Each data point represents a cell.
K Bar graph showing percentages of divided cells in control or RASSF7 siRNA treated groups. N = 6 biological replicates per group.

Data information: P values for unpaired Student’s t-test (D, G, H), Mann—Whitney test (J) and Fisher’s Exact test (K) are indicated. Data are shown as mean + S.E.M. Scale

bars: 20 pm in (A, E), 8 um in (B), 7.5 pum in (C), 100 pum in (F), 10 pumin (1).
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when RASSF7 was depleted (Fig 7K). Thus, both in vitro and in vivo
data suggested that RASSF7 played a critical role during cell prolifer-
ation.

Transcriptome analysis showed gene expression changes in
rassf7a mutants after SCI

Next, we performed RNA transcriptome analysis on the injury sites of
wild-type and rassf7a mutants at 3 days after injury. In wild-type lar-
vae, we found about 1,288 differentially expressed genes (DEGs) at
this time point of the regeneration process. By contrast, a total of
7,709 DEGs were found between the control and injured mutant
groups, clearly suggesting that the whole gene regulatory network was
significantly changed in the mutants (Appendix Fig S7A-C). Interest-
ingly, we found many genes involved in cell cycle regulation were
upregulated in wild-type larvae, but remained unchanged in the
mutants, and some even showed decreased expression
(Appendix Fig S7D). Similarly, we found the expression of genes
involved in axon elongation or spindle polarity, such as vangl2, pard3,
remain unchanged in the mutants, while the expression of these genes
got increased after SCI in control siblings (Appendix Fig S7E and F).
Thus, the RNA transcriptome analysis results further demonstrated
expression changes of genes involved in cell proliferation and polarity
regulation in the absence of Rassf7a after spinal cord injury.

Discussion

Spinal cord injury is a devastating trauma suffered by many people
in the world. Unfortunately, neuron regeneration within the

Panpan Zhu et al

injured spinal cord is still unfeasible in mammals and the underly-
ing mechanisms remain poorly understood. By contrast, zebrafish
exhibit high regeneration capacity after SCI, providing a powerful
model to decode the mechanisms of spinal cord regeneration.
Here, we showed that Rassf7a, a member of the Ras-association
domain protein family, regulated spinal cord neurogenesis after
SCIL. Expression of rassf7a was restricted in the central nervous
systems, with higher enrichment in the neural progenitor cells
(Figs 1 and 4). Subcellular localization analysis suggested that
Rassf7a was a centrosomal protein localized to the spindle pole
during cell division. In agreement with this, Rassf7a deficiency
resulted in spindle orientation defects during asymmetric division
of NPCs. In zebrafish, as well as in mammals, the asymmetric
division of NPCs gives rise to one neuronal cell and another NPC,
which is the major pathway for newborn neuron development dur-
ing neurogenesis. In the absence of Rassf7a, the asymmetric divi-
sion characterized by the presence of cleavage planes
perpendicular to the apical-basal axis of the radial-glial cells was
significantly prohibited, thus less neurons could be generated. By
contrast, NPCs were prone to undergo symmetric division in the
mutants. Thus, the balance between symmetric and asymmetric
division was disrupted in the mutants (Fig 8). In addition to that,
the proliferation of NPCs was also prevented in the mutants as
demonstrated from both live imaging and PCNA labeling assay. In
such case, fewer neurons were generated in the mutants, leading
to final regeneration defects.

How does Rassf7a influence spindle orientation? Spindle orienta-
tion is usually regulated by the astral microtubules through interac-
tion with cell cortex. Interestingly, human RASSF7 protein was
shown earlier to regulate cellular microtubule dynamics (Recino

Basal surface

Apical surface

®-B<

Spindle rotation

@ Centrosome <./: Glial progenitor cell

Rassf7a @ﬁ? Neuronal precursor cell 1]'/(
o Nucleus ~@— Neuron

Basal surface

Apical surface

Asymmetric cell division wt

Figure 8. Model illustrating the role of Rassf7a during cell division of NPCs.

