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PREAMBLE

The possibility of easily manipulating the zebrafish (Danio rerio)
genome with a broad spectrum of genome editing approaches, makes this
organism a valuable model to study neuronal circuit development and
function. In recent years, the CRISPR/Cas9 technology has revolutionized
the possibilities of inducing targeted gene modifications, further
expanding the advantages of this model.

This thesis provides both a technical description of new CRISPR/
Cas9-based tool that we have implemented to induce targeted and tightly
controlled gene disruption, and a report of the utility of the CRISPR/Cas9
system for the generation of mutant lines for the study of genes of interest
in developmental neurobiology.

Inthefirst part, we will present anovel approach that we have developed
to induce conditional gene knock-out in zebrafish. Our strategy is based
on the combination of the CRISPR/Cas9 and the Gal4/UAS technologies
and allows, at the same time, to induce targeted gene inactivation and
labeling of the cells potentially carrying a loss-of-function allele.

In the second part of this thesis, we took advantage of the CRISPR/Cas9
technology to investigate the biological role of the meteorin gene family
during embryonic neurodevelopment. Meteorins are conserved midline-
secreted proteins, potentially involved in the patterning of the embryonic
CNS. Here, we explore the possibility that these molecules are implicated
in the process of axonal pathfinding in zebrafish and we investigate the
effects of meteorins gene disruption on the establishment of the axonal
navigation path of different neuronal populations.






INTRODUCTION

I.I CRISPR/Cas9-based strategy for conditional mutagenesis
in zebrafish

I.1.I Genome editing in zebrafish

A number of unique advantages makes the zebrafish (Danio rerio)
model one of the most attractive for developmental biologists. Being
a vertebrate, it shows high genetic homology with most mammalian
animals, with the majority of orthologues proteins displaying evolutionary
conserved functions. Adult fish are able to generate a very large number
of offsprings per lay (about 200-300), providing a high number of embryos
undergoing a rapid extra-uterine development. Moreover, zebrafish larvae
are optically transparent, making them ideally suited for the live imaging
of several developmental processes. Importantly, in recent years, different
technologies allowing the manipulation of zebrafish genome have been
established, making it possible to generate transgenic and mutant lines
for diverse experimental approaches.

The first zebrafish loss-of-function (LOF) alleles were generated by
non-targeted strategies during forward genetic screens based on the use
of mutagens like N-ethyl N-nitrosourea (Driever, Solnica-Krezel et al. 1996)
or retroviral vectors (Gaiano, Amsterdam et al. 1996). The possibility of
introducing targeted mutations, thus allowing reverse genetic approaches,
was introduced by the development of Zinc Finger Nucleases (McCammon,
Doyon et al. 2011) and subsequently boosted by the establishment of the
Transcription Activator-Like Effector Nucleases (TALEN) (Huang, Xiao et
al.2011) and the CRISPR/Cas (clustered regularly interspaced palindromic
repeats/CRISPR-associated) technologies (Hwang, Fu et al. 2013).

To date, genome editing techniques enable to perform controlled
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knock-in (KI) and knock-out (KO) approaches in zebrafish, expanding the
advantages of this model in biological research (Li,Zhao et al. 2016, Albadri,
Del Bene et al. 2017). The next paragraph will focus on the description
of the CRISPR/Cas9 system and will provide a summary of the different
strategies that have been developed to apply this and other genome editing
techniques to the generation of constitutive and conditional knock-out
lines in zebrafish and other organisms.

L.LLIl The CRISPR/Cas9 system

In prokaryote organisms, the CRISPR/Cas system is an essential
component of the adaptive immunity that allows bacteria and archaea
to antagonize the invasion of exogenous genetic material deriving from
bacteriophages or plasmids (Barrangou, Fremaux et al. 2007, Marraffini
and Sontheimer 2008, Hale, Zhao et al. 2009, Garneau, Dupuis et al. 2010,
Bhaya, Davison et al. 2011). The CRISPR/Cas systems have been classified
into three major types, each of which relies on the ability of RNA molecules
to guide a non-specific nuclease to cut foreign nucleic acids. Among these,
the type II has been specifically optimized to serve as a genome editing
tool for the precise manipulation of eukaryotic genomes (Jinek, Chylinski
et al. 2012, Cong, Ran et al. 2013, Mali, Yang et al. 2013, Malina, Mills
et al. 2013). The resulting system is based on the coordinated activity of
two components: an engineered single guide RNA (sgRNA) containing a
5" sequence of 20 nucleotides (nt) complementary to the target genomic
region and the Cas9 endonuclease catalyzing double-strand breaks (DSBs)
at the desired genomic location. Interaction between the two components
is guaranteed by the 3’ region of the sgRNA, forming a secondary structure
recognized and bound by the Cas9 enzyme. To catalyze efficient DNA
cleavage, the Cas9 nuclease requires a short motif (named the protospacer
adjacent motif, PAM) flanking the 20 nt targeted by the sgRNA on the
genomic DNA. The Cas9 protein derived from Streptococcus pyogenes is
the most widely used for genome editing techniques and requires NGG
as PAM sequence (a typical genomic target site consists of a N21-GG
consensus) (Figure 1). Following Cas9-induced DNA cleavage, the targeted
locus is vulnerable to mutagenesis events induced by the imperfect
repair mechanisms mediated by the non-homologous end-joining (NHEJ)
pathway. NHEJ is an error-prone process and, while promoting the
ligation between the two ends of the damaged DNA, it could lead to the
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generation of small insertions and deletions (indel). Therefore, sgRNAs
binding within the coding region of a gene cause disruption of its open
reading frame (ORF), which, in turn, leads to gene loss-of-function. The
possibility of targeting any region of interest by simply customizing a 20
nt long complementary oligo on the 5’ of sgRNAs makes the CRISPR/Cas9
system an extremely versatile tool for genome editing approaches. For this
reason, in recent years, this technology has imposed itself as the method
of choice for the generation of LOF alleles in diverse model organisms,
including zebrafish (Friedland, Tzur et al. 2013, Gratz, Cummings et al.
2013, Hwang, Fu et al. 2013, Wang, Yang et al. 2013).

target site

Figure 1

Schematic illustration of the CRISPR/Cas9-induced DNA cleavage. Disruption of the
selected locus is achieved by the synergistic activity of two components: a sgRNA
(containing a 20 nt sequence complementary to the target sequence on the geno-
mic DNA) and the Cas9 endonuclease that cut the target site after complex forma-
tion with the sgRNA.

L.L.III CRISPR/Cas9 and tissue specific knock-out

The possibility of generating animals carrying constitutive KO alleles
represents one of the most powerful strategies to explore the function of
a gene of interest. Nevertheless, a number of limitations can result from
a stable gene disruption. Indeed, the analysis of mutant animals might
be strongly impaired by embryonic lethality, compensation mechanisms,
and pleiotropic phenotypes that could be induced by constitutive gene
mutations. In this context, the ability to control gene LOF in a precisely
spatiotemporal-regulated fashion represents a great step forward in
reverse genetic studies. Before the establishment of the CRISPR/Cas9



technology, the golden standard techniques for conditional mutagenesis
in mouse and Drosophila melanogaster were based on the Cre/loxP and
Flippase (Flp)/Flippase recognition target (FRT) systems (Theodosiou and
Xu 1998, Bouabe and Okkenhaug 2013). The first technique makes use of
homologous recombination events to create transgenic animals carrying a
floxed target allele having a couple of 1oxP sites at the 5" and 3" ends of its
sequence. These sites are recognized by the Cre enzyme, having the ability
of catalyzing site-specific recombination in genomic regions containing
loxP sequences. Cre activity promotes the excision of the floxed allele and
results in the subsequent induction of gene inactivation. Therefore, the
generation of Cre-based conditional gene disruption is possible if animals
carrying a floxed target sequence are crossed to a driver line in which
cre expression is controlled by a tissue-specific promoter (Kuhn, Schwenk
et al. 1995). The use of an engineered version of the Cre recombinase, in
which the enzyme is fused to the estrogen receptor (Cre-ER), allows an
additional level of control of gene inactivation, permitting tamoxifen-
induced temporal regulation of Cre activity (Feil, Brocard et al. 1996).
An analogous strategy has been extensively used in D. melanogaster
and is based on the activity of the Flp enzyme, catalyzing site-directed
recombination of DNA sequences flanked by FRT sites (Choi, Vilain et al.
2009). A method for Cre/loxP- and Flp/FRT-induced tissue specific gene
inactivation has also been established in zebrafish (Ni, Lu et al. 2012).
This approach is based on the intronic integration of a gene-trap cassette
that can be inverted by both the Cre or Flp enzymes. The insertion of this
transgene in its neutral orientation does not affect the expression of the
host gene. On the contrary, its integration in the gene-trap orientation
severely disrupt the expression of the targeted locus. Cre or Flp can be
used to invert the orientation of this cassette, thus inducing conditional
KO, in the first case, or conditional rescue, in the second. Nevertheless,
being based on the random integration of the gene-trap cassette, this
system does not allow targeted gene disruption.

A possible alternative strategy has been proposed by Bedell et al.
(Bedell, Wang et al. 2012), who took advantage of TALEN to insert loxP
sites at precise genomic locations. The TALEN approach is suitable for
a relatively simple genetic engineering allowing for site-specific DNA
targeting. Indeed, TALENSs are based on the fusion of a non-specific DNA
cutting domain, derived from the FokI nuclease, and a customizable TALE
DNA-binding domain. This module consists in series of monomers, each
of which specifically binding to one nucleotide, and is responsible for the
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precise and specific targeting of selected DNA sequences. The technique
proposed by Bedell and colleagues uses single stranded DNA (ssDNA)
oligonucleotides as donors for homology directed integration after TALEN-
mediated cleavage (Figue 2). A high-efficiency pair of TALEN is injected
into one cell-stage embryos together with a ssDNA molecule containing a
loxP site. A pair of homology arms, complementary to the genomic regions
flanking the TALEN cutting site, are positioned at the 5" and 3’ ends of the
ssDNA and are responsible for the insertion of the loxP site at the selected
locus by homology directed repair. The “knock-in” of these sequences, if
targeted to the genomic regions flanking a gene of interest, allows the
generation of animals carrying a floxed allele. However, the really low
efficiency of homologous recombination during zebrafish embryonic
development and the long generation time of transgenic lines carrying
floxed alleles represent an important constraint and this approach remain
to be implemented in vivo.

TALEN-induced

DNA cleavage
IOXPX_
ssDNA donor oligo TALEN-induced
DNA cleavage
g’ loxP left HA right HA 3’
_XIOXPX_
ssDNA donor oligo
R

Figure 2

Schematic representation of the TALEN-mediated generation of a floxed allele for
Cre-based conditional gene inactivation.

A. A pair of TALENSs is used to specifically cut the region at the 5' of the target gene.
The simultaneous injection of a ssDNA oligo containing a loxP site flanked by two
homology arms (HA) allows the genomic insertion of the loxP sequence by
homologous recombination (HR). Injected embryos are raised to adulthood and
screened for succesful insertions.

B. Fish carrying the loxP site upstream the locus of interest are subsequently
injected with a second pair of TALENS directed against the 3’ regions of the target
gene. HR mediate the insertion of an additional loxP site, allowing the generation of
a floxed allele (C) in which the target region is flanked by the two loxP sites.
Conditional expression of cre would induce targeted gene disruption at the
engineered locus.



Similarly, the CRISPR/Cas9 technology has been used for the knock in
of loxP sites ad desired genomic location in different model organisms
(Chang, Sun et al. 2013, Hwang, Fu et al. 2013, Yang, Wang et al. 2013).

Additionally, it is possible to use the CRISPR/Cas9 system to induce
tissue-specific knock-out by combining the conditional expression of
the Cas9 enzyme with the constitutive expression of sgRNAs (driven by
constitutive U6 promoters recognized by type III RNA polymerase). In
mouse, conditional expression of the Cas9 enzyme has been possible
thanks to the generation of animals carrying a floxed allele in which
a loxP-STOP-loxP cassette is positioned between a constitutive CAG
promoter and the coding sequence of the Cas9. By crossing these animals
with tissue specific cre-lines, it is possible to achieve Cre-dependent
spatiotemporal regulation of Cas9 expression (Platt, Chen et al. 2014).
A similar control of Cas9 activity was described in Drosophila by Port
et al. (Port, Chen et al. 2014). The authors reported the use of the Gal4/
upstream activating sequence (UAS) binary system to obtain tissue-
specific expression of the Cas9 enzyme. In this strategy, the Cas9 CDS
is placed behind a UAS sequence and its transcription depends on the
activity of the Gal4 transactivator. If a tissue-specific promoter is used to
drive the Gal4 expression it is possible to drive conditional activation of
the Cas9 enzyme.

Similar strategies have also been developed in zebrafish. A first report
(Ablain, Durand et al. 2015) described a modular vector in which a cell-
type specific promoter is used to drive cas9 expression and a U6 promoter
regulates the ubiquitous transcription of a sgRNA targeting a gene of
choice. The flexibility of the system relies on the possibility of readily
changing both the promoter driving Cas9 expression and the sgRNA
sequence targeting a specific ORF (Figure 3)."

Tissue specific .
promoter Figure 3
Schematic illustration of the

Cas9 —.} sgRNA vector system allowing
Cas9-based conditional gene
inactivation by tissue-specific
expression of the cas9 enzyme
and simoulatneus ubiquitous
expression of the sgRNA.

Yin and colleagues recently developed a method allowing the
tight temporal regulation of Cas9 expression (Yin, Jao et al. 2015).
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This methodology is based on the generation of two transgenic lines:
one carrying a floxed allele (hsp70:loxP-mCherry-STOP-loxP-cas9)
allowing heat-shock induction of cas9 expression upon Cre dependent
recombination; the other harboring a U6 cassette for the transcription of
a sgRNA targeting the gene of interest (U6:sgRNA). Therefore, injection of
cre mRNA into one-cell stage double transgenic embryos and subsequent
heat-shock induction would result in a timely controlled cas9 expression.

Importantly, these last strategies do allow the generation of conditional
gene disruption but are not suitable for the direct visualization of the
cells carrying KO alleles, an important feature for the direct correlation
between genotype and phenotype in LOF studies.

L.I.IV CRISPR/Cas9 and clonal analysis

In the past years, the generation of chimeric animals, in which the
fate of clones derived from a mutant progenitor could be followed in a
wild type environment, has been obtained by different approaches. To
this end, an efficient repertoire of transplantation techniques has been
implemented in several model organisms. Indeed, mouse embryonic stem
cells, carrying the selected mutation together with an independent genetic
marker, can be transplanted into wild type blastocyst, thus generating
genetic chimeras (Rossant and Spence 1998). Similarly, transplantation
strategies can be performed in Drosophila (Technau 1986, Kemp,
Carmany-Rampey et al. 2009) or zebrafish (Kemp, Carmany-Rampey et
al. 2009) by transferring cells derived from a mutant donor embryo into
wild type hosts. Nevertheless, transplantation-based strategies are often
technically complicated and can only be used to assess the role of genes
active during the earliest phases of embryonic development. The Cre/loxP
system has been employed in mouse and Drosophila (Zong, Espinosa et al.
2005, Nakazawa, Taniguchi et al. 2012) to develop alternative approaches
combining the generation of targeted gene disruption and the activation
of a reporter for linage tracing, but an analogue technique is still
challenging in Zebrafish. Most recently, a novel CRISPR-based strategy
has been described in mouse. The technique (Chen, Rosiene et al. 2015) is
based on the simultaneous in utero electroporation of a CRISPR-based
plasmid (inducing gene LOF) together with a Piggybac transposase vector
(necessary for the expression of fluorescent reporters for the lineage
tracing of the cells carrying loss-of-function mutations) (Chen, Rosiene,



Che, Becker, & LoTurco, 2015).

Aim of the project |

In the past five years, the CRISPR/Cas9 technology has revolutionized
reverse genetic approaches in a variety of model organisms including zebrafish.
So far genetic manipulation in this model has been limited to the generation
of constitutive loss-of-function alleles and the spatiotemporal control of gene
inactivation remains challenging. In this study, we explore the possibility to
develop a CRISPR/Cas9 and Gal4/UAS-based strategy enabling the analysis of
gene inactivation in a cell-type- specific manner. Furthermore, we aim at providing
a genetic tool allowing, at the same time, the generation of tissue-specific somatic
mutations and the labeling of mutant cell clones or single cells.
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I.Il Study of the role of the meteorin gene family in axon
guidance

L.Il.I General mechanisms of axon navigation

Inthe embryonicnervous system, the building of complexneural wiring
patterns relies on the ability of newly generated axons to follow precise
and well-defined paths towards their correct synaptic partners. Over
the past decades, one of the major goals of developmental neurobiology
has been the understanding of the molecular mechanisms that guide
developing axons along these stereotyped tracks, paving the way for the
formation of specific synaptic contacts.

The first neuronal connections are established through a series of
guidance events that are directed by a complex network of receptor/
ligand interactions occurring between the axons and the surrounding
environment. Axonal response to environmental guidance signals is
mostly controlled by a highly motile structure located at the distal tips of
growing axons: the growth cone, described for the first time a century ago
by Ramon y Cajal (Cajal 1890). Axonal growth cones are characterized by an
extremely dynamic cytoskeleton and can be divided into a microtubules-
enriched central domain and a peripheral domain of Actin-rich filopodia
and lamellipodia (Figure 4).

A B

Microtubules
M Actin filaments

& Figure 4

A. Original drawing from
: Ramon y Cajal showing
il

the first phases of the
process of axonal exten-
sion, including the forma-
tion of the growth cone

B. Schematic representa-
tion of the growth cone
highlighting the organiza-
tion of its cytoskeletal
components

Growth cones express a specific set of guidance receptors that enable
developing neurites to sense the extracellular environment and decipher
the directions for their correct navigation (Tamariz and Varela-Echavarria



2015). Changes in the environmental signals induce the alternation of the
assembling and disassembling of growth cones’ cytoskeletal components,
thus promoting morphological changes responsible for axonal elongation
and navigation. The formation of an axon tract is normally initiated by a
single axon, named pioneer axon, whose function is the establishment of
the appropriate trajectory that will be subsequently followed by all axons
belonging to the same neuronal population (Raper and Mason 2010). The
guidelines allowing growth cones to follow the proper neuronal paths are
provided by a precisely regulated combination of molecules, forming
instructive guidance cues along the axonal navigation tracks. These
guidance signals can be both mediated by diffusible factors or regulated
by non-diffusible molecules bound to cell membranes or extracellular
matrix (ECM). In organisms with bilateral symmetry, a population of
specialized glia cells, located at the ventral midline (or floor plate, FP),
play an essential role in this process, being the main source of secreted
guidance molecules (Kaprielian, Runko et al. 2001). The coordinate action
of guidance factors generates four types of guidance cues: short-range or
long-range cues, each of which can act as an attractant or a repellent.
These cues are not mutually exclusive but act in concert to ensure accurate
and reproducible axons elongation along the right track: single neurites
might be “pushed” from behind by a long-range repellent, “pulled” from in
front by a long-range attractant, and kept in a tight bundle by attractive
and repulsive local cues (Figure 5) (Dickson 2002, Kolodkin and Tessier-
Lavigne 2011).
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Figure 5

Schematic of the different guidance forces acting on the growth cones of develo-
ping axonal projections. Axons move away from a long-range repellent while
growing toward a long-range attractant. Short range attractive and repulsive cues
maintain the axons in tight bundles.
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Axonal navigation is a highly dynamic process: the same molecule
might have a bifunctional role (attractive or repulsive), allowing different
axons to display different response to the same cue. Additionally, having
to navigate over long distances, the same axon might need to change its
response to a specific guidance factor along its journey. As a result of this
complex but finely regulated process, an intricate pattern of commissural
connections (crossing the midline and linking the left and right side of the
brain) and longitudinal projections (running parallel to the midline and
forming ipsilateral circuits) is established in the mature CNS.

L.ILII Axon guidance factors

Over the past decades, the biological mechanisms regulating axonal
pathfinding have been object of intense studies that led to theidentification
of several conserved families of axon guidance molecules. The role of four
major protein families (Netrins, Slits, Semaphorins and Ephrins), often
referred to as “canonical axon guidance molecules”, has been extensively
dissected and the effect of these proteins on axonal behavior has been
broadly characterized (Kolodkin and Tessier-Lavigne 2011). In recent
years, morphogens, growth factors and ECM components have also
been shown to play a pivotal role in the process, defining an intricate
puzzle in which single growth cones will have to integrate multiple and
diverse signals in order to make the correct navigation choice. Complex
regulatory mechanisms modulate the balance of different guidance cues
in the extracellular environment and specific genetic programs allow
developing axons to initiate the appropriate response to the combination
of guidance signals they are exposed to. The next paragraphs will focus on
the description of the best-characterized guidance molecules and on the
analysis of their specific contribution to the process of axonal navigation.

Canonical axon guidance factors

Netrins

Over 25 years ago, pioneer studies in C.elegans identified UNC-6
(the orthologue of the verebrate Netrin-1) as the first molecule able to
influence axonal navigation (Ishii, Wadsworth et al. 1992). Since its
discovery, proteins belonging to the Netrin family have been object of
intense studies that unraveled their critical function in several biological
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processes including neuronal migration and axon guidance. Netrin-1
is the best characterized member of the family and shows a conserved
expression pattern along the midline and in the FP in the vertebrate
hindbrain and spinal cord (Kennedy, Serafini et al. 1994, Livesey and Hunt
1997, Hamasaki, Goto et al. 2001). It has been shown that this protein
can act both as a chemo-attractant or chemo-repellent, depending on
the set of receptors expressed by the targeted neuronal populations. All
Netrin receptors belong to the immunoglobulin (Ig) gene superfamily and
include deleted in colorectal cancer (DCC), Neogenin (a DCC paralogue),
UNC-5(A-D) and Down syndrome cell adhesion molecule (DSCAM). DCC
family receptors and DSCAM are the main responsible for Netrin-mediated
attraction while UNC-5 receptors are mostly involved in Netrin induced
repulsion. In addition, Netrin function can be modulated by Heparan
sulphate proteoglicans (HSPGs) and Integrins (Lai Wing Sun, Correia et
al. 2011).

The function of Netrins has been extensively analyzed in vivo, showing
a conserved role in the process of axonal navigation across different
species. It has been demonstrated that, in D. melanogaster, Netrin is
expressed at the midline of the developing CNS and is involved in the
guidance of commissural and peripheral motor axons (Mitchell, Doyle et
al. 1996). Homozygous mice carrying a netrin 1 LOF allele die few hours
after birth and display a number of neurodevelopmental defects including
misrouted axons in the ventral spinal commissure, the corpus callosum
and the anterior and hippocampal commissures (Serafini, Colamarino et
al. 1996). Closely related phenotypes are observed in dcc mutant mice,
confirming the role of DCC as main transducer of Netrin-mediated
attraction (Fazeli, Dickinson et al. 1997). Based on in vivo and in vitro
evidences, it was proposed that, in the hindbrain and spinal cord, FP-
secreted Netrin-1 forms a gradient exerting a long-range attractive force
on elongating commissural axons (Kennedy, Serafini et al. 1994, Serafini,
Colamarino et al. 1996, Kennedy, Wang et al. 2006). Nevertheless, more
recent observations from Varadarjan et al. and Dominici et al. (Dominici,
Moreno-Bravo et al. 2017, Varadarajan, Kong et al. 2017) pointed out that
the protein produced by the neuronal progenitors located at the midline
(and not the one expressed by FP cells) is responsible of the correct
navigation of commissural neurons.

Slits

Slit ligands and their main receptors (Robos) have been first discovered
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in a genetic screen for genes affecting axonal navigation in D. melanogaster
(Seeger, Tear et al. 1993, Kidd, Bland et al. 1999) and their role in axonal
pathfinding have been confirmed afterward in other species.

In most vertebrates, the slit gene family includes three members, slitI-
3, each of which encodes for a 200 kDa protein (Blockus and Chedotal
2016). Slits are secreted by midline cells and act as long-range repellent on
Slit-sensitive growth cones that express the Roundabout (Robo) receptors.
The Robo protein family is highly conserved across different species:
one Robo orthologue (SAX-3) has been described in C. elegans, while the
family comprises three members in chick and Xenopus leavis, and four
in mammals and zebrafish (Kidd, Brose et al. 1998). All Robo receptors
have a single transmembrane domain and lack any autocatalytic or
enzymatic activity, indicating that their function depends on downstream
signaling and scaffolding molecules. Furthermore, Slit/Robo interaction
can be stabilized by HSPGs by the establishment of a ternary complex
(Hohenester 2008).

In addition to the well documented involvement of Robos, additional
receptors might be implicated in the transduction of Slit signaling.
Indeed, a putative Slit receptor, EvalC, has been discovered in C. elegans
(Fujisawa, Wrana et al. 2007) and its expression can be detected in a
population of mouse axons responding to Slit (James, Foster et al. 2013).
Moreover, a C-terminal Slit fragment displayed the ability to exert a
repellent force on pathfinding axons by interacting with the Semaphorin
receptor Plexin Al, suggesting a cross-talk between the two pathways
(Delloye-Bourgeois, Jacquier et al. 2015). Slit activity can be additionally
influenced by homophilic interactions or heterophilic binding with
other molecules, including Neurexins, Type IV Collagens (Xiao, Staub et
al. 2011), Netrin 1 (Brose, Bland et al. 1999), dystroglycan (Wright, Lyon
et al. 2012), Glypican (Liang, Annan et al. 1999) and Syndecan (Johnson,
Ghose et al. 2004). Moreover, Robo receptors have the ability to mediate
axonal elongation by binding to Slit-unrelated ligands. Indeed, it has been
recently demonstrated that Robo3 can be activated by the binding of the
Neuronal growth factor -like 2 (Nell2) protein (Jaworski, Tom et al. 2015).

After its first discovery in fly, Slit/Robo capacity of regulating axonal
elongation in vivo has been confirmed in mammals. In particular, the role
of the pathway in the organization of commissural axons in the hindbrain
and spinal cord has been object of intense studies. The spinal cord of
triple slit1/2/3 knockout mice show several misrouted axons stalling at
the midline or navigating across the FP multiple times (Long, Sabatier
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et al. 2004). Analysis of robo mutant mice revealed that Slit function
is only partially mediated by Robo proteins, since robol mutants and
robol/2 double knockout only partially phenocopy the slit1/2/3 triple
mutant mice (Jaworski, Long et al. 2010). It has been observed that all
commissural neurons fail to cross the midline in robo3™~ mice, suggesting
that Robo3 might differ from its two paralogues in the way it regulates
axonal navigation (Marillat, Sabatier et al. 2004, Sabatier, Plump et al.
2004). Based on this and other evidences, a first model proposes that, by
binding the Robol and Robo2 receptors, Slit proteins exert a repulsive
force keeping pre-crossing commissures away from the midline. In
contrast, their binding to Robo3, whose expression on commissural axons
is increased during midline crossing, would counteract this repulsion,
thus allowing axonal navigation across the FP (Sabatier, Plump et al.
2004). Interestingly, Zelina et al. recently proposed that the mammalian
Robo3 underwent a process of divergent evolution causing the loss of
the Slit-binding ability in favor of a novel and direct interaction with
the Netrin/DCC signaling pathway (Zelina, Blockus et al. 2014). Thus, the
mammalian Robo3 would support Netrin-mediated attraction instead of
counterbalance Slit-induced repulsion. How the protein works in other
vertebrates is still poorly understood.

Finally, Slit/Robo signaling is additionally involved in the navigation
of longitudinal tracts as aberrant trajectories and severe defasciculation
are observed if this pathway is disrupted (Farmer, Altick et al. 2008).

Semaphorins

The Semaphorin family is composed by approximately 20 proteins and
includes both secreted and membrane-bound molecules. A distinctive
semaphorin (sema) domain (of about 500 amino acids) is detectable in each
member of the family and is responsible for the protein homo-dimerization
and for the interaction with Semaphorin receptors (Yazdani and Terman
2006). The best characterized class of Semaphorin receptors is a family
of single-pass transmembrane proteins named Plexins. Nine Plexins
exist in vertebrates (Plexins A1-A4, B1-B3, C1, D1) while two orthologues
have been identified in invertebrates (PlexA and PlexB) (Tamagnone and
Comoglio 2000). Even if most Semaphorins can bind Plexins directly, other
molecules, including the transmebrane proteins Neuropilins (Nrp), can
modulate their ligand/receptor binding (Tran, Kolodkin et al. 2007). In vivo
studies have shown that Semaphorins exert a strong repellent action on
axonal projections, providing a local repulsion responsible for the proper
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fasciculation of many peripheral nerves. Indeed, in mouse, the secretion
of Semaphorin3A in the environment surrounding motor and sensory
axons defines a permissive corridor in which the developing projections
can grow as a compact bundle and the disruption of the sema3A gene
results in a severe defasciculation of several peripheral tracts (Kitsukawa,
Shimizu et al. 1997).

Ephrins

Ephrin proteins are expressed on the surface of neuronal projections
and can be divided into two subfamilies (class A and B) depending on the
way they are attached to the cell membrane The first group of ephrins
includes Glycosylphosphatidylinisotol (GPI)-anchored proteins while the
second is composed by transmembrane molecules (Klein 2004). Ephrins
signals are transduced by Eph receptors, a class of tyrosine kinases
distinguishable in two groups (A or B) depending on the type of Ephrins
they preferentially interact with. It has been demonstrated that Ephrin can
only act as short-range cues, as they are not functional if released from
the cell membrane (Kullander and Klein 2002). Visual system development
is, perhaps, the process where the function of Ephrins has been studied
most intensively. Several reports have shown that this class of guidance
molecules is essential to for the correct pattern of connectivity between
the axons of retinal ganglion cells (RGCs), the sole output neurons
of the retina, and their target cells in the appropriate portion of brain
retinorecipient nuclei, namely the optic tectum in lower vertebrates
and the lateral geniculate nucleus of the thalamus in higher vertebrates
(Feldheim and O'Leary 2010). Overall, Ephrins role in the establishment of
the so-called retinotopic maps display a high degree of flexibility, as the
same molecules can attract a specific set of axons while repelling some
others (McLaughlin and O'Leary 2005).

Non-canonical guidance molecules: Morphogens, growth factors and
ECM molecules

During early embryogenesis, secreted morphogenic factors coordinate
cell proliferation and fate-specification. Moreover, growing evidences
suggest that, at later stages, members of the Sonic hedgehog (Shh), Wnt
and Transforming growth factorB/Bones morphogenetic protein (TGFB/
Bmp) family are involved in the process of axon guidance, behaving as
attractive or repulsive cues for different classes of neurons. In the spinal
cord, Shh is secreted by FP cells and is able to attract commissural axons
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(Charron, Stein et al. 2003) while it acts as a repellent on RGCs (Trousse,
Marti et al. 2001). Wnt proteins have been shown to push axons away from
the posterior commissure in D. melanogaster (Yoshikawa, McKinnon et al.
2003) and to form an attractive cue guiding post-crossing motor axons in
the anterior direction in mammals (Lyuksyutova, Lu et al. 2003, Yoshikawa,
McKinnon et al. 2003). BMPs form a repellent cue pushing spinal cord
axons along the dorso-ventral axis (Yamauchi, Phan et al. 2008).

Growth factors represent another class of molecules involved in axonal
pathfinding. It seems that these factors have really specialized functions,
acting only on a subset of responsive neurons, mostly as attractive cues.
It has been shown that Hepatocyte growth factor (HGF) (Ebens, Brose
et al. 1996), Fibroblast growth factors (FGFs) (Shirasaki, Lewcock et al.
2006) and Glial cell-derived neurotrophic factor (GDNF) (Kramer, Knott
et al. 2006) are able to instruct a subsets of motor axons, while sensory
axons are sensitive to Neurotrophins (Rochlin, O’Connor et al. 2000) and
thalamocortical axons respond to Neuregulins (Lopez-Bendito, Cautinat
et al. 2006).

ECM components (including Laminin, Fibronectin, Collagen, Tenascin
and HSPGs) can also influence axonal navigation by regulating cell motility
and axon elongation through the interaction with neuronal Integrins.
Additionally, forming stable complexes with many secreted axon guidance
factors, ECM molecules can directly modulate their signaling thus
influencing axonal outgrowth (Holt and Dickson 2005, Myers, Santiago-
Medina et al. 2011).

Slits U
Netrins -
' Semaphorins Ephrins
DCC UNG-5 Robos Plexins  Neurophilins Eph
Figure 6

Families of canonical axon guidance molecoules and their ligand/receptor
interactions  (Netrin/DCC and Netrin/UNC-5; Slits/Robos;  Semaphorin-
s/Plexins-Neurophilins; Ephrins/Eph receptors).
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L.ILIII The role of the midline in axon guidance

According to the most accepted current model, growing axons rarely
respond to a single guidance molecule but need to integrate multiple
and simultaneous directional information while moving along their
path. Before reaching their synaptic partners, axons often require to
cover long distances and have to frequently modify their response to a
multitude of environmental cues to be able to switch direction and keep a
correct trajectory. To simplify this complicated task, in most cases axonal
navigation routes are subdivided into shorter segments, each of which
ends with an “intermediate target” or “choice point” directing axonal
behavior in vivo. In the CNS of bilaterally symmetrical organisms, the
midline represents perhaps the most important one, and surely the best-
characterized, of these choice points for pathfinding axons. Cells that
lie at the midline provide both long and short-range cues directing the
navigation choices of both longitudinal and commissural axons (Tear
1999, Kaprielian, Runko et al. 2001, Mastick, Farmer et al. 2010).

The importance of the midline and, more specifically, its most ventral
region (the FP), has been revealed thanks to the study of model organisms
in which this structure was depleted or failed to correctly differentiate
(Thomas, Crews et al. 1988, Yamada, Placzek et al. 1991, Klambt, Jacobs
et al. 1991, Bovolenta and Dodd 199, Matise, Lustig et al. 1999). In D.
melanogaster, mutations in the single-minded (sim) gene abrogates the
specification of midline cells and, as a consequence, induces several
guidance defects including the failure of the formation of commissural
tracts and the collapse of longitudinal bundles (Thomas, Crews et al.
1988). Differently, in slit mutants, midline cells differentiate correctly
but appear displaced ventrally. As a result, commissural tracts initially
form but, due to the mis-positioning of midline cells, longitudinal
tracts fuse and collapse onto the midline (Klambt, Jacobs et al. 1991).
Related phenotypes can be also observed in vertebrate models. In chick
embryos, the ablation of the notochord prevents the formation of the FP,
thus inducing turning mistakes in commissural axons (Yamada, Placzek
et al. 1991). Similarly, in the Danforth’s short-tail (sd) mouse mutant,
missing both the FP and the underlying notochord, commissural axons
in the spinal cord undertake aberrant trajectories. Guided by a number
of midline-secreted factors, in wild type animals, commissural axons in
the spinal cord first elongate toward the FP in the dorso-ventral direction,
subsequently navigate across the ventral midline and finally turn in the
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rostral directions (Figure 7A). In contrast, in sd mouse mutants, axons
are able to reach the FP but display crossing defects or make mistakes in
the following turning in the anterior direction (Bovolenta and Dodd 1991)
(Figure 7B). Commissural axons behave in a similar fashion in GIi Family
Zinc Finger 2 (gli2) mutants, missing the FP due to the disruption of the
CDS of the gli2 transcription factor involved in the regulation of Shh
signaling (Matise, Lustig et al. 1999). In the same mutants, longitudinal
axonal trajectories are also affected, with the presence of multiple axons
crossing the midline, turning on the wrong anterior/posterior direction
and being severely defasciculated (Farmer, Altick et al. 2008) (Figure 7C,D).

Interestingly, recent reports suggest that the FP is not the only
regulator of midline axon guidance but other cells lying at the midline
(such as neuronal progenitor cells) might contribute to the process by
secreting instructive guidance molecules (Dominici, Moreno-Bravo et al.
2017, Varadarajan, Kong et al. 2017).
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Figure 7

A. Schematic illustration of pathfinding axons in the mouse spinal cord. Neurons
begin to extend their axons ventrally to reach the FP. Commissural axons navigate
across the midline and turn in the anterior direction once they are in the contrala-
teral side.

B. In the Danforthh’s short-tail (sd) and gli2 mouse mutants the FP fail to correctly
differentiate. As a result, commissural axons in the spinal cord are able to reach the
ventral midline but fail to reach the contralateral side

C. Representation of longitudinal tracts in the hindbrain of mouse embryos. Axons
form tight bundles and grow parallel to the midline

D. Misrouted and defasciculated axons in the hindbrain of gl/i2 mutants
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L.ILIV Open questions in the field

Although many guidance molecules have been discovered and their
instructive role on axonal navigation has been broadly analyzed in the
past years, an exhaustive understanding of how the exceptionally diverse
repertoire of guidance factors influences axonal behavior is still missing.

It is still unclear whether other major families of guidance cues need
to be identified and if additional factors might have more specialized
functions in directing the navigation of specific set of responsive axons.
Indeed, to explain how the exceptionally complex network of neuronal
connections is established during embryogenesis, we would need to
unravel the signaling pathways allowing any subpopulation of axons to
react to a constantly changing extracellular environment and navigate
towards their proper synaptic partners. Due to the high redundancy of
biological systems, it is possible that guidance molecules with highly
specific functions still need to be added to the collection of axon guidance
factors.

Additionally, we still lack the complete mechanistic insight of the
regulatory processes by which axonal growth cones are able to modulate
theirresponsetoaparticularcue,switchingfroman attractivetoarepulsive
behavior at precise positions of their navigation paths. This response
might beregulated at different levels by transcriptional, translational, and
post-translational mechanisms, ensuring a finely controlled expression
and function of the correct combination of guidance receptors and co-
receptors on each growth cone. At every choice point, a change in the
transcriptional program active in the neuron might be responsible for
the re-shuffling of the pattern of receptors expressed at the surface of
each growing axon. To date, little is known about the transcription factors
regulating the expression of guidance receptors and how signaling from
environmental guidance cues might change neuronal gene expression
profiles. The control of axonal response to guidance signals also involves
the alternative splicing of mRNA encoding for guidance receptors
(ensuring the possibility for the same locus to control different axonal
behaviors) and the regulation of mRNA stability. Additionally, protein
synthesis, maturation, proteolytic modification, trafficking and turn-over
might strongly influence guidance decisions, thus adding a further level
of complexity to the process of axonal navigation. In recent years, some of
the above-mentioned mechanisms regulating the expression and function

of guidance molecules have been unraveled and reviewed (Bashaw and
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Klein 2010, Nawabi and Castellani 2011, Stoeckli 2017).

Importantly, the mechanisms ensuring the proper integration of
the multitude of signals present in the extracellular environment are
still poorly characterized and it is still unclear how different pathways
interact with each other to ensure proper axonal navigation (Dudanova
and Klein 2013). Taken together, these observations suggest that a deeper
understanding of the mechanisms underlying axonal pathfinding and,
more in general, neural circuit formation, would require the identification
of additional factors acting as guidance molecules, involved in the
regulation of know guidance signals or responsible for the cross-talk
between different cues.

L.ILV Meteorin proteins: novel players in axonal guidance?

Meteorin proteins belong to a family of midline-secreted proteins
that is conserved among vertebrates, whose biological function during
neuronal development is still poorly described. This family includes two
members in mammals (Meteorin, Metrn and Meteorin-like, Metrnl), while
it counts three proteins in Zebrafish (Metrn, Metrnll and Metrnl2).

Metrn was first discovered as a secreted neurotrophic factor having the
ability to promote axonal extension in dorsal root ganglion (DRG) explants
and to induce glial cells differentiation in vitro (Nishino, Yamashita et
al. 2004). In mouse embryos, metrn is highly expressed in the central
and peripheral nervous system, mostly by neural and glial progenitors
and in cells belonging to the astrocyte lineage. Immunohistochemistry
experiments on adult mouse brain detected high Meteorin expression
in Bergmann glia and in distinct neuronal populations in the superior
colliculus, the ocular motor nucleus, the raphe and pontine nuclei, and
in various thalamic nuclei. Low level of protein could also be found in
ubiquitously distributed astrocytes (Jorgensen, Thompson et al. 2009).
It has been shown that embryonic metrn is expressed by perivascular
astrocytes and regulates angiogenesis at the gliovascular interface (Park,
Lee et al. 2008). Importantly, a more recent study, demonstrated that metrn
LOF is lethal due to defects in mesoderm development (Kim, Moon et al.
2014). In adult mice, it has been shown that Metrn exert a neuroprotective
function (Jorgensen, Emerich et al. 2011, Tornoe, Torp et al. 2012) and has
the capability of driving gliogenesis as well as inducing neural progenitor
proliferation after CNS injury (Wang, Andrade et al. 2012, Wright, Ermine
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et al. 2016). Metrn is an orphan ligand, nevertheless it seems that the JAK/
STAT and MEK/ERK pathways are key mediators of its biological activity
(Nishino, Yamashita et al. 2004, Lee, Han et al. 2010).

Metrnl (also known as Cometin or Subfatin) was identified shortly
after Metrn as a downstream target of Pax2/5/8 signaling during otic
vescicle development (Ramialison, Bajoghli et al. 2008). During mouse
embryogenesis, metrnl expression can be detected in FP cells starting
from embryonic day E9.5. Later, beginning from E13.5, the transcript is
also present in DRGs and in the inner ear (Zheng, Li et al. 2016). Similar to
Metrn, Metrnl displays an axogenic activity, being able to induce outgrowth
of DRG neurites via a Jak/STAT3 and MEK/ERK-dependent mechanism
(Jorgensen, Fransson et al. 2012). Additionaly, metrnl knockdown in PC12
cells also affects axonal elongation by inhibiting NGF-induced neurite
extension (Watanabe, Akimoto et al. 2012).

In adult animals metrnl strongest expression is located in
subcutaneous white adipose tissue and, a recent study, demonstrated
that Metrnl mediates muscle-fat crosstalk promoting the browning of
the white adipose tissue (Rao, Long et al. 2014). The same function has
been also described for a C-terminal proteolytic fragment of Slit2 (Slit2-C)
(Svensson, Long et al. 2016), suggesting that the two proteins might be
involved in related pathways.

Due to their interesting expression patterns in the developing CNS,
their capacity of promoting axon elongation, in vitro, and considering
the similar role of Metrnl and Slit2-C in the adipose tissue, we reasoned
that Metrn family members could represent novel potential players in the
process of axonal pathfinding.

L.IL.VI Zebrafish and axon guidance research

Due to the relatively simple and highly stereotyped organization of
their nervous system, the zebrafish has been extensively studied to assess
the mechanisms regulating the establishment and function of neural
circuits. In this context, the process of axonal pathfinding has been
intensely investigated and it has been demonstrated that it is coordinated
by the same set of molecules driving axonal elongation in mammals.
The next paragraphs will describe how diverse guidance factors direct
the formation of different embryonic axonal tracts, pointing out the
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importance for a developing axon to integrate multiple and simultaneous
cues for making the correct choice. The attention will be focused on the
navigation paths that have served more often as a model to understand
the conserved mechanisms driving axonal elongation. Nevertheless, the
molecules listed are obviously able to influence the growth of other axons
that will not be mentioned here.

L.ILVII Axon guidance mechanisms in zebrafish

Development of the first commissural tracts: the AC/POC

By one day post fertilization (dpf), a bilaterally symmetrical axonal
scaffold is established in the embryonic zebrafish. This stereotyped
structure is composed by both commissural and longitudinal tracts and
will serve as a template for the subsequent development and refinement
of the embryonic nervous system. In the most rostral region of the
developing forebrain, two big commissures originate from two neuronal
nuclei: the dorsal rostral cluster (DRC) and the ventro rostral cluster
(VRC). At 24 hours post fertilization (hpf) a bundle of axons connects the
left and right VRCs, forming the post-optic commissure (POC). In addition
to commissural axons, the VRC projects a longitudinal tract that grows
caudally (the tract of the post optic commissure, TPOC). Shortly after the
POC is established, a second commissure (the anterior commissure, AC)
is formed between the two DRCs. A distinct group of axons originates
from the DRC and navigates in the dorso-ventral direction toward the
VRC, thus forming the supra-optic tract (SOT). Once they reach the VRC,
neurites from the SOT can turn caudally and be included in the TPOC, or
can grow rostral, joining the VRC axons in the POC (Hjorth and Key 2002)
(Figure 8).

It has been demonstrated that axonal navigation along the AC and POC
is directed by a complex set of guidance factors. Indeed, if the expression
of single or multiple guidance molecules is lost or altered, the formation
of the two commissures results severely affected (Macdonald, Scholes et
al. 1997, Shanmugalingam, Houart et al. 2000, Wolman, Liu et al. 2004,
Barresi, Hutson et al. 2005, Gaudin, Hofmeister et al. 2012, Zhang, Gao et
al. 2012).

In the noi mutant (lacking the Pax2 transcription factor), axons of the
POC display several pathfinding defects: although their ability of crossing

221



the midline is not fully abolished, they look less fasciculated than in wild
type animals and, in some cases, they undertake aberrant and ectopic
trajectories. Interestingly, in noi mutant fish, the guidance molecules
netrin-1 and shh are mis-expressed, suggesting that neurons elongating
along the POC are sensitive to the guidance cues provided by these factors
(Macdonald, Scholes et al. 1997). Similarly, disrupted AC and POC can be
observed in the ace mutant, in which LOF of fgf8 causes severe defects in
midline cells differentiation. In ace mutant embryos, axons from the two
commissures appear strongly defasciculated and often extend misrouted
projections on the lateral side of the midline. The analysis of the gene
expression profiles of different guidance factors reveals that, like in
the noi mutant, the expression of a number of instructive molecules
including netrin 1 and 2 and semaphorin 3D is downregulated in ace
mutant larvae, supporting the hypothesis that commissural axons of the
AC and POC respond to canonical guidance signals (Shanmugalingam,
Houart et al. 2000). Interestingly, in both noi and ace mutants, the two
main commissures fail to correctly elongate their axons because of the
inappropriate differentiation of the midline glial cells regulating the
balance between different guidance factors.

Figure 8

Frontal (A) and lateral (B) representations of the more rostral portion of the scaffold
of axon tracts established in the embryonic zebrafish brain at 24 hpf. Neurons of
the dorso-rostral cluster (DRC, green) extend axons to form the supra-optic tract
(SOT) and the anterior commissure (AC). Axons from neurons of the ventro-rostral
cluster (VRC, pink) form the tract of the post-optic commissure (TPOC) and the
post-optic commissure (POC).