Rassf7a locates to the spindle pole and orchestrates spindle rotation during cell division of neural progenitor cells. Rassf7a deficiency results in spindle orientation
defects characterized by increased rotation angles and decreased perpendicular (asymmetric) cell divisions (See Discussion).

12 of 17 EMBO reports  24: e54984 | 2023

© 2022 The Authors



Panpan Zhu et al

et al, 2010; Takahashi et al, 2011; Wang et al, 2016). Rassf7a may
regulate spindle orientation through mediating the pulling forces
generated on the astral microtubules. The detailed regulatory mech-
anisms are still unknown. Rassf7 has been shown earlier to regulate
FGF/MEK/ERK signaling through binding to RAS proteins (Wang
et al, 2016; Zhang et al, 2018a). Remarkably, the RAS-regulated ERK
signaling is also vital for the spindle orientation during lung tube
development, suggesting a similar role of FGF during spindle polar-
ity establishment (Tang et al, 2011). It is conceivable that Rassf7a
may function downstream of FGF signals to activate ERK signaling,
which further influences centrosomal components of the mitotic
spindle to organize spindle orientation.

Although Rassf7a was strongly expressed in the central nervous
systems, CNS development is grossly normal in rassf7a mutant lar-
vae (Appendix Fig S3A-E). Even in the absence of both Rassf7a and
Rassf7b proteins, zebrafish mutants could still develop normally in
larvae stage. It is possible that other RASSF proteins compensate for
the loss of Rassf7 proteins, especially considering the highly con-
served protein structures in this family (Richter et al, 2009;
Underhill-Day et al, 2011). After acute spinal cord injury, neural
progenitor cells undergo rapid cell proliferation, which may require
a high level of Rassf7 proteins to promote neurogenesis as suggested
in Fig 4R. The gene regulation systems may fail to fully compensate
for the loss of Rassf7a proteins which, eventually, leads to prolifera-
tion defects of neural progenitor cells, resulting in delayed axonal
regeneration after SCI.

In summary, our data demonstrated the role of Rassf7a during
the proliferation of neural progenitor cells after SCI. During spinal
cord regeneration, neural progenitor cells represent one of the major
resources for the generation of newborn neurons. Recently, trans-
plantation of neural progenitor cells, or other stem cells, has shown
promising therapeutic effects both in SCI animal models and human
patients (Antonic et al, 2013; Chen et al, 2017). Our data provided a
novel function of Rassf7a during the proliferation of neural progeni-
tor cells in an animal model with high spinal cord regeneration
capacity. Further in-depth studies on neuron differentiation mecha-
nisms may help us find better ways to improve axonal regeneration
and motor function in SCI patients.

Materials and Methods
Ethics statement

All zebrafish study was conducted according standard animal guide-
lines and approved by the Animal Care Committee of Ocean Univer-
sity of China (Animal protocol number: OUC2012316).

Animals

All zebrafish strains were maintained at 28°C on a 14-h (h) light/10-
h dark cycle. Embryos were raised at 28.5°C in E3 medium (5 mM
NaCl, 0.17 mM KCI, 0.39 mM CaCl,, 0.67 mM MgS0O,) following
standard protocols. CRISPR/Cas9 technology was used to generate
zebrafish rassf7a mutants with the following target site for single
guide (sg) RNA (5-AGTCCAAGCAGGGTTTACCT-3'). The rassf7b
mutant strain was constructed using the TALEN system with the fol-
lowing binding sequences: 5-TATGTTCTCATCCAGAAAC-3’ and 5'-
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GGCAGCTTATGGCCAATGA-3'. The sgRNA synthesis and TALEN
plasmids constructions were similar to previously described (Zhang
et al, 2018b). The primer sequences used for mutant detection were
listed in Appendix Table S1. The Tg(huc:GFP) and Tg(gfap:GFP)
transgenes were gifts from Dr. Jiulin Du (Institute of Neuroscience,
Shanghai), the Tg(sox2:s0x2-2a-sfGFP) was a gift from Dr. Lilianna
Solnica-Krezel. The Tg(foxjla:HA-tdTomato) was generated using
Multisite Gateway recombination with the following constructs:
pDEST vector, p5e-foxjla, pPDONR221-HA-tdTomato and p3e-polyA.
Multisite gateway cloning was performed according to the standard
protocol from Invitrogen (Life Technologies).