Barresi et al. (Barresi, Hutson et al. 2005) suggested that the AC
and POC require the Slit signaling for the establishment of their right
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projection pattern. They proposed a model in which the navigation path
of the two commissures is built on a glial bridge, composed by GFAP and
slitla expressing cells, forming a permissive corridor that allows axons
to elongate along the right route. Differently from their third paralog,
silt2 and slit3 are highly expressed in the region spanning the two
commissures, suggesting that they exert a repulsive force keeping the
axonal bundles highly fasciculated, thus avoiding abnormal branching in
the dorso-ventral direction.

Additional evidences supporting the role of the Slit/Robo and Netrin/
DCC pathways in establishing the early axonal scaffold of the embryonic
brain came from the analysis of knockdown animals (Gaudin, Hofmeister
etal.2012,Zhang, Gao et al. 2012). In particular, Gaudin et al. demonstrated
that the injection of morpholino antisense oligonucleotides targeting
netrin 1a, netrin 1b, slit 1a or dcc results in defects in the formation of the
AC and they surprisingly observed that the targeted disruption of netrins
and dcc expression induces the growth of an aberrant axon tract in the
dorsal telencephalon (Gaudin, Hofmeister et al. 2012). Differently, slit2/3
or robo down-regulation did not affect the formation of the AC but, had an
impact of the establishment of the SOT. In morpholino-injected embryos,
this axonal tract resulted strongly impaired, being severely reduced or
absent in most injected fish. Increased slit2 expression has been observed
in the forebrain region of embryos in which the expression of the Wnt
receptor frizzled-3a was reduced (Hofmeister, Devine et al. 2012). In
these fish, defects in the Wnt signaling pathway cause the expansion of
the slit2 repellent domain, thus impeding DRC neurons to elongate their
axons across the midline. Furthermore, additional families of guidance
factors seem to be involved in the process. In particular, Semaphorins
demonstrated to play a pivotal role, as the knockdown of semaphorin 3D,
neuropilin 1A or neuropilin 2B also results in defects in AC formation
(Wolman, Liu et al. 2004).

Overall, these observations suggest that, during early embryogenesis,
a complex pattern of guidance factors is needed for the axons to make
their appropriate navigation choices and that midline glial cells play a
pivotal role in maintaining and regulating such a balanced combination

of molecules.

The retino-tectal system

In a large number of studies, the zebrafish visual system has been used
as a valuable model for the investigation of the mechanisms regulating
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axonal pathfinding. This structure is composed by two main areas: the
retina, sensitive to light stimuli and responsible for the transmission of
the visual information through the RGCs, and the optic tectum, the main
midbrain target region, homologous to the mammalian superior colliculus,
responsible for the integration of the visual inputs. After exiting each eye,
RGC axons form a dense axonal bundle, the optic nerve, which navigates
in the ventral diencephalon toward the midline, where axons from the
two sides meet and form the optic chiasm. Importantly, differently from
mammalian vertebrates, the zebrafish have entirely crossed retino-tectal
projections. Once they leave the midline, retinal axons form the optic tract
and grow in the dorso-caudal direction, thus reaching the contralateral
lobe of the optic tectum. Here, single neurites terminate their journey in an
extremely organized manner, establishing stereotyped retinotopic maps
that reflect the position of their cell bodies in the retina (Stuermer 1988,
Burrill and Easter 1994, Baier, Klostermann et al. 1996). Additionally, RGC
projections are organized in a finely regulated laminar structure, with
single axons innervating single synaptic laminae in the tectal neuropil
(Robles, Filosa et al. 2013) (Figure 9).

A B

Retina

Optic tectum

Figure 9

Schematic of the zebrafish retinotectal system. (A) Frontal view showing RGCs
axons connecting the retina to the contralateral lobe of the optic tectum. (B)
Lateral view showing the laminar organization of RGCs axons in the tectal neuro-
pile.

Thanks to a forward genetic approach it has been possible to perform
large-scale screens of mutations affecting the patterning of the retino-
tectal projections, uncovering many factors responsible for the correct
navigation of RGCs (Karlstrom, Trowe et al. 1997, Hutson and Chien
2002). Defects in axonal elongation could be detected at different point
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of the axonal path. Indeed, it has been reported that RGC axons can take
aberrant paths while exiting the eye, during the navigation from the eye
to the midline, in the process of midline crossing, in the route between
the midline and the contralateral tectum, in the establishment of the
retinotopic maps or in the organization of their synaptic lamination (Baier,
Klostermann et al. 1996, Karlstrom, Trowe et al. 1996, Trowe, Klostermann
et al. 1996). Importantly, genes affecting midline differentiation as well as
canonical guidance molecules and ECM components have been shown to
affect retinal axons navigation, suggesting that the integration of multiple
and diverse signals is required for building appropriate retino-tectal
trajectories (representative mutants showing RGCs guidance mistakes
are listed in Table 1).

Table1.
Mutant Gene RGC pathfinding defects Reference
Acerebellar fgf8 Midline crossing/ Pathfinding to the (Shanmugalingam, Houart
(ace) tectum/ Topography et al. 2000)
Astray robo2 Midline crossing/ Pathfinding to the tectum (Hutson and Chien 2002)
(ast)
Bashful laminina4  Retinal exit/ Midline crossing/ Pathfinding (Paulus and Halloran 2006)
(bal) to the tectum
Belladonna @ Lim homeobox Midline crossing (Seth, Culverwell et al.
(bel) gene Ihx2 2006)
Boxer Exostosin extl3 Tract sorting (Lee, von der Hardt et al.
(box) 2004)
Chameleon @ dispatched 1 Retinal exit/ Midline crossing (Karlstrom, Trowe et al. 1996,
(con) (disp1) Nakano, Kim et al. 2004)
Dackerl ext2 Tract sorting (Lee, von der Hardt et al.
(Dak) 2004)
No isthmus pax2.1 Midline crossing/ Pathfinding to the tectum (Macdonald, Scholes et al.
(noi) 1997)
Sonic you shh Retinal exit/ Midline crossing (Schauerte, van Eeden et
(Syu) al. 1 998)
You-too gli2 Retinal exit/ Midline crossing/ Pathfinding  (Karlstrom, Talbot et al.
(yot) to the tectum 1999)

Among the canonical guidance molecules, the role of the Slit/
Robo in the regulation of RGCs axonal pathfinding is perhaps the best
characterized.

In astray/robo2 mutant zebrafish larvae, RGCs display a high number
of misrouted axons projecting to the ipsilateral tectum or to several
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ectopic extra-tectal targets (Fricke, Lee et al. 2001, Hutson and Chien 2002).
According to the current model, Robo2-expressing RGCs are sensitive to
the repellent action of the guidance molecules Slit2 and Slit3, expressed
along their axonal navigation path. If the expression of the receptor is
abolished, RGC axons lose the ability to respond to Slit signaling, thus
taking aberrant trajectories instead of navigating toward the contra-lateral
tectum. Importantly, if Robo2 function is missing, the laminar segregation
of RGC neurites in the tectal neuropil is also impaired, suggesting that
Slit/Robo are involved in multiple aspects of RGCs elongation (Xiao,
Staub et al. 2011). Similar defects could be detected in dragnet mutant
embryos, missing the ECM component Collagen 4a5 (Col4a5), or in case of
knockdown of the secreted guidance factor Slitl. Xiao et al. demonstrated
a direct interaction between Slitl and Col4a5 proposing a model in which
a superficial-to-deep gradient of Slitl is maintained in the tectal neuropil
by the interaction between Slitl and Col4o5 at the basement membrane
and is responsible for the correct lamination of RGCs axons.

Commissural and longitudinal tracts in the hindbrain

The vertebrate hindbrain is composed by an arrangement of sensory-
motor networks responsible for controlling essential functions like vision,
respiration, mastication, and locomotion (Garcia-Campmany, Stam et al.
2010). The embryonic zebrafish hindbrain is characterized by a distinctive
morphological organization consisting in a series of eight segments named
rhombomeres (Moens and Prince 2002). The first neurons emerging in this
brain region are two large reticulospinal neurons: the Mauthner cells. The
cell bodies of these neurons are symmetrically located in the center of the
4th rhombomere and, starting from 21-23 hpf, they begin to extend an axon
that, after crossing the midline, turns in the caudal direction pioneering
the hindbrain medial longitudinal fascicle (MLF). Later on, axons from
other reticulo-spinal neurons, whose soma are stereotypically placed in
the hinbrain rhombomeres, will join the ipsilateral or contralateral MLF,
thus forming a pair of thick axonal bundles positioned parallel to the FP.
A second pair of tracts, the lateral longitudinal fascicles (LLFs), originates
from the trigeminal sensory neurons and grows caudally (Hjorth and Key
2002) (Figure 10).

In the past decades, several experimental evidences demonstrated that
the FP has an essential function in patterning the axonal projections of
zebrafish hindbrain neurons, confirming that defects in FP specification
and maturation result in several guidance mistakes. In the cyclops (cyc)
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fish, carrying a LOF allele for a nodal related protein (ndr2) (Sampath,
Rubinstein et al. 1998), the population of glial cells composing the FP
fails to differentiate and mutant embryos display a number of misrouted
axons in different brain regions, including the hindbrain (Hatta 1992).
Instead of forming a bilateral set of axonal tracts, in most cyc embryos
the two MLFs fuse in a single bundle at the ventral midline. Importantly,
in the same mutant fish line, the LLFs elongate along the correct paths,
suggesting that these neurons are not sensitive to FP secreted guidance
molecules but might respond to environmental cues generated by other
sources. Selective labeling of the Mauthner neurons in cyc embryos
revealed that, in most cases, after correctly joining the contralateral MLF,
their axons do not maintain a parallel course but re-cross the midline
multiple times, supporting the idea that the FP represents a repellent
barrier for post-crossing Mauthner axons.

Trigeminal neurons Mauthner neuron

Figure 10

Dorsal view of the zebrafish hindbrain at 24 hpf. Mauthner neurons axons navigate
across the midline and grow caudally pioneering the medial longitudinal fascicule
(MLF). Axons from other reticulospinal neurons (pink) join the ipsilateral or contra-
lateral MLF shortly after. A second axonal tract, the lateral longitudinal fascicule
(LLF), originate from the trigeminal sensory neurons (green).

Several experimental observations revealed that canonical guidance
molecules are involved in the regulation of axonal behavior in the
embryonic hindbrain. Among these, the Slit/Robo pathway is essential
for the navigation of several commissural hindbrain neurons, including
the Mauthner cells. Indeed, in twitch twice (robo3) mutants, hindbrain
commissures are highly disorganized and defasciculated (Burgess,
Johnson et al. 2009). In these mutant fish, Mauthner axons frequently fail
to cross the midline, projecting to the ipsilateral spinal cord instead of
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navigating across the FP before turning caudally.

Similarly, if the Robo ligand slit2is overexpressed, comparable defects
in hindbrain axons fasciculation and Mauthner cells navigation can be
observed (Yeo, Miyashita et al. 2004).

Semaphorins are also part of the guidance cues defining the trajectories
of hindbrain projections, as sema3D or nrp-1A knockdown results in the
formation of a highly disorganized MLF. Axons from this tract appears
sseverely defasciculated or misrouted, extending in the rostral direction
instead of moving on a descending path (Wolman, Liu et al. 2004).

Additionally, it has been demonstrated that activation of the Netrin
pathwayisrequired tomodulate axonal pathfinding of several commissural
hindbrain neurons (Jain, Bell et al. 2014). In zebrafish spaced out (spo)fish,
a mutation in the dcc gene leads to a single amino acid substitution that
disrupts the Netrin binding site, making the axons insensitive to Netrin
signaling. As a result, a number of commissural hindbrain neurons mis-

project their axons, often developing ectopic ipsilateral neurites.

Aim of the project Il

In the past years, intense studies in the field of axon guidance
contributed to the identification of the main molecular players
orchestrating axonal navigation choices. Nevertheless, a growing number
of observations suggest that the plethora of factors controlling axonal
pathfinding is more diverse then initially envisaged and propose that
growth cones might be sensitive to additional midline-secreted proteins
that are still uncharacterized.

With the objective of uncovering novel molecules able to influence
axonal behavior, we explored the possibility that the Meteorin protein
family plays a role during embryonic brain development. In particular,
we focused our attention on the analysis of the putative function of these
proteins in the fine organization of axonal projections, taking advantage
of the zebrafish embryonic CNS to investigate how Meteorin proteins
influence axonal navigation in different brain regions.

By doing so, we meant to contribute to the understanding of the
biological mechanisms driving and maintaining developing axons on
their correct trajectory and, more generally, to the investigation of the
biological processes regulating neural circuits formation.
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Summary

In recent years the CRISPR/Cas9 technology has dramatically improved
the efficiency and specificity of targeted gene inactivation. To date, in
zebrafish, this method allows for the generation of constitutive LOF alleles
but has not been optimized to induce tissue-specific gene disruption.

In this report, we take advantage of different genetic tools to provide a
novel strategy enabling simultaneous conditional gene KO and labeling of
the potentially mutant cas9-expressing cells.

Results:

We generated a plasmid to drive the transcription of the cas9endonuclease
and a fluorescent reporter via Gal4/UAS while constitutively expressing
two sgRNA targeting a gene of interest

We demonstrated that this construct successfully promotes the generation
of LOF alleles in a tissue-specific manner, as shown by the selective loss of
eye pigmentation observed when targeting the tyrosinase gene in retinal
progenitor cells (RPCs).

We combined our Ca9-mediate KO strategy with the activity of the Cre
recombinase (2C-Cas9 system) to allow long-term tracking of cas9-
expressing cells.

We showed that the 2C-Cas9 system permits the labeling of cell clones
arising from a cas9-expressing mutant progenitor cells: by targeting
the atho7 gene (encoding for a transcription factor controlling the
specification of RGCs) in RPCs, we could analyze clones of ath7-depleted
retinal neurons lacking the population of RGCs.

We implemented a system allowing the direct comparison of mutant and
wild type cells based on the combination of the 2C-Cas9 vector with the
Brainbow technology. This approach allowed us to compare, in the same
animal, the axonal branching of a kif5aa”’~ RGC (displaying a reduced
arbor complexity) with the wild type counterpart.

In conclusion, we present a tool enabling CRISPR/Cas9 and Gal4/UAS
mediated tissue-specific KO, providing, at the same type, a strategy to
mark cas9-expressing cells to facilitate their phenotypic analysis. This
approach is suitable for for the analysis of gene LOF in specific tissues or
single cells or for tracing the fate of cas9-expressing progenitors.
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2C-Cas?: a versatile tool for clonal analysis

of gene function
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CRISPR / Cas9-mediated targeted mutagenesis allows efficient generation of loss-of-function alleles in zebrafish. To date, this
technology has been primarily used to generate genetic knockout animals. Nevertheless, the study of the function of certain
loci might require tight spatiotemporal control of gene inactivation. Here, we show that tissue-specific gene disruption can
be achieved by driving Cas9 expression with the Gal4/UAS system. Furthermore, by combining the Gal4/UAS and Cre/
loxP systems, we establish a versatile tool to genetically label mutant cell clones, enabling their phenotypic analysis. Our
technique has the potential to be applied to diverse model organisms, enabling tissue-specific loss-of-function and pheno-

typic characterization of live and fixed tissues.
[Supplemental material is available for this article.]

The CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats)/CRISPR-associated (Cas) system has recently emerged as
a powerful tool to generate constitutive loss-of-function alleles,
enabling detailed analyses of gene function (Cho et al. 2013;
Cong et al. 2013; Hwang et al. 2013b; Mali et al. 2013). Gene dis-
ruption is achieved by the activity of two components: a single
guide RNA (sgRNA) that contains 20 nt complementary to a
DNA target, and a Cas9 endonuclease that catalyzes DNA cleavage
at the target site after complex formation with the sgRNA.
Following DNA cleavage, mutations are efficiently induced upon
imperfect repair by the nonhomologous end-joining (NHE]) path-
way at the targeted sequence. sgRNAs that bind within the coding
region of a gene thereby allow disruption of the open reading
frame (ORF), leading to loss of gene activity. Pioneer studies in
worms (Shen et al. 2014), fruit fly (Port et al. 2014), mouse (Platt
et al. 2014), and, more recently, zebrafish (Ablain et al. 2015)
have taken advantage of this methodology to induce conditional
gene knockouts by driving tissue-specific expression of Cas9.
However, in zebrafish, this approach relies on cell-type-specific
promoter sequences to control Cas9 expression, usually requiring
the screening of several lines to achieve sufficient and nonectopic
transgene expression. One alternative and powerful method for
cell-specific expression of transgenes in model organisms is the
Gal4/UAS binary system (Asakawa and Kawakami 2008), in which
transcription is driven by the binding of the Gal4 transcription
factor to tandem upstream activation sequences (UAS) placed at
the 5 end of a gene of interest. An important resource of Gal4
transgenic lines has been established by gene- and enhancer-
trap screens (Davison et al. 2007; Asakawa et al. 2008; Scott and
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Baier 2009; Kawakami et al. 2010; Balciuniene et al. 2013) based
on random integration of the Gal4 ORF via Tol2 transposition
(Kawakami 2004) into the fish genome. In particular, Gal4 driver
lines have been identified for many tissues as well as for novel and
previously uncharacterized cell types, especially in the nervous
system (Scott et al. 2007; Asakawa et al. 2008). More recently, we
have developed a simple and efficient method for converting
GFP- into Gal4-transgenic lines, significantly expanding the po-
tential resource of Gal4 driver lines (Auer et al. 2014a,b). Finally,
Gal4-driven expression of transgenes from UAS promoters is ro-
bust and can often be revealed in cells where Gal4 expression itself
is difficult to detect. In this report, we show that flexible and effi-
cient gene disruption is achieved as a result of tissue-specific ex-
pression of Cas9 via the Gal4/UAS system. In addition, we
overcome the challenge of visualizing loss-of-function mutations
in specific cells by coexpressing the Cas9 endonuclease with GFP
or Cre recombinase, allowing the labeling of potentially mutant
cells and thereby facilitating their phenotypic analysis. This step
is essential to correlate phenotype with genotype for analysis of
gene function, a task that was not addressed with previously pub-
lished methods.

Results

Design of a vector system for spatiotemporal control of Cas9
activity via Gal/UAS

The generation of conditional knockout models requires the spe-
cific targeting of a gene of interest in a given tissue and, ideally,
the labeling of targeted cells. In order to develop a flexible tool

© 2016 Di Donato et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publication
date (see http://genome.cshlp.org/site/misc/terms.xhtml). After six months, it
is available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/
by-nc/4.0/.
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for efficient spatiotemporal control of
gene disruption, we generated a Tol2-
based vector ensuring Gal4/UAS-mediat-
ed cell-type-specific expression of the
Cas9 enzyme and ubiquitous expression
of sgRNAs. Due to its strong transactivat-
ing properties, the Gal4/UAS system di-
rects effective expression of the Cas9
endonuclease, even in the case of weak
tissue-specific Gal4 transcription by an
endogenous promoter. Furthermore,
this system renders our vector design
compatible with many readily available
Gal4 transgenic lines generated in previ-
ous Gal4 gene- and enhancer-trap
screens (including those where the regu-
latory elements driving Gal4 expression
are not known) (Davison et al. 2007;
Asakawa et al. 2008; Scott and Baier
2009; Kawakami et al. 2010; Balciuniene
et al. 2013). In our vector design, the use
of a viral T2A self-cleaving peptide (Pro-
vost et al. 2007) to synthesize a GFP re-
porter from the same transgene (UAS:
Cas9T2AGFP) allows Cas9-positive cells
to be unambiguously marked by GFP
fluorescence. This feature is critical for
the analysis of cellular phenotypes result-
ing from Cas9-induced gene inactiva-
tion. Our vector also contains two
sgRNA expression cassettes, each driven
by the ubiquitous U6-1 promoter (Halbig
et al. 2008; Yin et al. 2015) (UAS:
Cas9T2AGFP;U6:sgRNA1;U6:sgRNA2) (Fig.
1A). By using two sgRNAs, we sought
to increase the probability of generating
loss-of-function alleles, since genomic
deletions might be induced, in addition
to frame-shifts caused by insertions
and deletions (indels). To verify that
cell-type-specific expression of Cas9
can be driven by Gal4 transcriptional
activation, we generated a stable trans-
genic line with this vector, Tg(UAS:
Cas9T2AGFP;U6:sgRNA1;U6:sgRNA2),

A » DBsalsite Bsalsite, v Bsmblsite Bsmblsite,
=-GACT TOBAGAGACDGAGAGA AGTIIAAT 5 CABETE TAGATETAAT TS
3 m: M L i :mb&&g' reti bt tiaattacadith -bww‘l

+Tnl2 site Tol2 site @
L ot

B Tg(mnx1:Gal4) Ta(s10201) Tg(gSA2AzGFF49A)
&
<
g
:
2
2
=
B

x Tg(UAS:Cas9T2AGFP;
U6:sgRNA1;UésgRNAZ)

Figure 1. Spatiotemporal control of Cas9 activity via the Gal4/UAS expression system. (A) Schematic
illustration of the expression vector design. Spatial and temporal control of Cas9 synthesis is achieved by
the Gal4/UAS system and monitored by GFP expression. Two constitutively active U6 promoters drive the
transcription of single guide RNAs (sgRNAs) specifically targeting a gene of interest. To facilitate cloning
of sgRNA target sequences, Bsmbl and Bsal restriction sites (red arrows) were introduced. Tol2 allows ef-
ficient transgenesis after injection into one-cell stage zebrafish embryos. (B) (Left panel) Confocal imaging
of the spinal cord of 2 dpf Tg(mnx1:Gal4) embryos. The upperimage shows the Gal4-induced RFP expres-
sion of a double transgenic embryo deriving from a cross between Tg(mnx1:Gal4) and Tg(UAS:RFP; cry:
GFP) fish. The same pattern is observed in the GFP channel in a double transgenic Tg(mnx1:Gal4) x Tg
(UAS:Cas9T2AGFP;U6sgRNAT,;U6sgRNA2) embryo (lower image). Scale bar=100 pm. (Middle panel)
Imaging of whole-mount 3 dpf Tg(s7020t) enhancer-trap line. The GFP expression pattern (lower panel)
recapitulates RFP (upper panel). Scale bar = 100 pm. (Right panel) Confocal imaging of 5 dpf optic tectum
in the double transgenic embryos deriving from a cross of Tg(gSA2AzGFF49A) gene-trap line and Tg(UAS:
RFP,cry:GFP) (upperimage) and Tg(UAS:Cas9T2AGFP;U6sgRNAT,;U6sgRNA2) (lowerimage). Scale bar = 50
um. No target sequence was inserted in the vector for the generation of the Tg(UAS:Cas9T2AGFP;
U6sgRNAT;U6sgRNA2) line.

and crossed it to different Gal4 driver lines (Fig. 1B). The motor
neuron-specific Tg(mnx1:Gal4) transgenic line, the enhancer-trap
line Tg(s1020t) expressed in the thalamus and spinal cord, and
the optic tectum-specific gene-trap line Tg(SA2AzGFF49A) were
used as drivers. We compared the expression of the UAS:Cas9-
T2AGFP with an independent reporter of the Gal4 activity by
crossing the same driver lines with a Tg(UAS:RFP;cry:GFP). In the
embryos analyzed, GFP was specifically detected in the expected
Gal4 transactivation domain, indicating nonectopic Cas9 expres-
sion. Modest differences in GFP and RFP expression were observed,
the RFP-positive cells being on average more numerous than the
GFP-positive ones. This might be due to transgene specific differ-
ences likely linked to positional effect of the integration as com-
monly seen for other zebrafish transgenic lines. Overall, these
expression patterns demonstrate that our approach can be used
to both express Cas9 nuclease in a tissue-specific manner and to
simultaneously label Cas9-expressing cells with GFP.

Targeting the tyrosinase gene in the optic primordium leads to loss
of pigmentation in the retinal pigmented epithelium (RPE)

To test the efficiency of our approach for tissue-specific gene dis-
ruption, we targeted the tyrosinase (tyr) gene, which codes for a
key enzyme in melanin production (Camp and Lardelli 2001),
by including two sgRNAs targeting the tyr in our vector locus
(pUAS:Cas9T2AGFP;U6:tyrsgRNA1;U6:tyrsgRNA2). We previously
assessed the mutagenesis rate of each sgRNA by injection of in vi-
tro-transcribed sgRNA with synthetic Cas9 mRNA into one-cell
stage wild-type embryos (Supplemental Table S1). Loss-of-func-
tion of the tyrlocus results in pigmentation defects, offering a clear
visual read-out of biallelic gene inactivation (Jao et al. 2013). We
used fluorescence-activated cell sorting (FACS) to verify that site-
specific cleavage only occurs in GFP-expressing cells and to quan-
tify the mutation rate induced by our vector. The quasi-ubiquitous
Tg(rpl5b:Gal4) line (Amsterdam et al. 2004) was chosen to enlarge
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Cas? and Cre coexpression for clonal analysis

the number of GFP-positive cells in the A
assay (Supplemental Fig. S1A). We there-
by transiently expressed the pUAS:
Cas9T2AGFP;U6:tyrsgRNA1;U6:tyrsgRNA2
by injection into one-cell stage Tg(rpl5b:
Gal4) embryos. After separating the
pool of GFP-positive cells from the GFP-
negative control cells derived from 200
injected embryos, total DNA was ex-
tracted from the two cell populations.
Upon PCR amplification and sequencing
of single amplicons from the DNA of
GFP-positive cells, we detected indel
out-of-frame mutations at the tyr target
region in 30% (4/12) of the analyzed se-
quences (Supplemental Fig. S1B). In this
cell population, we also observed a 488- p
bp deletion at the tyr gene resulting
from simultaneous targeting of the locus

+ pUAS:Cas9T2AGFP;
UB:tyrsgRNA1,U6:tyrsgRNA2

Tg(rx2:Gald; myl7:GFP)

B Cc
Tg(rx2:Gal4; myl7.GFP)

+pUAS Cas9T2AGFF;

5dpf ||(C) Whole eye frontal view

UB:tyrsgRNAT UG tyrsgANAZ  USclisgRNA 1,UclisgANAZ

+ PUAS:Cas9T2AGFF;

5dpf |(G) Whole eye.frontal view

by both sgRNAs. In contrast, no tyr muta-

tions were found in the GFP-negative
cells (0/15). These data confirm that

: " : Gald-positive embryos Gald-pasitive embryos
Tg(rx2:Gald; myi7.GFF) analyzed with loss of pigmentation
injected with pUAS:CasST2AGFF;
UBtyrsgRINAT;UB:tyrsgANAZ 107 16(15%)
crossed to Tg(UAS:Cas9T2AGFP;
UB:tyrsgRNAT;UB:tyrsgRNAZ) 52 24 (48%)

locus-specific knockout events are re-
stricted to the cells expressing the fluo-
rescent reporter. Subsequently, we
tested whether spatiotemporally regulat-
ed tyrloss-of-function can be induced by
our vector system. For this purpose, we
used a transgenic line expressing Gal4
under the promoter of the zebrafish reti-
nal homeobox gene 2 (rx2) (Heermann
et al. 2015), Tg(rx2:Gal4;myl7:GFP). We
identified transgenic embryos using the
myl7 (myosin, light chain 7, regulatory)
promoter, driving heart-specific GFP ex-
pression, which was incorporated in the
same transgene. Rx2 is active in the optic primordium in the pro-
genitors of the neural retina and the retinal-pigmented epithelium
(RPE) (Chuang and Raymond 2001). Thus, transient, cell-specific
expression of Cas9 from the pUAS:Cas9T2AGFP;U6:tyrsgRNA1;
Ub:tyrsgRNA2 in Tg(rx2:Gal4;myl7:GFP) embryos should promote
targeted disruption of the tyr locus uniquely in Gal4-positive cells,
leading to pigmentation defects exclusively in the RPE after bial-
lelic gene inactivation. In agreement with the known expression
pattern of the rx2 promoter (Supplemental Fig. S2A), we detected
sparse green fluorescent cells in the embryonic retina of Gal4-pos-
itive larvae, at 24 hours post-fertilization (hpf) (Fig. 2A). Of the em-
bryos analyzed at 5 days post-fertilization (dpf), 15% displayed loss
of pigmentation specifically in the RPE (16/107 embryos in three
independent experiments) compared to 0% (0/116 in three inde-
pendent experiments) in embryos injected with a plasmid contain-
ing control sgRNA sequences (Fig. 2B,C). We observed a variable
degree of pigmentation loss, and all the embryos displaying the
phenotype were scored as positives. Importantly, no pigmentation
defects were detected outside of the eye-specific Gal4 expression
domain. Together, these results indicate that knockout of the tyr
gene driven by the rx2 promoter leads to tissue-specific pigmenta-
tion defects. Having this proof of principle for our approach, we de-
cided to create a stable integration of the UAS-based transgene to
achieve a more robust and more reliable expression and to evaluate
the penetrance of the pigmentation phenotype. We generated a
Tg(UAS:Cas9T2AGFP;U6:tyrsgRNA1;U6:tyrsgRNA2) transgenic line

Figure 2. Tissue-specific disruption of the tyrosinase locus induced by the expression of the UAS-based
vector in the retinal progenitor cells. (A) Transmitted light and confocal imaging of eye of a 24 hpf Tg(rx2:
Gal4;myl7:GFP) embryo injected with pUAS:Cas9T2AGFP; U6:tyrsgRNAT,;U6:tyrsgRNA2 together with Tol2
mRNA. GFP fluorescence indicates Gal4-driven expression of the Cas9 enzyme in the retinal progenitor
cells (RPCs) giving rise to the retinal pigmented epithelium (RPE) and to the neural retina. Scale bar =
100 pm. (B) (Lower panel) Specific loss of pigmentation in the RPE of a 5 dpf zebrafish embryo induced
by injection of pUAS:Cas9T2AGFP,U6:tyrsgRNAT,;U6:tyrsgRNA2 in Tg(rx2:Gal4; myl7:GFP) at one-cell
stage. Arrowhead indicates the eye with lost pigmentation. (Upper panel) Control embryo injected
with the same vector containing a control sgRNA sequence (ct/sgRNA). Scale bar = 300 pm. (C) Frontal
view of eyes with absent pigmentation (lower panel) and wild-type (upper panel) explanted from the lar-
vae shown in B. (D) Table showing the percentage of Gal4-positive larvae displaying loss of pigmentation
in the RPE. (First row) Injection of the pUAS:Cas9T2AGFP;U6:tyrsgRNAT,;U6:tyrsgRNA2 into one-cell-stage
Tg(rx2:Gal4; myl7:GFP) embryos. (Second row) Cross of Tg(rx2:Gal4; myl7:GFP) fish with Tg(UAS:
Cas9T2AGFP;U6:tyrsgRNAT,;U6:tyrsgRNA2).

and crossed it with Tg(rx2:Gal4;myl7:GFP) fish. Gal4-positive em-
bryos were prescreened by myl7:GFP expression and subsequently
analyzed to assess fyr inactivation. The rate of larvae displaying
RPE pigmentation defects increased to 48% (24/52) (Fig. 2D);
therefore, fyr loss-of-function most likely occurred in all double
transgenic progeny of the cross, as only half of the Gal4-positive
larvae were expected to carry the UAS transgene. This observation
shows that stable expression of the Cas9/sgRNA complex dramat-
ically improves the efficiency of gene inactivation, most likely
due to higher levels and more widespread expression in retinal
progenitor cells (RPCs). Based on these data, we conclude that
our vector system is capable of inducing loss-of-function alleles
at given genomic loci in a defined spatiotemporal manner.
However, at the developmental stage of the phenotypic analysis
(5 dpf), GFP fluorescence could no longer be detected since the
rx2 promoter is not active in the differentiated RPE. This result re-
flects the fact that GFP expression is strictly dependent on the
temporal activity of the promoter driving Gal4 expression, thus
restricting direct detection of potential mutant cells to a limited
time window.

Cre-mediated recombination allows permanent labeling
of Cas9-expressing cells

By using the pUAS:Cas9T2AGFP;U6:sgRNA1;U6:s§RNA2 vector,
potentially mutated cells are labeled by simultaneous expression
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of the Cas9 endonuclease and a GFP reporter. Nevertheless, the
possibility of phenotypic analysis of the cells expressing the trans-
gene strongly depends on the activity window of the chosen pro-
moter, as it determines when the GFP reporter can be detected.
Therefore, the long-term visualization of cells displaying loss-of-
function phenotypes that are not self-revealing (unlike the loss
of pigmentation induced by mutations on the tyr locus) requires
permanent labeling of Cas9-expressing cells and their progeny.
To obtain such a labeling, we replaced the GFP ORF with the one
of Cre recombinase (Fig. 3A), an enzyme catalyzing site-specific re-
combination events (Branda and Dymecki 2004; Pan et al. 2005).
In order to detect Cre-mediated labeling of Cas9-expressing cells,
we used transgenic lines carrying a cassette where a ubiquitous
promoter drives constitutive expression of a fluorescent reporter
only upon excision of a floxed STOP sequence by Cre recombinase.
The tissue-specific Gal4-driven transcription of a UAS:Cas9T2ACre
transgene ensures concomitant expression of the Cas9 and Cre
enzymes inducing, respectively, double-strand breaks (DSBs) at
the target locus and activation of the floxed reporter transgene
within the same cell (Fig. 3B). Most importantly, Cre-dependent
expression of the fluorescent reporter will persist in all cells derived
from a specific Cas9-expressing precursor. This approach, that
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we name 2C-Cas9 (Cre-mediated recombination for Clonal analy-
sis of Cas9 mutant cells) allows targeted mutagenesis of a cell
population and the genetic labeling of the derived mutant cell
clones.

Visualizing 2C-Cas9-mediated gene inactivation

In order to explore the possibility of directly visualizing protein
loss, we sought to induce eye-specific loss-of-function at the parval-
bumin 6 (pvalb6) locus, coding for a calcium-binding protein ex-
pressed in a subpopulation of amacrine cells (ACs) in the inner
nuclear layer (INL) and retinal ganglion cell layer (GCL) of the dif-
ferentiated retina (Fig. 4A). The pvalb6 gene is the only paralog ex-
pressed in mature retinal neurons as reported by the ZFIN in situ
database (Sprague et al. 2008). This gene represents an ideal target
for unbiased detection of locus disruption, since its expression can
be easily revealed by immunohistochemistry with a commercially
available antibody (Nevin et al. 2008). To achieve pvalb6 inactiva-
tion, we first generated a pUAS:Cas9T2ACre;U6:pvalb6sgRNA1;U6:
pvalb6sgRNA1 vector. The mutagenesis rate of the sgRNA used
was tested in transient injection in wild-type embryos prior
to cloning in the 2C-Cas9 vector (Supplemental Table S1). As a sin-
gle efficient sgRNA could be identified
for this gene, the same target sequence
was inserted downstream from each of
the two U6 promoters. We chose the
rx2:Gal4 driver to express this UAS con-
struct targeting pvalb6 in multipotent
retinal progenitor cells as the rx2 promot-
er is active during early eye field develop-
ment (Chuang and Raymond 2001;
Heermann et al. 2015). It has been previ-
ously reported that one single RPC can
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rescent reporter gene (XFP) by deletion of the floxed stop sequence.

U6:sgRNAT;:U6:5gANA2

Cre-mediated recombination

HaTm -+

Permanent labeling of Cas9-expressing cells by Cre-mediated recombination. (A) Schematic
illustration of the pUAS:Cas9T2ACre;U6sgRNAT,;U6sgRNAZ2 expression vector design. The vector contains
two U6-sgRNA expression cassettes targeting the same gene. Bsal and BsmBI restriction sites are used for
the sgRNA target sequence cloning. UAS elements drive the expression of Cas9 and Cre recombinase
linked via the T2A peptide. (B) Microinjection of the pUAS:Cas9T2ACre;U6sgRNAT;U6sgRNA2 construct
in the double transgenic embryos Tg(Tissue specific promoter:Gal4) x Tg(Ubiquitous promoter:loxP-STOP-
loxP-XFP) triggers simultaneous synthesis of Cas9 and Cre in a chosen spatiotemporal pattern, defined
by the promoter driving Gal4 expression. Cell-specific Cas9 endonuclease activity induces targeted dis-
ruption of the gene of interest and Cre-mediated recombination induces permanent expression of a fluo-

give rise to clones including all of the dif-
ferent retinal cell types spanning all reti-
nal layers (Livesey and Cepko 2001).
Thus, a loss-of-function mutation,
when induced at the level of a RPC, is ex-
pected to propagate to a clone of cells de-
rived from the progenitor. To obtain
clonal labeling of mutant retinal cells,
we injected the pUAS:Cas9T2ACre;U6:
pvalb6sgRNA1;U6:pvalb6sgRNAT into one-
cell stage embryos of a cross of Tg(rx2:
Gal4;myl7:GFP) and  Tg(-3.5ubb:loxP-
lacZ-loxP-eGFP)cn2  fish. The latter
reporter line allows visualization of Cre-
mediated recombination by switching
from lacZ to GFP expression. This cross
enables the detection in the retina of ra-
dial columns of GFP-positive cells arising
from RPCs having expressed the Cas9
during the activation time of the rx2 pro-
moter. Discrete clones of GFP-positive
Cas9-expressing cells were analyzed in
retinas of 5 dpf larvae after double im-
munohistochemistry for GFP and Pvalb.
For each clone, we counted the total
number of cells labeled by the GFP re-
porter, excluding photoreceptors, and
the number of cells simultaneously
stained for GFP and Pvalb. This second
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Figure 4. Targeting of the pvalbé6 locus leads to loss of Pvalb expression in ACs. (A) Schematic of a clone of cells deriving from a single RPC. The black
frame defines the position of the amacrine cell population. (ONL) Outer nuclear layer, (INL) inner nuclear layer, (GCL) ganglion cell layer. (B) GFP-positive
Cas9-expressing cells in the retinal section of a 5 dpf double transgenic Tg(rx2:Gal4; myl7:GFP) x Tg (-3.5ubb:loxP-lacZ-loxP-eGFP)cn2 embryos transiently
expressing the 2C-Cas9 vector containing control sgRNAs (upper panel) or pvalb6-specific sgRNAs (lower panel). The same sgRNA target sequence was in-
serted downstream from each U6 promoter (U6:pvalb6sgRNAT). The number of Pvalb- and GFP-double-positive cells (black dots) is reduced if pvalbé6 is
targeted compared to control. Scale bar = 50 pm. (C) Quantification of the percentage of Pvalb-positive cells per GFP-positive clone. Data are represented
as mean = SEM. (***) P-value < 0.001 following Wilcoxon Mann-Whitney test. (D) Table showing the percentage of Pvalb-positive cells per GFP-positive
clone in the retinal sections of double transgenic Tg(rx2:Gal4; myl7:GFP) x Tg(-3.5ubb:loxP-lacZ-loxP-eGFP)cn2 larvae microinjected with the 2C-Cas9 plas-
mid containing control sgRNAs (first row) or pvalbé-targeting sgRNAs (second row).

population represents the subset of amacrine cells deriving from
Cas9-expressing RPCs that escaped pvalb6 biallelic inactivation.
We observed that the total number of cells was not affected in
the examined clones (15+1 in controls vs. 16+1 in pvalb6
s§RNA clones; P=0.9, Wilcoxon Mann-Whitney test), while the
number of cells showing colocalization of Pvalb and GFP signals
was considerably reduced by the targeting of pvalb6 (1.9+0.3
in controls vs. 0.8+0.2 in pvalb6 sgRNA clones; P<0.005,
Wilcoxon Mann-Whitney test) (Fig. 4B). Overall, in control reti-
nas the number of GFP-positive cells expressing Pvalb represented
12% of each clone on average (n=23 clones; 345 cells analyzed).
On the contrary, in clones where the pvalb6 gene was targeted,
only 4% of GFP-positive cells were also positive for Pvalb (n=
27 clones; 435 cells analyzed), representing cells that escaped
biallelic pvalb6 inactivation (Fig. 4C,D). Altogether, pvalb6 target-
ing led to a reduction of two thirds of the pvalb6-expressing
ACs. These results confirm that 2C-Cas9 can mediate gene loss-
of-function and that antibody staining can efficiently reveal pro-
tein loss at a cellular resolution, offering a clear read-out of the pro-
portion of cells carrying biallelic mutations within the analyzed
population.

atoh7 gene inactivation in retinal progenitors inhibits
determination of retinal ganglion cells (RGCs) in clonally
derived cell populations

We next wanted to test the utility of the 2C-Cas9 system in the
analysis of a loss-of-function phenotype in cell clones. We chose
to target the atonal bHLH transcription factor 7 (atoh7) gene because
a characterized loss-of-function allele (lakritz) shows a clearly iden-
tifiable retinal phenotype (Kay et al. 2001). The lak mutation re-
sults in the loss of retinal ganglion cell (RGC) specification
during eye development. Because rx2 expression precedes atoh7 ac-
tivation, mutations induced by rx2-driven Cas9 may give rise to
atoh7 mutant cells in RPCs before endogenous atoh?7 is expressed.
We therefore transiently expressed a pUAS:Cas9T2ACre;U6:
atoh7sgRNA1;U6:atoh7sgRNA2 vector in double transgenic embry-
os deriving from a cross of Tg(rx2:Gal4;myl7:GFP) and Tg(-3.5ubb:
loxP-lacZ-loxP-eGFP)cn2 fish to induce targeted mutations at the
atoh7 locus in RPCs. The mutagenesis efficiency of the sgRNAs
used was assessed prior to insertion in the transgenesis vector
(Supplemental Table S1) in transient injection experiments.
Clones of GFP-positive cells were analyzed in sections of
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differentiated retinas of 5 dpf larvae (Fig. 5A-C). For this analysis,
we chose to quantify only spatially well-separated clones that
could be unambiguously identified, ranging from 10 to 55 cells
per clone. We observed that the total number of cells per clone
was not affected (25+3 in controls vs. 24+ 2 in atoh7 sgRNA
clones; P=0.91, Wilcoxon Mann-Whitney test), while the num-
ber of RGCs was significantly reduced in atoh7 targeted clones

retinal sections of embryos where the atoh7 locus was targeted,
one third of the examined clones (7/22) displayed complete ab-
sence of RGCs, while only in a few cases (2/22 clones) the percent-
age of specified RGCs per clone was higher than 20% (Fig. SE).
These observations indicate that atoh7 loss-of-function is effec-
tively induced by our vector system in rx2-expressing retinal
progenitors.

(6.1+£1.2 in controls vs. 2.4+ 0.5 in atoh7 sgRNA clones; P<0.01,
Wilcoxon Mann-Whitney test). On average, in control retinas
the RGC population represented 23% of the cells in each clone
(57/247 cells analyzed). In contrast, in potentially atoh7-depleted
clones only 9% of GFP-positive cells corresponded to differentiat-
ed RGCs (48/532 cells analyzed) (Fig. 5SD). In the retinas of
embryos injected with the control plasmid, all clones of cells
(10/10) contained RGCs, representing, in the majority of clones
(7/10), >20% of the GFP-positive cell population (Fig. SE). In the

Analysis of genetic chimeras by combining tissue-specific
loss-of-function with Brainbow single-cell labeling

To gain insights into complex loss-of-function phenotypes, it is
necessary to understand if the biological effect of gene inactiva-
tion is cell-autonomous or non-cell-autonomous. Our method
can be applied to generate genetic mosaics in which the pheno-
type of single mutant cells can be analyzed in a wild-type
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Figure 5. Clonal deletion of atoh7 leads to reduction in RGCs differentiation. Targeting of the atoh7 gene. Atoh7 is a transcription factor essential for the
differentiation of retinal ganglion cells (RGCs). The pUAS:Cas9T2ACre;U6sgRNAT,U6sgRNA2 construct, with control or atoh7-specific sgRNAs, was injected
in double transgenic embryos Tg(rx2:Gal4; myl7:GFP) x Tg(-3.5ubb:loxP-lacZ-loxP-eGFP)cn2. The latter transgene drives Gal4 expression in retinal progen-
itor cells. (A) (Upper panel) Differentiated RGCs are detected in wild-type clones injected with the DNA construct containing control sgRNAs. (Lower panel)
GFP-labeled mutant clones show reduction of RGCs in the retinal section of a 5 dpf larva, as expected from atoh?7 loss-of-function. Quantification of RGCs
was done according to soma location in the ganglion cell layer (GCL), and displaced amacrine cells were distinguished by Parvalbumin counterstaining.
Scale bar =100 pm. (B) Higher magnification of the wild-type (upper panel) and atoh7 (lower panel) mutant retinal cell layers. RGCs are indicated by as-
terisks. (C) A schematic of labeled clones in the zebrafish retinal layers. (ONL) Outer nuclear layer, (INL) inner nuclear layer, (GCL) ganglion cell layer. (D)
Quantification of the percentage of RGCs per clone derived from Cas9-expressing cells. Data are represented as mean + SEM. (***) P-value <0.001 follow-
ing Wilcoxon Mann-Whitney test. (E) Table showing the percentage of RGCs per GFP-positive clone in the retinal sections of double transgenic Tg(rx2:
Gal4; myl7:GFP) x Tg(-3.5ubb:loxP-lacZ-loxP-eGFP)cn2 embryos microinjected with the 2C-Cas9 vector containing control sgRNAs (first row) or atoh7-spe-
cific sgRNAs (second row).
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Figure 6. Labeling of mutant single cells by combining the
2C-Cas9 and the Brainbow methodologies. (A) Microinjection
of the pUAS:Cas9T2ACre;U6sgRNAT;U6sgRNA2 construct in the
double transgenic embryos  Tg(promoter:Gal4) x Tg(UAS:
Brb1.0L)s1997t leads to synthesis of both Cas9 and Cre. In
Gal4-expressing cells, Cas9 promotes targeted cleavage of the
chosen genomic locus. At the same time, Cre activity induces
stochastic recombination of the UAS:Brb1.0L cassette, thus pro-
moting a switch from the default tdTomato to YFP or Cerulean
fluorescence in the same cells. (B) Recombination of the UAS:
Brb1.0L cassette in a tissue-specific pattern induced by injection
of the pUAS:Cas9T2ACre;U6sgRNAT,;U6sgRNA2 plasmid. No tar-
get sequence was inserted in the vector prior to injection. (Left
panel) Multicolor labeling of muscle cells in the Tg(rp/5b:Gal4)
transgenic line. (Right panel) Single YFP motor neuron labeled
by expression of UAS:Cas9T2ACre;U6sgRNAT;U6sgRNA2 trans-
gene in the double transgenic embryos Tg(mnx1:Gal4)x Tg
(UAS:Brb1.0L)s1997t. tdTomato marks motor neurons that do
not express the UAS transgenic cassette. Scale bar=50 pm.
(C) Double transgenic Tg(isl2b:Gal4; kifSaa*'®%/*") x Tg(UAS:
Brb1.0L)s1997t larva, injected with pUAS:Cas9T2ACre;U6:
Kif5aasgRNAT1,;U6:Kif5aasgRNA2. isI2b:Gal4 drives the expression
of UAS:Brb1.0L transgene in RGC axons in the optic tectum.
Note that the axon marked by cerulean expression, and therefore
by Cre recombinase activity, shows reduced arbor size as expect-
ed from the phenotype of kifSaa~'~ RGCs transplanted in wild-
type host (Auer et al. 2015). Scale bar=30 pm. (D)
Quantification of total branch length in tdTomato-positive
wild-type and potentially mutant Cerulean- or YFP-positive
RGC axons (analyzed in kifSaa*/*: [*] P-value <0.05 following
Wilcoxon Mann-Whitney test, and kif5aa*’¢%/*: [***] P-value <
0.001 following Wilcoxon Mann-Whitney test). Data are repre-
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background, thus allowing the evaluation of cell-autonomous
gene function. To this end, we combined our conditional knock-
out strategy with the Brainbow technology (Livet 2007; Pan et al.
2013), in which Cre recombinase stochastically activates the ex-
pression of different fluorescent proteins, allowing the differential
labeling of single mutant cells in a wild-type tissue. In
the UAS:Brainbow transgene (Tg/UAS:Br1.0LJ*'*°”") (Robles et al.
2013), Cre recombinase sites separate the cDNAs of the fluores-
cent proteins tdTomato, Cerulean, and YFP. When crossing a
transgenic line carrying this cassette to cell-type-specific Gal4
lines, the Gal4 transactivator leads to the expression of
tdTomato, in the absence of Cre-mediated recombination. In con-
trast, if Cre recombinase expression is induced, transcription of ei-
ther cerulean or YFP is triggered (Fig. 6A). We first verified that
transient expression of the pUAS:Cas9T2ACre;U6:sgRNA1;U6:
s§RNA2 construct induces stochastic recombination of the
UAS:Brainbow allele by injecting the plasmid into one-cell stage