In situ hybridization

Full length or partial cDNA fragments were PCR amplified from a 24
hpf wild-type zebrafish cDNA library and cloned into pGEM-T vec-
tor. The primer sequences used for PCR amplification were listed in
Appendix Table S1. Probe preparation and whole mount in situ
hybridization were carried out following standard protocols. For flu-
orescence in situ hybridization, zebrafish embryos were first incu-
bated with digoxigenin- and fluorescein-labeled RNA probes, then
followed by sequential detection using POD labeled anti-
Digoxigenin and POD labeled anti-Fluorescein antibodies. Briefly,
embryos were first incubated with probes for hybridization, then
serially washed with 50% formamide/2 x SSCT, 2 x SSCT,
0.2 x SSCT, MABT (100 mM Maleic acid, 150 mM NaCl, 19,
Tween-20) and PBST. After that, embryos were refixed in 4% PFA
for 4 h at room temperature (RT), cryoprotected in 30% sucrose at
4°C overnight, then further processed for cryosectioning. After
briefly washing with PBST and MABT, slides were blocked in block-
ing solution for 30 min at RT, then incubated with POD labeled
anti-Digoxigenin antibody at 4°C overnight. Next day, the
digoxigenin-labeled probe was first detected with TSA Plus Cy3
Solution (Perkin Elmer). After signal quenching steps, the slides
were incubated again with POD labeled anti-Fluorescein antibody at
4°C overnight. Finally, the slides were washed and detected with
TSA Plus Fluorescein solution (Perkin Elmer). The staining images
were captured with Leica SP8 confocal microscope.

Spinal cord injury

Three dpf zebrafish larvae were first anesthetized with 0.01% Tri-
caine in E3 water, then placed on another Petri dish to remove
excess medium. The spinal cord was transected with a beveled
microinjection pipette at the dorsal site above the end of the yolk
extension, and the notochord and major blood vessels should be
intact to ensure a > 95% survival rate at 5 dpi for both mutant and
control larvae. After injury, the larvae were placed in a 96-well plate
with fresh E3-water to recover for 2 h. Then, the dead larvae were
removed and survived larvae were changed with fresh E3 water,
and cultured for further analysis (Fig EV1A and B).

Locomotion behavior assessment

Individual zebrafish larva was transferred into 24-well plate with
fresh E3 medium at 6 days after injury. Then, the plate was placed
inside the Daniovision (Noldus) observation chamber for further
behavior analysis. Video-tracking of swimming activity, tapping
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stimulation experiments and further statistical analysis were per-
formed using the EthoVision™ XT10 software. Behavioral data were
shown as total swim distance (cm), average velocity (cm/s) and
cumulative duration time (s) at a duration for 500 s or 300 s.