Tg(rpl5b:Gal4) or Tg(mnx1:Gal4)x Tg(UAS:Br1.0L)*'*?”* double
transgenic embryos. Mosaic expression of fluorescent proteins
was detected, as expected, in Gal4-positive cells (Fig. 6B) in agree-
ment with the known Gal4 expression patterns of the two
promoters (Fig. 1B; Supplemental Fig. S2B). We next used the
2C-Cas9 vector system to generate genetic chimeras where
tdTomato- fluorescent cells are wild-type, while Cerulean- or
YFP-labeled cells represent potentially mutant cells. In order to
achieve this differential labeling, we injected the 2C-Cas9 vector
in double transgenic embryos (carrying tissue-specific Gal4 driver
and UAS:Brainbow). In our construct, Cas9 and Cre expression oc-
cur from the same transcript; therefore, Gal4-expressing cells that
received the Cas9T2ACre plasmid will recombine the UAS:Br1.0L
allele, inducing expression of cerulean or YFP and will potentially
be knockout for the target gene. On the contrary, Gal4-expressing
cells that did not receive the Cas9T2ACre plasmid will be marked
by tdTomato fluorescence and wild-type (Fig. 6A).
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To confirm that cell-autonomous gene function can be exam-
ined by this method, we targeted the kif5aa gene, coding for the
motor protein Kinesin family member 5A, a (Campbell and
Marlow 2013; Auer et al. 2015). We selected this gene because
we have recently shown that kif5aa inactivation results in the re-
duction of axon arbor complexity via a cell-autonomous mecha-
nism: kifSaa~/~ cells transplanted into wild-type host, after
differentiation into RGCs, showed a severe reduction in axon arbor
total length (Auer et al. 2015). We decided to apply the 2C-Cas9
system to inactivate the kif5aa gene in single RGCs while differen-
tially labeling wild-type and potentially mutant cells in the same
embryos. We used Tg(isI2b:Gal4) larvae to express the Gal4 trans-
activator in RGCs and drive 2C-Cas9-mediated gene disruption
in this neuronal population. To further increase the efficiency of
the knockout strategy, we used Tg(isI2b:Gal4) embryos heterozy-
gous for an existing loss-of-function mutation in the kif5aa locus
(kif5aa*'%?’*). We hypothesized that, if only one wild-type allele
needs to be targeted by the Cas9/sgRNA complex, a loss-of-func-
tion phenotype would be generated with a higher probability.
We therefore cloned two sgRNAs targeting the kif5aa locus (Auer
et al. 2014b) (Supplemental Table S1) in the 2C-Cas9 vector and
injected the resulting pUAS:Cas9T2ACre;U6:kif5aasgRNA1;U6:
kifSaasgRNA2 in double transgenic embryos Tg(isI2b:Gal4;
kifSaa*'°%"*) x Tg(UAS:Br1.0L)s1997t. In the injected embryos,
YFP- or Cerulean-fluorescent RGCs (potentially kif5aa mutant)
showed a decrease of total branch length compared to tdTomato-
expressing RGCs (wild-type). As expected, an overall reduction of
axonal length was detected in YFP or Cerulean RGCs compared
to tdTomato RGCs, and it was more severe in kifSaa*'®** than in
kifSaa*’* embryos (tdTomato-expressing RGCs =261.8 +19.3 um,
n=6; cerulean- or YFP-expressing RGCs in kifSaa**=188.8+15.7
pm, n=11, P<0.05, Wilcoxon Mann-Whitney test; cerulean- or
YFP-expressing RGCs in kifSaa*'%**=156.6+7.7 ym, n=11, P
<0.001, Wilcoxon Mann-Whitney test) (Fig. 6D). In addition,
we noted the presence of two distinct RGC phenotypes in the
Cre-labeled neurons: a wild-type-like (axonal length >200 pm)
and a mutant-like (axonal length <200 pm). Remarkably, the num-
ber of cells showing a mutant-like phenotype was more abundant
in the kifSaa*1%%* fish (91% of analyzed axons, = 11) than in the
kifSaa*’* embryos (64% of analyzed axons, n=11) (Fig. 6E). This
observation confirms that the activation of the 2C-Cas9 system
in a heterozygous genetic background leads to an increase of the
proportion of mutant cells.

Our results demonstrate the utility of this method to generate
genetic mosaic embryos and allow the labeling of multiple axons
with different genotypes in distinct color combinations.

Discussion

The constant improvement of CRISPR/Cas9-mediated technolo-
gies over the past years is revolutionizing reverse genetic approach-
es in model organisms. Using the Gal4/UAS system for the first
time in a vertebrate model to drive Cas9 expression, our method
expands the possibility of spatiotemporally regulated gene knock-
out, allowing researchers to tap into the resource of existing Gal4
driver lines. The generation of a stable TgUAS:Cas9T2AGFP;U6:
sgRNA1;U6:sgRNA2) transgenic line, represents an advantage in
the study of in vivo gene function in diverse cell types and tissues,
as tissue-specific gene inactivation can be obtained simply by
crossing to already established Gal4 driver lines. Although this
transgenic expression system has been shown to experience
somatic mosaicism from epigenetic silencing (Akitake et al.

2011), this has not diminished its great popularity and use in
zebrafish and other organisms. Indeed, in some applications mosa-
ic gene expression can even be a positive feature, allowing the anal-
ysis of the effect of gene inactivation in a sparse manner in single
cells or cell clones. However, even when tissue-specific gene inac-
tivation is achieved, the visualization of mutant cells is essential to
the phenotypic analysis, an integral element that was not possible
with previously published approaches.

In our work, we tested two methods to identify cells carrying
loss-of-function alleles. In both cases, the use of a T2A self-cleaving
peptide allows for the stoichiometric expression of the Cas9 and a
reporter gene that are translated as a single polypeptide from the
same mRNA (Provost et al. 2007; Kim et al. 2011). First, we used
a GFP reporter whose expression is linked to that of the Cas9
to allow for efficient visualization of Cas9-expressing cells.
Cas9T2AGFP transcription being dependent on transactivation
by Gal4, the analysis of gene loss-of-function can be performed
during the time frame of Gal4 expression, which is detected by
GFP fluorescence. In some cases, the phenotypic evaluation of mu-
tant cells may be required after Gal4 expression has terminated. For
instance, when targeting the tyr gene with a Gal4 driver active in
retinal progenitors, we could observe cells lacking pigmentation
in larvae, but they did not express GFP, and therefore, absence of
pigmentation could not be strictly correlated to inactivation of
the tyrosinase gene in the unpigmented cells. The second method
that we tested, 2C-Cas9, addresses the time frame issue by enabling
both conditional generation of mutant cells and their permanent
lineage tracing. In this assay, we used Cre activity to permanently
label the population of Cas9-expressing cells, making it possible to
analyze the phenotype resulting from targeted gene disruption af-
ter Cas9 expression has ceased. Importantly, if Cre-mediated re-
combination of a floxed allele results in the expression of a
fluorescent protein driven by a constitutive promoter, the label
would be transmitted from the Cas9-expressing founder cell to
its progeny and remain detectable, thus generating a clone of la-
beled mutant cells. By using this method in retinal progenitor
cells, we successfully disrupted the pvalb6 and atoh7 genomic
loci, thus modifying molecular identity and cell-fate determina-
tion of their progeny, respectively.

To expand further the possibility to analyze tissue-specific
gene inactivation, we took advantage of the flexibility of the
PUAS:Cas9T2ACre;U6:sgRNA1;U6:s§RNA2 construct to achieve la-
beling of single mutant cells in an otherwise wild-type animal.
So far, generation of genetic chimeras in biological systems has
mainly been possible in the mouse and the fruit fly, greatly con-
tributing to the preeminence of these animal models in genetic
studies (Perrimon 1998; Wijgerde et al. 2002). In these models,
the use of recombination-based approaches such as Cre/LoxP has
been accepted as a gold standard technique for conditional muta-
genesis. Until now, a similar approach has not been available in
zebrafish. The phenotypic analysis of single mutant cells in a
wild-type genetic background has relied on technically challeng-
ing transplantation experiments limited to embryonic develop-
ment, which could not be temporally controlled. For this reason,
genetic chimera experiments allow the investigation of only early
phenotypes and cannot be used to examine the role of genes and
pathways that are used repeatedly during development. Our
multicolor labeling approach, that we achieved by combining
the 2C-Cas9 system with the Brainbow technology (Livet 2007;
Pan et al. 2013), permits the analysis of tissue-specific phenotypes
of gene inactivation at a single cell resolution and enables the di-
rect comparison of potentially mutant cells with their wild-type
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counterpart in the same animal. Cre/LoxP-based approaches in
zebrafish, if properly developed, could also circumvent these
limitations but would require much longer generation time
and challenging homologous recombination-based genomic
manipulations. Furthermore the efficiency of Cre-mediated re-
combination is well known to depend strongly on the Cre driver
line used and the target locus, and potential mosaic inactivation
needs to be taken into account also in this case (Branda and
Dymecki 2004).

Although the 2C-Cas9 system is meant to allow the pheno-
typic evaluation of mutant cells, different parameters may influ-
ence the interpretation of phenotypes arising from the targeting
of a specific locus with this method. To unambiguously follow
the fate of mutant cells (or clones of cells), it would be necessary
to activate a reporter gene exclusively in these populations.
However, in the zebrafish model system, the tools to obtain this
kind of tracking are still missing. As an alternative, we propose
to mark potentially mutant cells by coexpressing the Cas9 en-
zyme together with GFP or Cre reporters. By using this approach,
not all the analyzed cells will be mutant and each mutant cell will
have independently induced mutations (a percentage of these
might be silent in-frame mutations). If an antibody recognizing
the protein encoded by the targeted gene is available, a single
staining could identify all the cells carrying protein null-muta-
tions. Indeed, we could reveal pvalb6 loss-of-function in the
zebrafish neural retina by staining the population of Cas9-ex-
pressing cells with an antibody directed against this protein. In
other cases, a molecular evaluation of the proportion of truly mu-
tant cells within the analyzed population would be ideally need-
ed to facilitate the statistical analysis of the behavior of the Cas9-
expressing cells. A possibility to estimate the rate of mutation in
the targeted tissue would be the separation of the marked Cas9-
expressing cells by fluorescence-activated cell sorting (FACS). To
be efficient, this procedure requires a highly pure and concentrat-
ed single-cell suspension, and it might be prone to contamination
with debris or nonfluorescent cells. In addition, many transgenic
lines contain fluorescent transgenesis markers (such as myl7:GFP
or cry:GFP), which are wild-type fluorescent cells limiting the ac-
curacy of the FACS for the evaluation of the mutagenesis
efficiency.

In addition, the strength of the Gal4 driver used is essential in
determining the efficiency of the 2C-Cas9 system, and its variabil-
ity may result in differences in gene disruption. For instance, when
using the Tg(rpl5:Gal4) line to target the tyr locus, we detected a
mutagenesis rate that appeared lower than when using the rx2:
Gal4 driver, where we observed phenotypes suggesting a highly ef-
ficient gene disruption. This result suggests that, in driver lines dis-
playing low expression of the Gal4 transactivator, gene
inactivation may be insufficient to observe phenotypic effects of
loss-of-function. Therefore strong Gal4 carrier lines need to be
used in order to achieve high mutagenesis rates. The intra-cellular
levels of Cas9 expression provided by the 5xUAS of our vector sys-
tem were sufficient to induce gene inactivation in cell clones or
single cells in our experiments. Nevertheless, further improve-
ments in the Cas9 expression cassette could increase Cas9 protein
levels. Recently, noncoding elements of the zebrafish genome
have been used to increase expression of transgenes and have
been incorporated in UAS vectors (Horstick et al. 2015). The addi-
tion of such features to our vector design may have a strong impact
on the expression of the Cas9, thus leading to a more penetrant tis-
sue-specific loss-of-function. In addition to strong and stable Cas9
expression, the generation of a high rate of biallelic mutations re-

quires highly active sgRNAs that will be facilitated by recently re-
ported efficiency predictions (Moreno-Mateos et al. 2015).
Furthermore, the design of sgRNAs recognizing genomic loci cod-
ing for essential domains of a protein would increase the possibil-
ity of inducing a null phenotype, even in the case of in-frame
mutations (Shi et al. 2015). Importantly, we also show that one
simple and powerful way to increase the efficiency of gene disrup-
tion is to inject the pUAS:Cas9T2ACre;U6:s§RNA1;U6:sgRNAZ2 in a
heterozygous mutant background, where one allele is already con-
stitutively mutated.

In this report, we present for the first time in zebrafish a strat-
egy to track the fate of individual genetically modified cells within
awild-type whole animal environment, thus allowing detection of
cell-autonomous defects resulting from mutations. The genetic
lineage tracing of potentially mutant cells allows the phenotypic
analysis of cell populations of interest until adulthood, broadening
the use of the 2C-Cas9 in fields ranging from stem cells and regen-
eration to cancer biology and aging. Finally, because none of the
tools that we generated are restricted to zebrafish, similar experi-
ments are readily possible in virtually any organism where trans-
genesis and DNA injection are feasible.

Methods

Fish lines and husbandry

For this study, the transgenic and mutant lines used are listed in
Supplemental Table S2. Zebrafish strains were maintained accord-
ing to standard protocols (Westerfield 2000).

Molecular cloning

The Cas9T2AGFP fragment was generated by inserting a PCR-am-
plified fragment containing the T2AGFP sequence from the
pCas9_GFP plasmid (Addgene, #44719) into the pCS2-nCas9n
plasmid (Addgene, #47929). Primers used (5’ to 3') were bglll-
Cas9-T2A fwd: GGTGAGATCTCCTAAGAAGAAGAGAAAGGTGA
GGTCCGGCGGCGGAG, and GFP Xbal rev: AGCTTCTAGATTA
CTTGTACAGCTC. Bglll and Xbal enzymes were used to digest
both plasmid and PCR product prior to ligation.

The U6:sgRNA1 sequence was synthetized as G-block from
IDT. Bsmbl restriction sites were introduced to clone the 20-bp
target sequence at the predicted transcription start site (+1).
The Gibson assembly kit (NEB) was used to clone the U6:sgRNA1
and the Cas9T2AGFP fragments into a pminiTol2 vector
(Balciunas et al. 2006) containing a SxUAS cassette and digested
with EcoRI and Clal. Primers used were (5’ to 3'): U6 fwd:
GCAATAAACCTTGTACAAAGTGGGGGATC, and U6 rev: GAGC
TCGAATTAATTCATAATTGAAAAAAAGCACCGAC to amplify the
U6:sgRNA fragment, and Cas9-T2A-GFP fwd: CTGAATAGGGAA
TTGGGGCCACCATGGCTTCTCCA, and Cas9-T2A-GFP rev: TTG
TACAAGGTTTATTGCAGCTTATAATGGTTACAAATAAAG to am-
plify the Cas9T2AGFP fragment.

The second U6:sgRNA2 cassette was designed with Sall over-
hangs for insertion into the p(UAS:Cas9T2AGFP;U6:sgRNA1) plas-
mid linearized with the same enzyme. Bsal sites were used to clone
the 20-nt sgRNA target sequence at the +1 position.

The Cas9T2ACre fragment was synthetized by fusion of indi-
vidual PCR products using Phusion High-Fidelity DNA Polymerase
(Thermo Scientific). The Cre sequence was amplified from the
PCR8GW-Cre-FRT-kan-FRT 2 plasmid (Suster et al. 2011). Primers
used (5 to 3') were T2A-Cre fwd: GAGGAAGTCTTCTAACAT
GCGGTGACGTGGAGGAGAATCCCGGCCCAATGGCCAATTTAC
TGACCGTACAC, and Cre-Xbal rev: CGATTCTAGACTAATCGCC
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ATCTTCCAGC. The Cas9T2A fragment was amplified from the
PUAS:Cas9T2AGFP;U6:s§RNA1;U6sgRNA2. Primers used (5’ to 3')
were Cas9 Kpnl fwd: GGTCGGTACCGCACTGATCAAGAAATAC,
and T2A rev: GTCACCGCATGTTAGAAGACTTCC. Both frag-
ments were fused, amplified, and inserted into the pUAS:Cas9T
2AGFP;U6:sgRNA1;U6sgRNA2 digested with Kpnl and Xbal. The
sequence of all constructs was verified by sequencing.

Generation of stable transgenic lines

The Tg(UAS:Cas9T2AGFP;U6:sgRNA1;U6:sgRNA2) and Tg(UAS:
Cas9T2AGFP; U6:tyrsgRNA1;U6:tyrsgRNA2) were generated by in-
jecting the previously described plasmids into one-cell stage
wild-type embryos. The rx2:Gal4 vector was generated by three-
way-Gateway cloning recombining a 5 entry vector carrying the
rx2 promoter fragment (Heermann et al. 2015) with a Gal4 middle
entry, a polyA 3'entry vector, and a myl7:eGFP-Tol2 destination
vector (Kwan et al. 2007). To generate the rpl5b:Gal4 vector, we
cloned a 5700-bp promoter fragment of the ribosomal gene rpl5b
in a §' entry vector and recombined it with a Gal4 middle entry,
a polyA 3’ entry vector, and a Tol2 destination vector (Kwan
et al. 2007). To generate the Tg(-3.5ubb:loxP-lacZ-loxP-eGFP)cn2
transgenic line (also known as cn2Tg or Hulk), we used a three-
way-Gateway cloning system. pSE -3.5ubb:loxP-lacZ-loxP was gen-
erated by inserting the result of digesting the iZEG plasmid (Novak
et al. 2000) with Xbal and Xhol and making blunt ends into the
pSE ubi (Mosimann et al. 2011) after being linearized with
BamHI and blunting the ends. pDest cry:GFP was generated by in-
serting the result of digesting the p1 cry:GFP (Love et al. 2011) with
Sacll and making blunt ends into the pDestTol2pA2 (Kwan et al.
2007) that was linearized with BglII. The -3.5ubb:loxP-lacZ-loxP-
eGFP; cry:GFP construct was generated combining these four plas-
mids into a single one using Gateway LR Clonase II, Life
Technologies: pSE -3.5ubb:loxP-lacZ-loxP, pME GFP (Kwan et al.
2007), p3E pA (Kwan et al. 2007), and pDest cry:GFP. Stable trans-
genic lines were generated injecting plasmid DNA with Tol2 mRNA
transposase and founders identified by genetic crossing and trans-
gene transmission. The cry:GFP cassette contained in this trans-
gene allows the selection of transgenic embryos due to the GFP
expression in the developing lens under the control of the
gamma-crystallin promoter.

Injections

To test the mutagenesis efficiency of sgRNAs, a mixture of sgRNA
and Cas9 mRNA was injected into one-cell stage zebrafish embry-
os. The final concentration was 75 ng/uL for sgRNA and 150 ng/pL
for Cas9 mRNA. For Tol2-mediated transgenesis, p(UAS:
Cas9T2AGFP;U6:sgRNA1;U6sgRNA2) or p(UAS:Cas9T2ACre;U6:
s§RNA1;U6sgRNA2) were co-injected at a concentration of 30 ng/
pL with the Tol2 transposase mRNA (50 ng/pL) into the selected
Tg(Promoter:Gal4) lines. Genomic DNA was extracted from either
single embryos or pools of embryos and then used for PCR and
DNA sequencing experiments.

Whole-embryos DNA extraction

For genomic DNA extraction, pools of 25 embryos at 5 dpf were di-
gested for 1 h at 55°C in 0.5 mL lysis buffer (10 mM Tris, pH 8.0,
10 mM NacCl, 10 mM EDTA, and 2% SDS) with proteinase K
(0.17 mg/mL, Roche Diagnostics). To check for frequency of indel
mutations, target genomic loci were PCR-amplified using Phusion
High-Fidelity DNA polymerase (Thermo Scientific). PCR ampli-
cons were subsequently cloned into the pCR-bluntII-TOPO vector
(Invitrogen). Plasmid DNA was isolated from single colonies and

sent for sequencing. Mutant alleles were identified by comparison
with the wild-type sequence.

Cryosections

Embryos at the stage of 5 dpf were fixed in 4% paraformaldehyde
in PBS (pH 7.4) for 2 h at room temperature and subsequently cry-
oprotected overnight in a 30% sucrose/0.02% sodium azide/PBS
solution. Embryos were transferred to plastic molds and embedded
in OCT after removal of the sucrose. The blocks were placed on dry
ice before sectioning. The sections were cut with a thickness of
14 pm and mounted on Fisherbrand Superfrost plus slides (No.
12- 550-15).