BrdU labeling and immunohistochemistry

For BrdU labeling assay, 10-15 embryos were first transferred into
48-well plate shortly after injury, or at 2 and 4 days after injury,
then incubated with 10 mM BrdU (Invitrogen) in E3 culture medium
for 1 h at 28.5°C. After that, the culture medium was replaced with
fresh E3 medium for 24 h, then the treated larvae were fixed with
4% PFA overnight at 4°C. After briefly wash with PBST, the fixed
larvae were cryoprotected in 30% sucrose overnight. Approximately
800 pum fragments located proximal to the damaged site from both
sides of the lesion were collected and embedded in OCT medium.
Coronal sections were collected from dorsal to ventral at 14 um
thickness on a Leica CM1850 cryostat. Sections were further incu-
bated in 2 N HCI for 90 min at room temperature, then proceeded
for immunostaining. For PCNA antibodies immunofluorescence
staining, embryos were fixed in 4% PFA at 4°C overnight, then
embryos were further proceeded for cryosectioning. Antigen
retrieval was performed on sections by incubating with 10 mM
sodium citrate for 30 min at 65°C, followed by regular immunos-
taining protocol. Immunohistochemistry on whole-mount larvae
and cryosections were performed as previously described (Leventea
et al, 2016). The following antibodies were used: rabbit anti-
acetylated o Tubulin (1:500, Cell Signaling Technology), rabbit anti-
Sox2 (1:500, Abcam), mouse anti-BrdU (1:500, Invitrogen), mouse
anti-PCNA (1:500, Sigma), rabbit anti-y-Tubulin (1:2,000, Sigma-
Aldrich), mouse anti-Flag (1:200, Sigma-Aldrich), rabbit anti-PCM1
(1:1,000, Cell Signaling Technology), rabbit anti-Ki67 (1:300,
Abcam), rabbit anti-pH3 (1:500, Bethyl Laboratories).

Overexpression and knockdown experiments

For rescue experiments, full-length rassf7a gene was first cloned
into pDONR221 Gateway entry vector, then final construct was
made by Multisite Gateway technology with the following vectors:
pSe-hsp70l, pDONR221-rassf7a, p2rp3-HA-tdTomato and pDestTol2.
For control experiments, the pDONR221-rassf7a, p2rp3-HA-
tdTomato was replaced by pDONR221-HA-tdTomato, p3e-polyA
respectively. Both rassf7a and control plasmids were microinjected
into single-cell stage embryos at a concentration of 40 ng/ul,
together with 50 ng/ul transposase mRNA. The injected embryos
were first heat induced at 24 hpf for 4 h at 37°C, then fluorescent
embryos were collected and further transferred into a new Petri dish
containing fresh E3 medium. These embryos were further main-
tained at 28.5°C. At 3 dpf, embryos were heat induced at 37°C for
4 h, then followed by spinal cord injury. After that, embryos were
maintained at 28.5°C and heat induced every day for 2 h periodi-
cally until further analysis.

To knockdown the expression of rassf7a in wild-type larvae, 1 pl
of rassf7a vivo morpholino (5-AGCTCCATCAGAGGCACCAAGC
ACA-3') was injected at both sides of the lesion site at a concentra-
tion of 0.25 mM immediately after SCI. A standard control vivo
morpholino (5’-CCTCTTACCTCAGTTACAATTTATA-3) was
injected similarly. The injected larvae were collected at different

14 of 17  EMBO reports 24: e54984 | 2023

Panpan Zhu et al

time points after injury for further analysis. To verify the efficiency
of rassf7a morpholino, we first cloned the exon of rassf7a contain-
ing the translation start site and morpholino binding site, and then
fused in frame to the N-terminus of GFP driven by a CMV promoter.
The report construct was injected together with rassf7a or control
morpholinos to test the expression of GFP. The primer sequences
used for generating the constructs were listed in Appendix Table S1.

Fluorescence-activated cell sorting (FACS)

To isolated single cells expressing Huc or Sox2, about one hundred
3 dpf zebrafish larvae carrying Tg(huc:GFP) or Tg(sox2:sox2-2a-
SfGFP) transgene were first anesthetized and decapitated with
tweezers. The trunk containing the whole spinal cord was trans-
ferred into 1.5 ml microcentrifuge tubes (50 larvae per tube), then
washed with Dulbecco’s Phosphate Buffered Saline (D-PBS) without
calcium and magnesium (Sangon Biotech, # E607009). After briefly
dissociated with 1 ml pepet tips, 60 pl 0.25% trypsin was added to
the tube and incubated at 37°C for 20 min. After that, the digestion
reaction was stopped by adding 600 ul DMEM containing 30% FBS
for 5 min, then centrifuged at 700 g for 5 min. After briefly wash
with D-PBS, the cell suspension was filtered with 40 pm nylon mesh
(Sangon Biotech, # F613461). The GFP-positive cells were collected
using WOLF G2 (NanoCellect) or BD FACSAria II (BD Biosciences).
Total RNA from 1 x 10° sorting cells was extracted with the
RNAqueous™-Micro Total RNA Isolation Kit (ThermoFisher, #
AM1931).