Immunohistochemistry

Cryosections of 5 dpf retinas were washed twice in 1x PBS/0.1%
Tween-20 (PBS-T) solution. Subsequently, they were incubated
1 h at room temperature in 10% normal goat serum (Invitrogen)
in PBS-T blocking solution followed by overnight incubation
with 1/500 dilution of chicken primary anti-GFP (Genetex) or
mouse anti-Parvalbumin antibody (Millipore). The Alexa Fluor
488 secondary antibody goat anti-chicken IgG or the Alexa Fluor
568 secondary antibody goat anti-mouse IgG (1/500, Molecular
Probes) and a 1/500 dilution of DAPI (50 pg/pL) in blocking solu-
tion were added for 2 h at room temperature. After five washings in
wash buffer (1x PBS/0.1% Tween-20) coverslips were placed on the
slides after addition of Vectashield drops. Slides were left at room
temperature for 1 h before microscopy analysis.

sgRNAs and Cas? mRNA generation

sgRNA sequences (listed in Supplemental Table S1) were cloned
into the Bsal-digested pDR274 (Addgene, #42250) vector. The
sgRNAs were synthetized by in vitro transcription (using the
Megascript T7 transcription kit #AM1334, Ambion). After tran-
scription, sgRNAs were purified using an RNAeasy Mini Kit
(Qiagen). The quality of purified sgRNAs was checked by electro-
phoresis on a 2% agarose gel. As a control, we used RFP-specific
sgRNAs, whose sequence is not present in the fish genome
(Supplemental Table S1). Cas9 mRNA was generated as described
previously (Hwang et al. 2013a).

FACS

Fluorescent Cas9-expressing cells were isolated from wild-type
cells by fluorescence-activated cell sorting. 3 dpf embryos were
dissociated as previously described by Manoli and Driever
(2012). Cell sorting was performed on FACS Aria (BD
Biosciences), and data were analyzed using FACSDiva version
6.1.2 (BD Biosciences). The GFP fluorescence was detected in the
gfpBlue-B-530/30-A channel. GFP-positive and -negative cells
were sorted in lysis buffer provided in the NucleoSpin Tissue Kit
(Macherey-Nagel), and genomic DNA was extracted with the
same kit. PCR on target genomic loci and DNA sequencing were
performed as described above.

Microscopy

Low magnification images were acquired with a Leica MZ FLIII
stereomicroscope (Leica) equipped with a Leica DFC310FX digital
camera (Leica). Whole-eye pictures were taken with a Leica upright
wide-field epifluorescence microscope using a 20x oil immersion
objective. A Zeiss LSM 780 confocal microscope (Zeiss) was
used for confocal microscopy, employing a 40x water immersion
or 10x objective. Z-volumes were acquired with a 1- to 2-um
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resolution, and images were processed using Image], Adobe
Photoshop, and Adobe Illustrator software.

Data access

The sequences of mutant fyr clones from this study have been
submitted to the NCBI GenBank (http://www.ncbi.nlm.nih.gov/
genbank/) under accession numbers KU751772-KU751776. The
sequences and the maps relative to the plasmids pUAS:
Cas9T2AGFP;U6:s§RNA1;U6:sgRNA2 and pUAS:Cas9T2ACre;U6b:
S§RNA1;U6:sgRNA2 are available in Addgene (https://www.
addgene.org). Plasmid numbers are #74009 and #74010.
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sgRNA name Target gene Target sequence Muta%?;r:e:;s effi-
TyrsgRNA1 Tyrosinase GGACTGGAGGACTTCTGGGG 90% (18/20)
TyrsgRNA2 Tyrosinase GGCGTTTCTGCCTTGGCATC 10% (2/20)
Ath5sgRNA1 Ath5 GGCATATAAACCCAATCCAC 20% (4/20)
Ath5sgRNA2 Ath5 GGCCGAGCTGTGCAGACTCC 13% (4/32)
Kif5aasgRNA1 Kif5aa GGAATGATGCCCATCTGCTG 22% (4/18)
Kif5aasgRNA2 Kif5aa GGGACGACACGGTCATCATC 38% (6/16)
Pvalb6sgRNA Pvalb6 CGCTATTGTCGGCATCCAGG 47% (9/19)
ctisgRNA1 RFP GGCCACGAGTTCGAGATCGA -
ctisgRNA2 RFP GGACATCACCTCCCACAACG -
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Transgenic or mutant | Gene Description Original Ref-

zebrafish line used in erence

this study

kif5aa™62*- kifSaa | TALEN mediated loss-of-function allele of ki- (Auer et al.,
fbaa. 2015)

Tg(isl2b:Gal4) A promoter fragment of the is/2b gene drives (Ben Fredj et
expression of the Gal4 transactivator in the en- | al., 2010)
tire RGC population of the retina.

Tg(gSA2AzGFF49A) Transgenic line generated by gene-trap ap- (Muto et al.,
proach. An optimized version of the Gal4 (GFF) | 2013)
is expressed in periventricular neurons (PVNs)
at the level of the optic tectum (OT).

Tg(rpl5b:Gal4) A promoter fragment of the rp/5b ribosomal generated in
gene drives quasi-ubiquitous expression of the | this report
Gal4 transactivator.

Tg(s1020%) Transgenic line generated by an enhancer-trap | (Scott and
screen. Gal4 is expressed in the thalamus, spi- | Baier, 2009)
nal cord and bipolar cells of the retina.

Tg(mnx1:Gal4) A promoter containing three copies of the mnx1 | (Zelenchuch
enhancer drives the expression of Gal4 in spi- | and Brusés,
nal cord primary motor neurons. 2011)

Tg(rx2:Gal4; A promoter fragment of the rx2 gene drives generated in

myl7:GFP) expression of Gal4 in retinal progenitors. this report
The heart-specific promoter myl7 drives GFP
(myl7:GFP) as transgenesis marker.

Tg(UAS:Cas9T2AGF- The simultaneous expression of the Cas9 en- | generated in

P;U6sgRNA1 donuclease and the GFP reporter depends on | this report

;U6sgRNA2) the activation of an UAS. Two sgRNAs empty
expression cassettes are present.

Tg(UAS:Cas9T2AGF- tyr The simultaneous expression of the Cas9 generated in

P:;UbtyrsgRNA1 endonuclease and the GFP reporter depends this report

;U6tyrsgRNA2) on the activation of an UAS. Two U6 promoter
sequences drive the transcription of sgRNAs
targeting the tyrosinase gene.

Tg(-3.5ubb:loxP-lacZ- The ubiquitin promoter (Mosimann et al, 2011) | generated in

loxP-eGFP)cn2 is placed 5’ of a floxed lacZ sequence followed | this report
by GFP cDNA. Expression of GFP in the lens
driven by a crystalline promoter fragment (cry)
is used as transgenesis reporter.

Tg(UAS:Brb1.0L)s"97 The expression of a Brainbow cassette (Pan et | (Robles et al.,
al., 2013) is dependent of the activation of an 2013)
upstream activator sequence (UAS).

Tg(UAS:RFP; cry:GFP) A UAS drives the Gal4-mediated transcription (Auer et al.,
of the cDNA sequence of the red fluorescent 2014)

protein (RFP). Expression of GFP in the lens
driven by a crystalline promoter fragment (cry)
is used as transgenesis reporter.
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Supplementary Legends

Figure S1 Mutagenesis efficiency at the tyr locus in the Tg(rp/5b:Gal4) line

(A) Left panel: whole mount image of Tg(rpl5b:Gal4) embryos transiently expressing
the pUAS:Cas9T2AGFP;U6:tyrsgRNA1;U6:tyrsgRNAZ2 used for FACS analysis. Right
panel: double transgenic Tg(rpl5b:Gal4) x Tg(UAS:RFP; cry:GFP) larvae. RFP is
used as an independent reporter of Gal4 transactivation and confirms non-ectopic
expression of the pUAS:Cas9T2AGFP;U6:tyrsgRNA1;U6:tyrsgRNA2.

(B) Representative mutations at the tyr locus.

Figure S2 Gal4 expression domains in the Tg(rx2:Gal4; myl7:GFP) and
Tg(rpl5b:Gal4) lines

(A) Confocal image of Gal4-induced eye-specific expression of UAS:RFP in a 24 hpf
double transgenic Tg(rx2:Gal4; myl7:GFP) x Tg(UAS:RFP; cry:GFP) embryo. Scale
bar: 100um.

(B) Confocal image of muscle cells expressing UAS:RFP in a 5 dpf double transgenic

Tg(rpl5b:Gal4) x Tg(UAS:RFP; cry:GFP) embryo. Scale bar: 50um.

Table S1 Sequence and efficiency of the sgRNAs used in this study.

The mutagenesis rate was assessed by injection of in vitro transcribed sgRNA with
synthetic Cas9 mRNA into one-cell stage wild-type embryos. To estimate the number
of mutations induced we extracted DNA from a pool of 25 injected embryos and
subsequently PCR amplified the targeted locus. Single PCR amplicons were sequenced

and mutant alleles were identified after alignment with the wild-type sequence.

Table S2 Transgenic lines used in the report
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ARTICLE

Summary

The establishment of proper neuronal connections in the embryonic brain
relies on the ability of differentiated neurons to extend their axons in
the direction of their correct synaptic partners. This task is controlled
by midline-produced molecular cues in the extracellular environment
providing directional information to navigating axons.

In this study, we explore the possibility that the proteins belonging to the
Metrn family play a role in the regulation of axonal pathfinding.

Results:

We show that the metrn gene family is conserved across vertebrates and
represent a family of secreted factors with a still unknown function.

We demonstrated that zebrafish metrn genes are expressed in the
embryonic CNS along the midline and at the floor plate, an expression
pattern coherent with a possible role in axon guidance.

We generated and analysed LOF alleles for the three zebrafish paralogues,
proving that metrns inactivation affects the navigation path of different
neuronal populations. In particular, our results suggest that these proteins
are implicated in the patterning of the AC, in the laminar organization of
RGC axonal projections and in the fasciculation of trigeminal axons.

In conclusion, we described a functional role for a new class of proteins

providing data supporting their implication in the modulation of axonal
pathfinding.
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Meteorins are conserved midline-secreted proteins
regulating axonal pathfinding in the Zebrafish
nervous system
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Abstract

In the embryonic nervous system axons are guided toward their
specific targets by attractive and repulsive cues in the extracellular
environment. Here, we present a family of secreted proteins (the Meteorin
family) whose members represents novel uncharacterized molecules
involved in the process of axon guidance. We investigated the role of
Meteorin proteins in directing the navigation of axonal projections in the
developing nervous system of zebrafish embryos, identifying a number of
axonal tracts responsive to the Meteorin signal. We demonstrated that,
if Meteorin function is disrupted, axons from the anterior commissure,
the retinal ganglion cells and the trigeminal neurons display several
navigation errors, supporting a model where Meteorin proteins are new

players involved in the process of axonal pathfinding.

Introduction

A functional nervous system is composed by a stereotyped pattern of
neuronal circuits in which different populations of neurons are linked to
each other by specific synaptic contacts. The central nervous system (CNS)
of bilateral organisms is composed by a combination of commissural
circuits, connecting the left and right side of the brain, and ipsilateral
connections, established by neurons located on the same side of the
longitudinal body axis. Importantly, a precise balance of commissural
and non-commissural connections is essential to the CNS physiology and
is needed for the proper integration of sensory stimuli/inputs (Nugent,
Kolpak et al. 2012, Van Battum, Brignani et al. 2015). The assembly of
the brain wiring pattern starts during the early stages of embryonic
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development, when differentiated neurons begin to extend their axons and
to elongate them toward their correct synaptic partner. While navigating
along their path, axons are exposed to environmental attractive and
repulsive guidance cues, most of which are produced by specialized cells
located at the midline. In the past three decades, our understanding of
the process of axon guidance at the CNS midline has progressed rapidly
from the identification of specific molecules modulating axon navigation
choices (e.g. Netrins, Slits, Ephrins, Semaphorins) to the description of
guidance mechanisms that seem highly conserved across evolution
(Dickson 2002, Nawabi and Castellani 2011). Despite the great advance in
the axon guidance field, a comprehensive picture of this process is far to
be completed and additional molecular players still need to be identified
to reach a deeper understanding of this extremely complex and finely
regulated biological phenomenon.

We have recently identified a new family of midline-secreted factors
(the meteorinfamily) whose members represent promising candidates to be
part of the complex repertoire of molecules regulating axonal navigation.
Meteorin (Metrn) was first discovered as a secreted neurotrophic factor
expressed by radial glia and neuronal progenitors in mouse embryos
(Nishino, Yamashita et al. 2004, Jorgensen, Thompson et al. 2009). It has
been reported that, in vitro, Metrn is able to modulate the processes of
neurons/glia differentiation and neurite outgrowth (Lee, Han et al. 2010).
A close homolog of Metrn, named Meteorin-like 1 (Metrnl, also known
as Cometin or Subfatin), has been identified as a downstream target of
Pax2/5/8 signaling during otic vescicle development (Ramialison, Bajoghli
et al. 2008) and later found to have neurotrophic properties comparable
to the ones of Metrn (Jorgensen, Fransson et al. 2012). Both Metrn and
Metrnl promote axonal extension, and appear associated with the JAK/
STAT and MEK/ERK pathways via the activation of a still unknown
receptor. Importantly, metrnl knockdown has been shown to influence
axonal development by inhibiting NGF-induced neurite elongation, in
vitro (Watanabe, Akimoto et al. 2012). Both proteins are also expressed in
other organs and, recently, Metrnl has been recognized as a cytokine-like
protein regulating thermogenesis and anti-inflammatory processes in the
adipose tissue (Rao, Long et al. 2014). Interestingly, a cleaved fragment of
the guidance molecule Slit2 (Slit2-C) have been recently shown to exert
the same function in this tissue (Svensson, Long et al. 2016).

By using the zebrafish as a model, we investigated the possibility

that Meteorin proteins have a role in the embryonic development of the
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CNS, focusing our attention on their potential function in the process
of axon guidance. Taken together our results suggest that Meteorins
activity is involved, in vivo, in the regulation of axonal navigation and in
the definition of the proper organization of different axon tracts in the
embryonic zebrafish brain.

Results

Meteorin gene family is conserved among vertebrates

With the objective of identifying novel midline-secreted molecules
regulating the process of axonal development and pathfinding, we
performed a candidate gene approach that raised our attention on the
meteoringenefamily. Duetotheirstrongexpressioninthe mouseembryonic
CNS and their positive impact on axonal elongation in vitro (Nishino,
Yamashita et al. 2004), we speculated that Meteorin proteins might have
a conserved role during embryonic brain development and we reasoned
that their activity might influence axonal elongation, in vivo. To verify the
conservation of the meteorin gene family across different organisms, we
took advantage of the Ensembl and NCBI databases in order to find genes
annotated as meteorin or meteorin-like in different species. Interestingly,
we found meteorin genes exclusively in organisms belonging to different
classes of vertebrates (including mammals, bony fishes, birds, reptiles and
amphibians), indicating that metrns are vertebrate-specific genes. This
finding would be in sharp contrast with many other well-characterized
players on axon guidance (e.g. Netrins, Slits, Ephrins, Semaphorins, among
others), which are conserved in function and biochemical pathway among
metazoans. In mammals, the metrn gene family includes two annotated
members (meteorin, metrn and meteorin-like metrnl) while it only counts
one gene in Xenopus leavis (metrnl) and three in zebrafish (metrn, metrnl1i
and metrnl2) (Figure 1A).

A comparative analysis between the sequences of the human, mouse
and zebrafish Metrns revealed that homologues and paralogues proteins
display overall about the 50% of identity and a higher level of similarity
(Figure 1B). This high degree of sequence conservation suggests a likely
common biological function for Metrn proteins. All Metrns are small
proteins (of about 300 ammino acids) and contain a short N-terminal signal
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peptide responsible for the secretion in the extracellular environment.
In order to understand if Metrn amminoacidic sequences encode for
conserved protein domains, we analyzed the human, mouse and zebrafish
Metrn and Metrnl sequences on the online NCBI conserved domain
database (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi).
Interestingly, we could detect a Netrin-like domain (NTR-like) in the
C-terminal half of the zebrafish Metrnll. This domain, present in Netrins
and other proteins including complement proteins, tissue inhibitors
of metalloproteases (TIMP), and procollagen C-proteinase enhancers
(PCOLCE), has been shown to mediate the binding to extracellular matrix
components like Heparan sulfate proteoglycans (HSPG) (Banyai and
Patthy 1999, Kappler, Franken et al. 2000). Given the high conservation of
this region among paralogues and orthologues Meteorins (Figure 1B) it is
likely that this domain is present and conserved in other family members
but not detected by our preliminary bioinformatic approach.

Overall, our analysis confirmed that the metrn gene family is conserved
among vertebrates and suggests that these proteins might share the same
role in different species.

meteorin genes are expressed in the CNS and at the midline in
zebrafish embryos

After having confirmed that the metrn family is conserved across
vertebrates, we wandered whether the expression pattern of its genes is
also preserved in different species. Specifically, we focused our attention
on the zebrafish metrns, as this model system is particularly suited for
the study of the mechanisms regulating embryonic brain development
in vertebrates. It has been reported that metrns are highly expressed
by neural and glial progenitors in the central and peripheral nervous
system of mouse embryos. To verify that a comparable expression
exists in zebrafish, we performed in situ hybridization experiments at
different stages of embryonic development. High level of all metrns could
be detected in the CNS of 24 hpf larvae (Figure 2A,B,C upper panels). At
this stage metrn and metrnl2 mRNA displayed a broad expression in the
embryonic brain while a stronger metrnll signal could be detected at
the midbrain/hindbrain boundary, in the presumptive otic vesicles and
at boundary regions between hindbrain rhombomeres. The expression
pattern became more restricted for all the genes starting from 48 hpf,
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when metrn and metrnll mRNAs were distinguishable along the midline
and in periventricular regions of the CNS while metrnl2 transcripts mostly
localized at the somite boundaries and in the otic vesicles (Figure 2A,B,C
lower panels and Figure D,E). At later stages the expression pattern of
metrns in the CNS strongly decreased (data not shown), suggesting that
the function of these proteins in the CNS is accomplished in the earliest
phases of brain development, when the basic layout of the main axonal
connections is established. Interestingly, as in mouse, metrn and metrnl1
expression is abundant in regions enriched of neural and glial progenitors
and, most importantly, the expression along the midline and at the floor
plate is consistent with a role of Metrn proteins in the modulation of
axonal elongation. Indeed, the expression of metrnll at the floorplate is
highly reminiscent of the one of other guidance factors, including slits. To
confirm that metrnll and slits are, at least partially, expressed by the same
cell populations, we performed a double fluorescent in situ hybridization
demonstrating that metrnll nicely co-localizes with tree out of the four
zebrafish slit paralogues at the hindbrain floorplate (Figure 2F,G,H). This
suggests that metrns and slits might have a similar role in the patterning
of the embryonic nervous system, supporting our idea of Metrns being
involved in axonal pathfinding.

metrn mutants are adult viable

We speculated that, if Metrns are involved in axon elongation, axon
tracts extending in the close proximity of metrin-expressing domains
should be sensitive to their signaling and would display navigation errors
in case of gene inactivation. To explore this possibility, we took advantage
of the CRISPR/Cas9 technology to generate LOF alleles for all the three
metrn paralogues existing in the zebrafish genome. We targeted the second
exon of each gene, thus inducing out-of-frame deletions leading to the
formation of a premature STOP codon (figure 3 A,B,C,D,E, F). Furthermore,
by performing qPCR experiments, we verified that this mutagenic
approach resulted in the generation of null alleles, as, at 24 hpf, metrns
gene expression is strongly reduced in triple mutant embryos compared
to wild type, thus suggesting that that the mRNA produced by the targeted
locus is degraded by non-sense-mediated decay (relative gene expression
in metrn triple mutants compared to wild type: metrn=19,85+/-4,95%;
metrnl1=22,11+/-3,89%; metrnl2=12,42+/-2,57%) (figure 3G).
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In contrast to what previously reported for mouse, where metrn gene
disruption results in an early embryonic lethality due to gastrulation
defects (Kim, Moon et al. 2014), all single (metrn‘/‘; metrnll ‘/‘; metrn]Z‘/‘),
double (metrn‘/ - metrnll -/ “; metrn™" ‘,metrn]Z‘/ “» metrnll -/ ‘,metrn]Z‘/ 7)
and triple (metrn -/ - metrnll -/ ‘,metrn]Z‘/ )mutant zebrafish lines are adult
viable, allowing for the assessment of later phenotypes in the developing
and mature CNS.

We therefore decided to analyze the effect of metrn LOF in different
neuronal population, focusing on the formation of their axonal projections.
In order to avoid compensation effects, we decided to perform the
phenotypic analysis of metrns LOF starting from the triple mutants,
subsequently assessing the specific contribution of each metrn gene.

Meteorins are required for the establishment of the AC

During the earliest stages of brain development, metrn genes are
broadly transcribed in the embryonic CNS. Considering the early onset
of their expression, we thought that Meteorins activity might influence
the elongation of the very first axonal tracts extending in the embryonic
zebrafish brain. To test this hypothesis, we stained the axonal projections
of 28 hpf wild type and mutant embryos by acetylated tubulin staining. At
the chosen developmental stage, a stereotyped axonal scaffold, including
both commissural and longitudinal tracts, is fully developed in wild
type animals. In the more rostral region of the embryonic forebrain, this
structure includes two big commissures (the dorsal anterior commissure,
AC and the ventral post-optic commissure, POC) connecting the left and
right side of the brain (Hjorth and Key 2002).

Confocal imaging of the stained embryos revealed that, as expected,
wild type fish display a complete and fully organized AC and POC (Figure
4A,C,E). Differently, triple mutant embryos show a delayed and reduced
formation of the commissural axons of the AC, while the POC does not
seem to be affected by metrns LOF (Figure 4B,D,F). The mutant AC appears
always thinner than the wild type counterpart, being often defasciculated
or even absent. We subsequently wondered if the phenotype observed in
the triple mutants was due to the synergistic activity of the three proteins
or was caused by the inactivation of a single metrn gene. To answer
this question, we measured the thickness of the axonal bundles in wild
type, triple and single mutant embryos. Interestingly, we could detect a
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significantly reduced AC in triple and single metrn™” mutants while the
LOF of metrnll and metrnl2 did not seem to affect the formation of this
commissural tract (wt=5,7+/-0,44um, n=15; triple mutants=3,6+/-0,31um,
n=17; metrn™"= 3,16+/-0,48um, n=7; metrnll”/ = 5,82+/-0,60 um, n=9;
metrnl2~/ = 6,70+/-0,55um, n=13. Wild type vs triple mutants: p=0,0004;
wild type vs metrn~/-: p=0,0023; wild type vs metrnll”/": p=0,872; wild type
vs metrnl2”/": p=0,165; unpaired t-test) (Figure 3G). Interestingly, we did
not observe a significant difference between metrn™~ and triple mutant
embryos (p=0,456; unpaired t-test), suggesting that the loss of other
paralogues does not enhance the deleterious effect of metrn inactivation.
This observation led us to the conclusion that, among the three family
members, only Meteorin is involved in the proper establishment of the AC
during the zebrafish nervous system development.

Meteorins support RGC axonal lamination

Previous reports have shown that, at later stages, the knock out or
knock down of genes involved in the patterning of the AC or POC are
often associated to pathfinding errors in retinal ganglion cells (RGCs)
projections (Macdonald, Scholes et al. 1997; Shanmugalingam, Houart et
al. 2000). Interestingly, metrn and metrnll are expressed at the midline,
in the region were RGC axons coming from the two eyes form the optic
chiasm, and in the marginal zone of the optic tectum, exhibiting an
expression profile coherent with an instructive role of Metrns on RGC
axons. Therefore, we decided to investigate the possibility that metrns
inactivation affects the formation of the optic chiasm or influence the
elongation of RGC axons toward the contralateral tecta.In order to achieve
this objective, we labeled the RGC projections of wild type and mutant
embryos by using the lipophilic carobocyanine dyes DiI and DiO. After
injection into the eyes of fixed larvae, these dyes allow the anterograde
tracing of RGC projections, thus staining the overall population of RGC
axons. By filling the two eyes of 48 hpf embryos with different dyes, we
were able to stain the optic chiasm, in order to evaluate the contribution
of each eye to the formation of this commissural structure. Interestingly,
in both wild type and triple mutant embryos, RGC axons originating from
one eye were able to navigate across the midline and no misprojection
to the ipsilateral side of the optic tectum could be observed (Figure
4A,B). Similarly, by injecting the two dyes into different positions of the
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same eye, we demonstrated that the formation of retinotopic maps is not
affected in metrns mutants (Figure 4 C,D,E,F). We subsequently wondered
if Metrns were able to influence the laminar organization of RGC axons. To
answer this question, we genetically labeled single RGCs by the transient
mosaic expression of a membrane targeted GFP under the control of the
is12b promoter (active in RGC from 48 hpf). To this end, we injected a
islt2b:GFPcaax plasmid into one cell stage wild type and triple mutant
embryos and we imaged the RGC terminals in the tectal neuropil after 5
days. Misrouted axons meandering between multiple tectal laminae were
observed in about half of the mutant fish (n=4/9) (Figure 4G,H) but never
detected in wild type larvae (n=0/9) (Figure 4E-F). To verify how single
Metrns influence RGC lamination, we performed the same experiment in
single mutants. Importantly, we could not see any lamination defects in
the three single mutants, suggesting that Metorins could act redundantly
on RGC axons in this biological context.

Overall, the analysis of RGC projections in metrns mutants suggests
that the activity of this protein family is not required for the formation
of the optic chiasm or for the organization of the retinotopic maps, but
might influence the laminar organization of RGC axons.

Meteorins are involved in the fasciculation of trigeminal neurons

Longitudinal axons are capable of growing over long distances
maintaining an ipsilateral trajectory. It has been proposed that their
guidance choices are influenced by midline-secreted factors exerting a
repulsive force that prevents aberrant midline crossing and maintains
the axons at a fixed distance from the midline (Farmer, Altick et al. 2008).
Due to their strong expression at the hindbrain midline, we reasoned
that Meteorin proteins may affect the elongation profile of longitudinal
tracts growing in this brain region. In wild type embryos, the axons of the
trigeminal sensory neurons form a tight axonal bundle running laterally
to the midline in the hindbrain and spinal cord. This projection profile
makes the trigeminal nerve a perfect candidate to be sensitive to Metrn
biological activity. To verify if metrns LOF affects the elongation of the
trigeminal axons, we selectively labeled this neuronal population by
transiently expressing the is12b:GFPcaax plasmid (isI2b is expressed in
trigeminal cells). Injected fish were analyzed by confocal microscopy at 3
dpf. All the wild type embryos displayed a well-organized trigeminal tract,
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whose axons correctly elongated along a perfectly defined trajectory in
the rostro-caudal direction (Figure 6A,B). In contrast, the trigeminal nerve
appeared strongly defasciculated in triple mutant embryos, with axons
often approaching the midline while navigating towards the posterior
direction (Figure 6C,D). To quantify the effect of metrns LOF on the
fasciculation of trigeminal axons and to verify the contribution of single
Meteorin, we measured the thickness of the axonal bundle in the different
genetic backgrounds. Interestingly, we found a significantly increased
defasciculation in the triple and single metrn and metrnll mutants while
metrnl2 didn't seem to be involved in instructing trigeminal projections
(Wt=27,29um +/- 1,99, n=14; triple mutants=46,22um +/- 3,48, n=14;
metrn‘/‘=41,66um +/- 2,33, n=14; metrn]l‘/‘=40,53 um +/- 1,65 n=6;
metrnl2~/ = 24,43um +/-1,85,n=13. Wild type vs triple mutants: p<0,0001;
wild type vs metrn”": p<0,0001; wild type vs metrnll 7/ p=0,0004; wild
type vs metrnl2”": p=0,303; unpaired t-test).

This result suggests that trigeminal axons are sensitive to Metrns
signaling, whose activity is likely required to maintain the axonal
navigation path parallel to the midline.

Interestingly, other neurons elongating their axons in the same
region does not seem to be affected by metrn inactivation. As revealed
by neurofilament staining, the navigation path of Mauthner cell axons
is not impaired if all metrn genes are disrupted. These neurons correctly
project their axons across the midline, subsequently taking a longitudinal
rostro-caudal trajectory (Figure S1A, B). We additionaly observed that the
distance between these axons and the midline is not impaired (Figure
S1C), thus suggesting that metrns selectively acts on a specific subset of

resposive neurons.

Discussion

In this report, we explored the contribution of the metrn gene family
to the process of axon guidance. Meteorin proteins have been shown to
mediate neuronal progenitor differentiation and axonal elongation, in
vitro, but, to date, a description of their role during neuronal development,
in vivo, is still missing.

First, we verified that Metrns are conserved across different classes
of vertebrates, suggesting that their function might have been preserved
during vertebrate evolution. The presence of a signal peptide in the
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N-terminal region of all the Metrns confirms that they are secreted factors,
a feature suitable for the cooperation with different pathways regulating
axonal elongation during embryonic development. A further support to
this hypothesis is given by the presence of a putative NTR-like domain
in the C-terminal region of the zebrafish Metrnl. In our preliminary
bioinformatics analysis, we were not able to detect this domain in other
paralogues, nevertheless, given the observed sequence conservation, it is
likely that this module is present in other proteins but not detected by our
approach. It has been previously shown that this domain is responsible
for the binding of Netrins to ECM components like HSPGs and might
contribute to their accumulation and multimerisation in the extracellular
environment (Kappler, Franken et al. 2000). It is possible that this module
plays a similar function in Metrns, regulating their activity by modulating
their spatial distribution.

Importantly, the spatiotemporal expression patterns of metrn genes
is coherent with a role of these proteins in the modulation of axonal
navigation. Indeed, in both mouse and zebrafish, metrns are expressed
by glia and neuronal progenitor cells at the midline and the floor plate,
both being a platform for the secretion of guidance factors controlling the
behavior of elongating axons. In particular, we could find a population
of hindbrain floor plate cells co-expressing metrnll and three slit
paralogues (slitla, slitlb and slit2), pointing out that Metrn proteins are
at least partially expressed by the same cell population responsible for
the formation of one of the major guidance cues in the embryonic brain.
Whether the co-localization of metrnll and slits transcripts reflects a
functional cooperation between the two classes of molecules is still
unclear. Nevertheless, our results pave the ground for the investigation
of a possible interaction between the two pathways in establishing the
embryonic neural circuits.

By using a LOF approach, we demonstrated that, in zebrafish embryos,
at least three neuronal populations are sensitive to Metrns signaling, as
their axons display navigation defects in case of metrns gene inactivation.
Our observations suggest that different axons might respond to different
combinations of Metrns: axons forming the AC seem to be exclusively
influenced by Metrn while Metrn and Metrnll appear to have a synergistic
activity on trigeminal neurons. As RGC axons did not display any aberrant
projection in case of single metrns disruption, we speculated that Metrns
might act redundantly on the coordination of their laminar organization.

Whether the effect of Metrns is directly linked to the binding of
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these factors to their receptor on the targeted axons or is caused by
the modulation of other pathways involved in axonal navigation is still
ambiguous.

Taken together, our experiments revealed the role of a novel family of
secreted proteins in the patterning of the embryonic CNS, suggesting that
Metrns are a new class of molecules cooperating to the formation of the
complex pattern of axonal projections in the vertebrate developing brain.

Figure Legends

Figure 1. Metrn are secreted proteins conserved across
vertebrates

A. Phylogenetic tree of Metrn proteins. The scale bar indicates the number
of amino acid substitution per site.

B. Alignment of the amino acid sequences of the human, mouse and
zebrafish Metrn and Metrnl. Regions with different similarity scores are
highlighted in orange.

C. Schematic representation of the structure of the three zebrafish Metrns.
A signal peptide Is present at the N-terminal region of all the proteins
while a NTR-like domain is detectable in the C-term region of Metrnl1

Figure 2. Zebrafish metrn genes are expressed in the embryonic
CNS

A,B,C. Whole mount in situ hybridization showing the expression pattern
of thz zebrafish metrn (A), metrnll (B) and metrnl2 (C). Dorsal views are
shown on the left side of each panel, lateral views are of the right side.
At 1 dpf (upper panels) the three mRNA are detectable in the CNS, where
metrn and metrnl2 have a broader expression while metrnll is highly
transcribed in the presumptive otic vescicles and in the hindbrain
rombhomeres boundary regions. At 2 dpf (lower panels) metrn and metrnll
are expressed at the midline and in periventricular regions of the CNS,
metrnl2 is expressed at the otic vescicle and at the somite boundary.

D,E. Vibratome sections of 2dpf embryos showing the expression pattern
of metrn (D) and metrnll (E). Longitudinal sections are on the upper panels,
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transversal sections on the lower panels. The two mRNAs are detectable
at the midline in the antero-posterior and dorso-ventral axis. metrnll is
also expressed at the floor plate in the spinal cord.

F,G,H. Double fluorescent in situ hybridization showing the colocalization
of metrnll with slitla, slit1b and slit2 at the hindbrain floor plate.

Figure 3. CRISPR/Cas9 based generation of LOF alleles

A,C,E. schematic representation of the three metrn loci in the zebrafish
genome. The targeted 20 nt in the exon 2 of each gene are highlighted in
red; the PAM sequence is indicated in green.

B,D,F. wild type and putative truncated Metrn proteins

G. Quantification of the reduction of the amount of metrn transcripts in
triple mutants compared to wild type fish. Error bars = SEM

Figure 4. meteorins loss-of-functions affects the formation of
the anterior commissure

A,B. Schematic representation of the wild type (A) and mutant (B) anteriror
and post-optic commissures (AC and POC) in the rostral forebrain of a 28
hpf embryo.

C,D. Frontal view of the AC and POC in a wild type (C) and triple mutant
(D) embryo. A fully developed commissural boundles can be observed in
both the AC and POC of wild type fish while the triple mutant shows an
incomplete development of the AC (Scale bar: 30um).

EF. dorsal view of the AC highlighting the developmental defects of the
commissure in triple mutants (F) compared to wild type (E) (Scale bar:
30um).

G. Measure of the width of the AC in wild type, triple and single mutants
showing a significant impairment of the AC in triple and single metrn and
metrnll mutants. AC establishment is not affected in metrnl2 mutants.
Error bars = SEM

Figure 5. Meteorins are involved in the patterning of RGCs axons

A,B. Optic chiasm of 48 hpf wild type and triple mutant embryos labeled
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with Dil and DiO and showing no misrouted axons (Scale bar: 30um)
C,D,EF. Schematic representation of the retinotopic targeting of RGC
axons coming from different retina locations. Injections of the lipophilic
dyes Dil and DiO in different quadrants of the contralateral retina (left
panels) show that retinotopic mapping to the optic tectum (right panels)
is not altered in metrn triple mutants (C) compared to wild type embryos
(D).

Figure 6. Meteorins regulate the fasciculation of the trigeminal
nerve

A,C.Schematic representation of the wild type (A) and mutant (B) trigeminal
nerve fasciculation.

B,D. Dorsal view of 3 dpf wild type (B) and mutant (D) trigeminal neurons
transiently expressing the islt2b:GFPcaax plasmid. Mutant axons appear
extremely disorganized and defasciculated if compared to wild type (Scale
bar: 30um).

E,F Measure of the width of the trigeminal tract in wild type, single and
triple mutants showing a significant increase in the bundle thickness in
triple and single metrn and metrnll mutants compared to wild type fish.
Error bars = SEM

Figure S1. Meteorin are not implied in the navigation of Mauthner
neurons

A,B. Dorsal view of 48 hpf wild type (A) and triple mutant (B) embryos
in which the Mauthner cells are labeled by 3A10 staining. No difference
between wild type and mutants can be detected

C. Quantification of the distance between Mouthner axons and the midline
in wild type and mutant larve. No differences exist between the two
genetic backgrounds
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Materials and methods

Phylogenetic analysis and identification of conserved domains
Molecular cloning

Protein sequences were obtained from the Ensembl Genome Browser after
searching for annotated metrn and metrnl genes in all organisms. The following
sequences were used: D. Rerio Metrn (ENSDARP00000041804), D. Rerio Metrnll
(ENSDARP00000131064

),D.RerioMetrnl2 (ENSDARP00000021463),G.Gallus Metrn (ENSGALP00000054530),
G.Gallus Metrnl (ENSGALP00000041582), H.Sapiens Metrn (ENSP00000455068),
H.Sapiens Metrnl (ENSP00000315731), L.Oculatus Metrn (ENSLOCP00000003703),
M.Musculus Metrn (ENSMUSP00000127275), M.Musculus Metrnl
(ENSMUSP00000038126), X.Leavis Metrnl (ENSXETP00000020278). Phylogenetic
tree was reconstructed with the geneious © software using the neighbor joining
method and choosing the L.oculatus Metrn as outgroup. The search of conserved
domains was performed on the online NCBI Conserved Domain database (https://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

Single and double fluorescent situ hybridization

The cDNA fragments of metrn, metrnl, metrnl2, slitla, slitlb, slit2 and were
amplified by PCR from the cDNA of 2 dpf zebrafish embryos using the following
primers (5'-3'):

metrn: for: GGGGATTTAGGAGTGTTGCG; rev: AGTCTTTATATCTTGGAGCG
metrnll: for: GTGATCAGTGCAGCTGGAGG; rev: TGTAGCGTGGAGCGCAGCTG
metrnl2: for: CTGAAGGCTCTCTGCAGTGG; rev: ATCACAGCGCTGCAGAATCT
slitla: for: TGAGCAGCTGGTTGAGGAAC; rev: GTAGCCGTCTGTCTGATCCG

slitlb: for: CACGGACTTAACCTGGCAGA; rev: TTGGGTGGACAAACAGGCTT

slit2: for: TTGCTGATTTGGCCTGTCCA; rev: TGTGAACTCGTTGCCATCGA

In vitro transcription of Digoxigenin-labeled probes was performed using the
RNA Labeling Kit (Roche Diagnostics Corporation) according to manufacturer’s
instructions. Decorionated embryos at the appropriate developmental stage(s)
were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 2 hours at room temperature
and whole-mount in situ hybridisation was performed as previously described
(Thisse and Thisse 2008).

Vibratome sections
Whole-mount embryos were washed twice in 1X PBS/0.1% Tween-20 (PBS-Tw)
solution.The samples wereembedded in gelatin/albumin with 4% of Glutaraldehyde
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and sectioned (20 mm) on a VT1000 S vibrating blade microtome (Leica).
Sections were mounted in Fluoromount Aqueous Monting Medium (Sigma).

sgRNAs and Cas9 mRNA generation

sgRNA guide sequences were cloned into the Bsal digested DR274
(Addgene ref 42250) plasmid vector. The sgRNAs were synthetized by in
vitro transcription (using the Megascript T7 transcription kit, Ambion
ref AM1334). After transcription, sgRNAs were purified using RNAeasy
Mini Kit (Quiagen). The target sequences are the following (5'-3'): metrn:
CCACCACACCCGGCCCAGCC, metrnll: GGTGTATCTCCGCTGCGCCC;
metrnl2: CCAGAAACAGCGCCCCCTCCTGC. The quality of purified sgRNAs
was checked by electrophoresis on a 2 % agarose gel. Cas9 mRNA was
generated as previously described (Hwang, Fu et al. 2013)

Injections of sgRNA and Cas9 mRNA

To induce targeted mutagenesis at the metrn, metrnll and metrnl2 loci,
200 ng/ul of sgRNA were injected into one-cell stage zebrafish embryos
together with 150 ng/ul of Cas9 mRNA. Injected embryos were grown to
adulthood and screened for mutation in their offspring.

Whole membryo DNA extraction and analysis of CRISPR/Ca9-
mediated mutagenesis

For genomic DNA extraction, pools of 25 5-dpf embryos were digested for
1 h at 55°C in 0.5mL lysis buffer (10 mM Tris, pH 8.0, 10 mM NacCl, 10 mM
EDTA, and 2% SDS) with proteinase K (0.17 mg/mL, Roche Diagnostics).
To check for frequency of indel mutations, target genomic loci were PCR
amplified using Phusion High-Fidelity DNA polymerase (Thermo Scientific).
PCR amplicons were subsequently cloned into the pCR-bluntII-TOPO
vector (Invitrogen). Plasmid DNA was isolated from single colonies and
sent for sequencing. Mutant alleles were identified by comparison with the
wild- type sequence.

Genotyping of mutant lines

Genotyping of metrns mutants was performed as follows : after genomic
DNA extraction PCR amplification reactions were conducted in final
volumes of 20 pl containing 1x PCR reaction buffer, 1,5mM MgCl2, 70 ng of
gDNA, Taq DNA Polymerase (5U/nl) (LifeTechnologies) and 0.5 pM of each
primer.

Gene-specific primers are the following (5'-3’):
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metrn: for: TCTGTGTTGACTGCTGGCTG; Trev:
GTGGTTTAGTGGTGTTCTTACAATGA

metrnll: for: TCCCATGCCTGGACCTCATA; Tev:
AGACGGAGAGAAGAGACGCT
metrnl2: for: TGTTGATCAGCAGTGTGTGCGTAGC; Trev:
GTCCTCCGCTGATCTACGTG

The DNA amplification was performed with 30 cycles at the annealing
temperature of 60°C. Metrn and metrnl2 amplicons were loaded on 2 %
agarose gel to discriminate between wild type and mutant alleles (for
metrn, the size of wild type allele is 598bp while the mutant is 482bp
long; for metrnl2, the size of wild type allele is 242bp while the mutant
is 156bp long). Metrnll PCR product was digested at 55°C ON with the
PasI enzyme (Thermo Fisher scientific) and the resulting digestion was
subsequently analysed on a 2% agarose gel. The wildtype allele results in
two fragments of 107bp and 94bp length, respectively. The mutant alleles
are not digested and show a band at 201bp.

Quantitative RT-PCR

Total RNA was prepared from 1 dpf embryos with TRIzol reagent
(ThermoFisher Scientific) and TURBO DNA-free reagents (ThermoFisher
Scientific). RNA (1 pg) was retrotranscribed using random primers and the
SuperScript III First-Strand Synthesis system (ThermoFisher Scientific).
For q-RT-PCR, the SYBR Green PCR Master Mix (ThermoFisher Scientific)
was used according to the manufacturers protocol and the PCR reaction
was performed on an ABIPRISM 7900HT instrument. Ef1a and RPL13awere
used as reference genes as reported previously (Tang, Dodd et al. 2007). All
assays were performed in triplicate using 11.25 ng of cDNA per reaction.
The mean values of triplicate experiments were calculated according to
the delta CT quantification method. Primer used are the following (5'-3):
metrn: for: TCCGCTACGAGCTGAGAGGG; Trev:
GTGCAGACGGCCATCAGGATC
metrnll:for:ATTGCGCGCTCCCAGTACTC;rev:CGCAGCGGAGATACACCTGC
metrnl2:for: CTGAAGGCTCTCTGCAGTGG;rev:GGCTTCACACACACACGTAG

Immunohystochemistry (IHC)

Embryos were fixed at the chosen developmental stage in 4%
paraformaldehyde in PBS-Tw for 2 h at RT and subsequently washed
three times in PBS-1% Triton X 100 to promote their permeabilization.
Consequently, they were incubated for 1 hour at room temperature

68l



in blocking solution (10% Normal Goat Serum, Invitrogen, in PBS-Tw)
followed by overnight (ON) incubation, at 4 °C, with a 1/200 dilution of
the mouse anti acetylated tubulin monoclonal antibody (Sigma # T7451)
or 3A10 (DSHB, AB_531874)

in blocking solution. After five washes in PBS-Tw, the embryos were
incubated ON with the Alexa Fluor 488 anti- mouse IgG secondary antibody
(Life Technologies) and DAPI (Sigma) diluted at a final concentration of
1/200 and 1/500 respectively in blocking solution. The following day
embryos were washed five times in PBS-Tw and mounted in 1% low melting
point agarose in glass-bottom cell tissue culture dish (Fluorodish, World
Precision Instruments, USA) for imaging.

DiDo injections

For the tracing of RGC axonal projections, 2 and 5 dpf embryos where
fixed in 4% paraformaldehyde in PBS for 2 hours. DiO and Dil injection
were performed as previously described (Baier, Klostermann et al. 1996).

Molecular cloning

The pIsl2b:Gal4:GFP-Caax construct was generated by a Gateway reaction
(MultiSite Gateway Three-Fragment Vector Construction Kit, ThermoFisher
Scientific, Waltham, MA) using the p5E-Is12b39, pME-GFP-caax, p3E-pA
and the pDest-Tol2;cmlc2:eGFP40 vectors.

Microscopy and image analysis

In situ hybridization sections were imaged on a Leica MZ FLIII
stereomicroscope (Leica) equipped with a Leica DFC310FX digital camera.
A Zeiss LSM 780 confocal microscope (Zeiss) was used for confocal
microscopy, employing a 40x water immersion objective. Z-volumes were
acquired with a

0,5- to 2-pm resolution and images processed using ImageJ or Adobe
Photoshop softwares. 3D reconstructions of Z- volumes of single RGC
axons were done using Imaris.

For in vivo imaging embryos were anesthetized using 0.02% tricaine
(MS-222, Sigma) diluted in egg water and embedded in 1% low melting-
point agarose in glass-bottom cell tissue culture dish (Fluorodish, World
Precision Instruments, USA).
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JISCUSSION AND PERSPECTIVES

LI The 2C-Cas9 system allows the induction of conditional
mutagenesis and the simultaneous labeling of mutant cells

TALENs and the CRISPRs/Cas9 technologies have recently
revolutionized the field of genome editing, making readily accessible the
possibility of inducing precise and targeted disruption at any locus of
choice. These methodologies allow the generation of constitutive LOF
alleles, representing a great advantage for the study of the biological
function of a given gene. Nevertheless, the KO of genes involved in the
earliest processes of embryonic development might be lethal, thus
impeding the analysis of gene functions arising at later developmental
stages. To overcome this limitation, a study from Ablain et al. (Ablain,
Durand et al. 2015) proposed the use of the CRISPR/Cas9 system to induce
tissue-specific gene inactivation. The proposed strategy is based on the use
of a modular plasmid permitting the simultaneous expression of the cas9
enzyme (driven by a tissue-specific promoter) and a sgRNAs (transcribed
by a ubiquitous U6 promoter). Few cloning steps are needed to insert in
the system a promoter of interest driving cas9 expression, making the
technique relatively flexible. However, to efficiently generate tissue-
specific gene inactivation, the sequence of the cell-type specific promoter
needs to be precisely annotated. Unfortunately, the genomic sequence
of a big number of zebrafish promoters is not fully characterized, thus
limiting the applicability of this system. The Gal4/UAS binary system
offers a valuable alternative to the use of specific promoters, thanks to the
availability of many tissue-specific Gal4 lines generated by enhancer- and
gene-trap screenings. In these lines, the Gal4 expression pattern results
from the random insertion of its CDS in the zebrafish genome and, in most
cases, the promoter sequence controlling its transcription is not mapped.
Taking advantage of this system, we developed a strategy for a CRISPR/
Cas9-mediated conditional KO based on the Gal4-induced tissue-specific
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expression of the Cas9 enzyme. Thanks to the concomitant UAS-dependent
expression of the Cas9 enzyme and U6-driven production of gene-specific
sgRNAs, our method allows the inactivation of any gene of interest in any
Gal4 driver line.