Quantitative RT-PCR

Reverse transcription of RNA was performed with HiScript III RT
SuperMix for qPCR kit (Vazyme, # R323-01). qRT-PCR was set up
using the Eva-Green Master Mix (ABM) and performed on the
StepOne real-time PCR system (Thermo Scientific). The amplifica-
tion condition parameters were 95°C for 15 s, followed by 40 cycles
of 95°C for 5 s, 60°C for 15 s, and 72°C for 35 s. Each samples had
triplicate reactions. Relative gene expression levels were quantified
using the comparative Cr method (2724CT method) on the basis of
Cr values for target genes and zebrafish f-actin. Primer were
designed to span an exon-exon junction using Oligo 7 software.
Primer sequences are listed in Appendix Table S1.

RNA-seq transcriptome analysis

The trunk regions covering the injury sites were collected from 50
larvae at 3 dpi and immediately transferred into Trizol solution
(Takara). Total RNAs were isolated from these samples in triplicate.
Bulk RNA sequencing was performed by Novogene using Illumina
HiSeq X Ten (Novogene Bioinformatics Technology Co., Ltd., Tian-
jin, China). Data processing was similar to previously described (Xie
et al, 2020).

Cell culture and knockdown analysis
The hTERT-RPE-1 cells were grown in DMEM/F12 (Gibco) media
supplemented with 10% fetal bovine serum (FBS; Gibco, Grand

Island, NY, USA) and 100 IU/ml of penicillin/streptomycin (Gibco),
and maintained at 37°C in a humidified incubator supplied with 5%
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CO,. The expression vector RASSF7-Flag plasmid was transfected
with plasmids psPAX2 and pMD2.G (Addgene) into HEK293T cells
following previously described protocols (Luo et al, 2021). The
supernatant containing virus was filtered through a 0.45-pum mem-
brane and then was added to RPE-1 cells with 6 pg/ml of polybrene
(sc-134220; Santa Cruz). Forty-eight hours later, fresh medium con-
taining 8 pg/ml puromycin was added to replace the virus-
containing medium. Puromycin selection lasted for 2 weeks. The
stable line was then used for subcellular localization analysis. For
knockdown assay, the transfections of siRNAs were performed
using Lipofectamine RNAIMAX (13778; Invitrogen). The final con-
centrations of siRNAs were 30 nM. Control siRNA and RASSF7
siRNA were obtained from Dharmacon, the siRNA sequence of
RASSF7 was: 5-UAAUUCGUGCCAGCCUCCCUGUAAA-3', a general
sequence of 5-UUCUCCGAACGUGUCACGU-3’ was used as a nega-
tive control.

For live-cell time-lapse study, cells treated with RASSF7 siRNA
(siRASSF7) or control siRNA (siControl) for 48 h, and then main-
tained at 37°C in fresh medium (Invitrogen) and monitored with a
spinning disk confocal microscopy (Lecia) equipped with a
temperature-controlled apparatus. DIC (Differential Interference
Contrast) still time-lapse images were acquired with 20x/0.55 objec-
tive in multi-position mode, at 1 pm spacing and 1,024 x 1,024-
pixel resolution every 90 s for 12 h using Andor Dragonfly 200 high
speed confocal platform system and Andor IXON-L-888 EMCCD
camera controlled by Andor Fusion software. The movies were gen-
erated using the Image J software (NIH Image, Bethesda, MD, USA).

Time-lapse imaging and spindle orientation analysis

The Tg(sox2:so0x2-2a-sfGFP) knockin transgenic larvae were microin-
jected with control or rassf7a vivo morpholino immediately after
spinal cord injury. At 1 dpi, the larvae were anesthetized with
0.16 mg/ml Tricaine (Sigma), mounted in 1% low melting-point
agarose (Sigma) in glass-bottom dishes (FD35-100, WPI), then covered
with E3 water containing 0.04 mg/ml Tricaine. Time-lapse images
were collected with IXON-L-888 EMCCD camera equipped on Dragon-
fly 200 Spinning Disk Confocal Microscope using a 40x/1.10 water
objective. Z-stack images were collected every 90 s for a duration of
12 h. Images were further analyzed with Fusion or ImageJ software.

To quantify spindle rotation, the angles were calculated between
the longer axis of metaphase and anaphase stages (Fig 5B). For
spindle orientation analysis, we drew a line across the spindle poles
at mitosis telophase stage, and considered the angle between this
line and antero-posterior axis as a criterion for spindle orientation
(Fig 6B). Spindle orientation in control and rassf7a mutant or mor-
phant cells were quantified using ImageJ software.

To trace the symmetric and asymmetric division of neural pro-
genitor cells, zebrafish embryos carrying Tg(huc:Gal4;uas-mcherry)
transgene were microinjected with H2B-GFP mRNA at one cell stage.
At 24 hpf, the embryos were anesthetized with 0.16 mg/ml Tri-
caine, mounted in 1% low melting-point agarose (Sigma) in glass-
bottom dishes (FD35-100, WPI), then covered with E3 water con-
taining 0.04 mg/ml Tricaine. Time-lapse images were collected with
IXON-L-888 EMCCD camera equipped on Dragonfly 200 Spinning
Disk Confocal Microscope using a 40%/1.10 water objective. Z-stack
images were collected every 90 s for a duration of 8-12 h. Images
were further analyzed with Fusion or ImageJ software.
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Quantifications and statistical analysis

To measure GFP expression level at the lesion sites, we first took
both bright field and fluorescence images using Leica M165FC stere-
omicroscope with the same magnification. Then, a 837 pm x
417 pm area covering the entire lesion site of each zebrafish larva
was selected to measure the green fluorescence area (Fig 2A).The
areas of GFP expression and entire neural tube (red dased box in
Fig 2A) were measured from each fluorescence and bright field
image using ImageJ software, and the ratios were used to evaluate
the regeneration efficiency of each zebrafish larva.

For cell proliferation assay, we selected a grid (200 pmz) next to
the injury sites (within 300 pm) on the coronal sections of the spinal
cord. Within each grid, the number of cells that were labeled with
both BrdU (or PCNA) and GFP was counted using Adobe Photoshop
CS6. The ratio of these double labeled cells to single GFP-positive
cells within the selected area was calculated for each larva to evalu-
ate cell proliferating levels.

The quantification of axonal and glial fascicle was performed fol-
lowing previous studies (Wehner et al, 2017). Briefly, fascicles were
identified as fluorescent protrusions that projected into the injury
site for at least 20 pm or completely through the injury site. The fas-
cicles containing both glial and neuronal fluorescence expression
were classified as “mixed,” otherwise were classified as purely “ax-
onal” or “glial”.

All experiments were performed at least three times. The quanti-
tative data were tested for normality and analyzed with parametric
and non-parametric tests as appropriate. Analysis of the data were
not randomized or blinded. All the statistical methods used were
figure legend and
Appendix Table S2. Differences were considered statistically signifi-
cant at P values below 0.05. Variance for all groups data is pre-
sented as + standard error of the mean (S.E.M.). Graphs were
generated using GraphPad Prism 8.0.2 and SPSS Statistics 23.0.

indicated in each summarized in

Data availability

Bulk RNA-seq data has been deposited to the Sequence Read
Archive (SRA) database under accession numbers PRINA876641
(https://www.ncbi.nlm.nih.gov/bioproject/PRINA876641). The
single-cell RNA sequencing datasets used in Fig EV4 were from two
published single-cell transcriptomes (accession number: E-MTAB-
10390: https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-
MTAB-10390 and GSE173350: https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc = GSE173350).

Expanded View for this article is available online.
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