Importantly, we co-expressed the GFP or cre reporters in combination
with the Cas9 endonuclease, thus enabling the visualization of
the potentially mutant cas9-expressing cells. The possibility to
unambiguously mark the population of cells in which the Cas9 is active
represents a great advantage in the analysis of the phenotypes arising
from the induced targeted mutagenesis. At first, we labeled the population
of cas9-expressing cells with the fluorescent reporter GFP, ensuring the
stochiometric translation of the two proteins thanks to the use of the viral
T2A self-cleaving peptide. By using this strategy against the tyrosinase
locus, we were able to induce eye-specific loss of pigmentation when
expressing our transgene in the progenitors of the neural retina and the
retinal-pigmented epithelium.

Crucially, in this case, the GFP expression is strictly dependent on the
temporal activity of the promoter driving Gal4 expression, preventing the
possibility of detecting the cells potentially carrying a LOF allele after
Gal4 transactivation has terminated.

To circumvent this limitation and to permanently label the cells in
which the Cas9 enzyme was expressed, we developed a strategy where
the GFP CDS was substituted by the cDNA of the cre enzyme (Branda &
Dymecki 2004, Pan et al 2005), a topoisomerase that catalyzes the site-
specific recombination of DNA between loxP sites. The visualization of
cre-expressing cells can be achieved by using zebrafish lines carrying
a transgene where a constitutive promoter drives the expression of a
fluorescent reporter upon the Cre-mediated excision of a floxed stop codon.
Therefore, in cells carrying a floxed allele, the simultaneous expression
of Cas9 and Cre enzymes would induce, at the same time, double-strand
breaks at the selected genomic location and recombination of the floxed
locus. Importantly, if the expression of the reporter on the floxed allele is
driven by a constitutive promoter after Cre-mediated recombination all
the cells deriving from a single Cas9-expressing cell will be labeled by the
reporter, allowing long-term visualization of potentially mutated clones of
cells after Gal4 expression has ended.

Our work demonstrated that this approach (2C-Cas9, Cre-mediated
recombination for Clonal analysis of Cas9 mutant cells) is suitable for
the phenotypic analysis of LOF phenotypes arising in both progenitor and
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differentiated cells. Indeed, by employing the 2C-Cas9 vector to target the
atoh7 transcription factor, we were able to modify the fate specification of
retinal progenitor cells, generating and permanently labeling cell clones
missing the population of RGCs.

With a similar efficiency, we applied the 2C-Cas9 system to target
gene LOF in differentiated cells, generating genetic chimera allowing for
the assessment of cell-autonomous phenotypes. To obtain this result, we
combined the 2C-Cas9 system with the Brainbow technology, allowing the
differential labeling of wild type and mutant cells and permitting their
direct comparison in the same animal. We tested this system by targeting
the motor protein Kinesin family member 5A (kif5aa) in differentiated
RGCs. As expected, inactivation of the kif5aa gene resulted in a reduction
of axonal branch complexity in a cell autonomous manner. In addition,
thanks to the 2C-Cas9 approach, the expression of different fluorescent
reporters allowed us to mark and compare, in the same tectum, wild type
and potentially mutant cas9-expressing cells.

Taken together, our experiments are the proof-of-principle for the
efficiency of a novel technique permitting, at the same time, conditional
mutagenesis and labeling of the cells potentially carrying a LOF allele.

l1L.LLII Advantages and limitations of the 2C-Cas9 system

Based on use of the Gal4/UAS system to selectively express the
Cas9 enzyme, the 2C-Cas9 system represents a flexible tool to induce
conditional biallelic gene disruption. A broad range of studies could
potentially benefit from this innovative strategy, allowing, at the same
time, targeted gene inactivation and the labeling of the cas9-expressing
cells. The fields of stem cell and cancer cell biology could take great
advantage from the possibility of performing genetic lineage tracing of
potentially mutant cas9-expressing clones by using the 2C-Cas9 system
in progenitor cells. At the same time, the expression of the 2C-Cas9 vector
in differentiated cells could be advantageous in the field of neurobiology,
where neurodevelopment processes and mechanisms involved in the
maintenance and function of neural networks are often assessed in post-

mitotic neurons.

Furthermore, this method imposes itself as a powerful alternative to
the technically challenging transplantation experiments, representing,
to date, the only approach allowing the generation of genetic mosaics in
zebrafish.
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One of the main advantages of our strategy is the genetic fluorescent
labeling of cas9-expressing cells. Nevertheless Cas9-activity is not
unequivocally associated with the induction of bialleleic LOF, and, in
some cases, the labeled cells or clones will carry in frame mutations
or efficiently repaired alleles. This observation points out the need of a
method to distinguish mutant and wild-type cells in the mixed population
of Cas9-expressing cells. As proposed in our report, a clear readout of
the protein loss induced by targeted gene disruption can be obtained by
performing immunofluorescence experiments.

In parallel, to maximize the proportion of cells harboring out of frame
mutations, it would be required to optimize the efficiency of the 2C-Cas9
technology. In order to increase the mutagenesis rate, we could improve
different parts of our vector system. First, it is of crucial importance
the selection of a highly efficient sgRNA to successfully induce DSBs at
the target genomic locus. Additionally, the design of sgRNAs targeting
essential functional domains could reduce the deleterious effects of in-
frame mutations, as the a simple amminoacidic substitution could cause
the loss of their biological acidity. As shown by our results, the efficiency
of gene disruption can be enhanced by the expression of the 2C-Cas9
plasmid in a heterozygous background, where one allele already carries a
null mutation. Furthermore, it is possible to act on the expression level of
the Cas9 enzyme, maximizing the amount of protein targeting the gene of
interest. This result could be obtained by the use of a strong Gal4 driver
line, leading to a high intracellular expression of Cas9 endonuclease. As a
complementary approach,additional improvements in the Cas9 expression
cassette may be performed. One possibility could be the incorporation
of noncoding elements of the zebrafish genome that have been shown to
strongly increase the expression of transgenes in UAS-based plasmids
(Horstick et al 2015).

Finally, despite the above-listed drawbacks, the genetic labeling of
potentially mutant cells generated by the 2C-Cas9 system represents a
valuable approach to correlate phenotype and genotype in a tissue specific
manner, a challenge that cannot be addressed with other genetic tools
currently available in zebrafish.
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lILLILI Metrns are involved in the patterning of the axonal
projection in the CNS of zebrafish embryos

In the past three decades, the identification of proteins modulating
axonal elongation during embryonic development has driven a significant
progress towards our understanding of the molecular mechanisms
leading to the assembly of functional neural circuits. A number of
instructive molecular guidance cues has been identified and the study
of their mechanisms of action has allowed scientists to sketch out the
main aspects of the biological processes directing axonal pathfinding.
Nevertheless, a comprehensive picture of how axonal navigation choices
direct the formation of the proper synaptic connections between different
neurons is still missing, and, most importantly, it is still unsure whether
additional molecules are involved in this process.

Our lab became recently interested in the metrn gene family,
encoding for a group of secreted proteins regulating neuronal progenitor
differentiation and axonal extension, in vitro. By using the zebrafish
CNS as a model, we tried to understand if Metrns have a function in
the development of the embryonic brain and, more precisely, if they are
involved in the regulation of axonal pathfinding.

First, we raised questions about the conservation of the Metrn family
across different species and we verified that metrn- and metrnl-coding
genes exist in several classes of vertebrates. As no gene belonging to the
family could be found in invertebrate genomes, we concluded that Metrn
proteins arose after the evolution of vertebrates, thus implying that their
putative role in the patterning of the CNS would be vertebrate-specific. The
presence of modules of highly conserved amino acids in the sequence of
Metrns belonging to different species provided an indication that Metrns'
biological activity has been maintained across evolution. One common
feature of Metrn sequences is the presence of a signal peptide in their
N-terminal region, indicating that all proteins belonging to this family
are secreted in the extracellular environment and, most likely, mediate
their biological function by binding to a specific receptor on the surface
of their target cells. The hypothesis of Metrn being involved in axonal
pathfinding was strengthened by the presence of a supposed NTR-like
domain in the C-terminal region of the zebrafish Metrnll.This domain was
not detected in other proteins, nevertheless, considering the high degree
of sequence conservation existing among Metrns, it is likely that it is also
present in other orthologues or paralogues. It still unknown whether this
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domain has a functional meaning, nevertheless it is interesting to note
that, being present in Netrins and other proteins, this module did not
show any chemoattractant or chemorepellent property, but seems to be
involved in the interaction with ECM components like HSPGs (Bekhouche,
Kronenberg et al. 2010). Therefore, it seems reasonable that this putative
domain contributes to the regulation of Metrns activity by modulating
their spatial distribution in the extracellular compartment.

To support the hypothesis of Metrns playing a role in defining axonal
trajectories during embryonic development, we proved that metrn genes
are expressed in the embryonic CNS. As already demonstrated for their
mouse orthologues (Nishino, Yamashita et al. 2004, Jorgensen, Thompson
et al. 2009), in the developing CNS of zebrafish larvae, metrn genes are
transcribed by glia and neuronal progenitors, and, importantly, a high
number of metrn- and metrnll-expressing cells are located along the
midline and at the floor plate. These regions represent well-characterized
guideposts for elongating axons and are responsible for the generation
of the majority of the environmental cues directing axonal navigation
(Tear 1999, Kaprielian, Runko et al. 2001). Interestingly, we found that the
mRNA encoding for metrnll and for three out of the four zebrafish slit
paralogues (slitla, slitlb and slit2) co-localize at the floor plate region in
the hindbrain. This observation indicates that the two molecules are, at
least in part, produced by the same cell populations, raising the attractive
hypothesis of a functional interaction between the Metrn and the Slit
signaling.

To investigate the biological role of Metrn proteins, we generated
LOF alleles for all the three zebrafish paralogues, demonstrating that
the establishment of the axonal paths of several neuronal populations
is impaired if metrn genes are disrupted. In particular, we noticed that
the commissural axons of the AC, the RGC projections and the trigeminal
neurons seem to be sensitive to Metrn signaling. More precisely, our results
suggest that Metrn is the only zebrafish paralogue to have an impact on
the development of the AC, as defects in its elongation and fasciculation
can be detected in triple and single metrn”’~ mutants but not in case of
single metrnll or metrnl2 gene disruption. Differently, our data indicate
that the three paralogues might act redundantly in regulating the laminar
patterning of RGC axons in the tectal neuropil while Metrn and Metrnll
(but not Metrnl2) showed a possible instructive role on the trigeminal

nerve.
Overall, our phenotypic analysis demonstrated a role of Metrn proteins
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in defining the axonal projection pattern of several neuronal types, pointing
out that distinct axonal populations might be responsive to different
combination of Metrn proteins. Nevertheless, despite they highlight the
importance of this new class of proteins in regulating axonal elongation,
our experiments do not provide a functional explanation on how Metrns
activity is able to influence axonal behavior. In the next paragraphs, we
speculate about possible mechanisms that could explain Metrn-induced
modulation of axonal pathfinding, providing a brief description of the
experiments needed to clarify this aspect.

I11.11.11 Possible models for Metrn induced modulation of axonal
pathfinding in Zebrafish

A. FP induction, Midline differentiation and tissue homeostasis

Based on published in vitroand in vivo data, a first hypothesis suggests
that Metrn proteins are involved in the patterning and differentiation
of the midline glia cells responsible for the generation of instructive
guidance cues.

Studies in mouse have shown that Metrn is a positive regulator of Nodal
signaling, demonstrating that its gene inactivation induces lethal defects
in mesoderm specification (Kim, Moon et al. 2014). Importantly, it has been
proven that, in zebrafish, Nodal activity is required for the FP induction,
as the ventral midline fails to properly differentiate in cyc (ndr2) mutants
(Sampath, Rubinstein et al. 1998). In these embryos, the absence of the FP
is associated with remarkable guidance defects, confirming the role of the
FP as a key organizer of axonal projections (Hatta 1992). If Metrn proteins
act as enhancers of Nodal signaling, it seems reasonable to hypothesize
that, in case of metrns gene disruption, the mutant FP would not be
fully developed. This would result in a defective production of guidance
molecules which, in turn, would led to the pathfinding defects observed
in metrns mutant fish. To test this first model it would be interesting to
analyze nodal expression in the context of metrns LOF and to verify if
morphological defects in the FP organization can be detected in mutant
embryos, although, at a first anatomical observation, this does not seem
to be the case in the triple mutants.

As an alternative possibility, several groups proposed the involvement
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of Metrn proteins in the modulation of glia specification. In support to
this idea, cultured neurospheres or P19 embryonic cell line were shown to
differentiate into GFAP-positive glia cells if exposed to exogenous Metrn
(Nishino, Yamashita et al. 2004, Lee, Han et al. 2010). The neuron/glia
balance is important for the homeostasis of the developing brain, being
responsible for the maintenance of the proper amount of trophic and
guidance factors (Chotard and Salecker 2004). If metrns inactivation leads
to defects in glia differentiation, the presence of an unbalanced production
of guidance factors could explain the navigation mistakes observed in the
mutants. To explore this possibility, it would be needed to assess how
neuronal progenitors differentiate in metrns mutants, evaluating how
the neuron/glia ratio change if metrns CDSs are disrupted. To this end it
might be useful to differently label post-mitotic neurons and glia cells,
staining the two cell types in fixed (e.g. by Huc/GFAP antibody staining)
or in live animals (e.g. by generating transgenic lines in which the two
cell populations express fluorescent reporters). Preliminary experiments
have shown that the number of GFAP expressing cells (revealed by
immunohistochemistry) or the GFAP mRNA levels (detected by qPCR) are
not affected in triple mutant embryos, arguing against this hypothesis
(data not shown).

Both these hypotheses rely on an indirect action of Metrns on the
behavior of pathfinding axons. According to these models, Metrns
biological activity would modulate the extracellular environment which
serve as a substrate for axonal elongation rather than directly influence
axonal navigation.

B. Direct interaction with pathfinding axons and modulation of
axon guidance pathways

A second theory proposes that Metrns themselves are capable
of controlling axonal navigation choices, either being novel and
uncharacterized guidance molecules or via the interaction or the
regulation of known pathways directing axonal navigation. Despite the
intensive investigation of molecular cues in the field of axon guidance
research, in the last years, the identification of novel instructive factors
has remarkably slowed down. Nevertheless, while the main family of
guidance factors have been already uncovered, it is not excluded that
the refinement of axonal trajectories might need additional molecules
with more specialized functions. As already mentioned, Meteorin
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proteins are secreted in the “right place” and at the “right time” in the
embryonic CNS, thus representing good candidates to be added to the
repertoire of molecules orchestrating the process of axonal elongation.
In order to accomplish this task, Metrns would be required to interact
with a specific receptor, expressed at the surface of elongating axons
and activating a precise signaling pathway leading to a change in axonal
behavior. To test the putative binding of Metrns on growing axons I
generated expression constructs in which the CDSs of metrns is fused
to the cDNA of the alkaline-phosphatase (AP). AP-fusion proteins have
been previously shown to be an extremely efficient tool to investigate the
cellular distribution of a putative receptor and could be used to localize
the cell populations expressing Metrns receptor(s) (Flanagan, Cheng et al.
2000). Encouraging preliminary results from our collaborators show that,
if applied to spinal cord sections, mouse Metrn-AP fusion proteins are
able to bind to commissural axons, in particular to their post- crossing
segment (A. Chedotal, personal communication, data not shown). This
observation supports the hypothesis of a function of Metrns in axon
guidance, pointing out the need to identify the receptor(s) responsible for
their signal transduction in order to move forward in understanding their
biological activity. To strengthen this idea, in vitro tests will be needed
to investigate the potential chemoattractant or chemorepellent action
of Metrn proteins. To this end, we plan to use in vitro explant cultures
to evaluate the amount of Metrns-induced axonal outgrowth, to test the
directionality of the resulting neurite extension and to assess a potential
synergistic interaction with known guidance factors such as Netrins or
Slits.

An interesting possibility is that Metrns cooperate with canonical
guidance pathways, regulating their activity and influencing their impact
on axonal elongation. Some indications suggest the tempting idea that
Metrn proteins might act in a signaling pathway related to the one of
Slits. It has been shown that both proteins have an impact on cultured
DRG explants, promoting neurite extension and axonal branching (Zinn
and Sun 1999, Nishino, Yamashita et al. 2004, Jorgensen, Thompson et al.
2009).In addition, Metrnl and a cleaved fragment of Slit (Slit2-C) have been
proved to have a similar role in the adipose tissue (Rao, Long et al. 2014,
Svensson, Long et al. 2016) and we showed that the expression pattern of
the two gene families display a partial overlap. The idea of a functional
interaction between Metrn and Slit pathways is further reinforced by the
observation that the pathfinding choices of all axons affected by metrns
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LOF are influenced by Slit activity (Xiao, Staub et al. 2011, Pan, Choy et
al. 2012) (Zhang, Gao et al. 2012). Therefore, it would be interesting to test
if there is a direct interaction between Metrns and proteins belonging
to the Slit/Robo pathway (indicating a direct link between the biological
activity of the two proteins) or if Metrns a have a role in the regulation
of slit/robo expression levels (suggesting that Metrns function upstream
Slit/Robo). Both possibilities seem reasonable if we assume that the
putative binding to pathfinding axons, that we have visualized for the
mouse orthologues, is conserved in zebrafish Metrns. On one hand, Metrns
could influence axonal response to the Slit/Robo pathway by interacting
(directly or by forming a complex with Slit proteins) with Robo receptors
expressed at the membrane of navigating axon. To test this hypothesis,
in vitro binding assays will be needed to validate a possible biochemical
interaction between Metrn, Slit and Robo proteins. On the other hand,
Metrn binding to an unknown receptor on the membrane of growing axons
might activate a signaling pathway leading to a change in the expression
level of the Robo receptors, thus causing a Metrn-induced modulation
of the axonal sensitivity to the Slit-mediated repulsion. A quantitative
and qualitative analysis of the expression of robo genes in the context of
metrn LOF would be helpful to evaluate if Metrns are able to enhance or
repress robo transcription.

Overall, the models proposed in this paragraph assume a more direct
activity of Metrns on growing axons, and imply that the biological role of
these proteins is mediated by their binding to the membrane of elongating
axons.

Importantly, the models proposed above are not mutually exclusive.
As shown for many morphogens, it is possible that Metrn proteins have
multiple functions during embryonic development, being involved in
neuron/glia differentiation at early stages and directly regulating axonal
navigation pathways later in development. To distinguish between early
and late function of Metrns it would be useful to apply the 2C-Cas9 system
to inactivate metrns genes after neuronal differentiation is completed,
thus assessing the function of Metrns on axon elongation independently
from the process of FP and glia differentiation.
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CONCLUSIONS

Conclusions |

In the past few years, the CRISPR/Cas9 technology has imposed itself
as one of the most efficient and reliable method to induce precise and
targeted genetic modifications.

In zebrafish, this technique has been successfully employed to
perform constitutive mutagenesis or to generate transgenic reporter lines
via knock-in approaches. Nevertheless, in this model organism, the use
of CRISPR/Cas9 methodology to induce conditional gene inactivation
remains challenging.

Thanks to the combination of the Gal4/UAS and the CRISPR/Cas9
technologies, the 2C-Cas9 method presented in this thesis allows the
spatiotemporal control of Cas9 activity, thus enabling the generation of
targeted mutagenesis in a chosen tissue or in single cells. Importantly,
the use of genetically encoded reporters to identify the population of
Cas9-expressing cells represents an important advantage for the analysis
of the phenotypes arising from the targeted gene inactivation, allowing
the assessment of cell-autonomous defects arising from gene LOF. In
addition, the use of the Cre enzyme to permanently label the population
of Cas9-expressing cells offers the possibility to perform genetic lineage
tracing of potentially mutant progenitors and gives the opportunity to
follow their fate until adulthood. Overall, the above listed features make
the 2C-Cas9 an extremely versatile tool, potentially useful for a broad
range of research fields including cancer biology, neuroscience, stem cell,
regeneration and aging.
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Conclusion 1l

During embryogenesis, newborn neurons need to extend their axons in
an extremely precise and stereotyped fashion in order to build functional
neuronal networks. A complex set of receptor/ligand interactions
occurs between the developing axonal projections and the extracellular
environment, ensuring the proper establishment of neuronal connections
in the developing brain. The second part of this thesis focused on the
analysis of the putative conserved function of the Meteorin protein
family in the patterning of the embryonic brain during development. We
showed that Meteorin proteins are conserved across vertebrates and we
confirmed that metrn genes are expressed along the midline and at the FP
in the developing CNS of zebrafish larvae. Furthermore, we demonstrated
that targeted gene disruption of the three zebrafish metrn loci induces
pathfinding defects in distinct population of axons, suggesting that
different neuronal types are responsive to Metrn signaling. Taken
together, these data propose the involvement of Meteorins in the process
of axonal elongation and pathfinding and represent an important advance
toward a deeper understanding of the mechanisms controlling axonal
navigation. This study lays the first stone toward the understanding of
the biological role of a novel family of midline secreted proteins, whose
activity can, directly or indirectly, impact on the formation of the neural
wiring patterns in the embryonic CNS.
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Abstract The zebrafish (Danio rerio) has emerged in recent years as a powerful
vertebrate model to study neuronal circuit development and function, thanks to its
relatively small size, rapid external development and translucency. These features
allow the easy application of in vivo microscopy analysis and optical perturbation
of neuronal function. So far, genetic manipulation in zebrafish has been limited to
the generation of constitutive loss-of-function alleles and transgenic models. 10
CRISPR/Cas9 offers unprecedented possibilities for genomic manipulation that 11
can be exploited to study neuronal function. In the past few years, we have 12
successfully used CRISPR/Cas9-based technology in zebrafish to achieve two 13
goals crucial for neuronal circuit analysis by developing two CRISPR/Cas9-based 14
approaches that overcome previous major limitations to the study of gene and 15
neuron functions in zebrafish. The study of gene function via tissue- or cell-specific 16
mutagenesis remains challenging in zebrafish when the study of the function of 17
certain loci might require tight spatiotemporal control of gene inactivation, whichis 18
particularly true in studying the function of a particular gene in post mitotic 19
neurons, when the same gene may have had an earlier developmental function. 20
To circumvent this limitation, we developed a simple and versatile protocol to 21
achieve tissue-specific and temporally controlled gene disruption based on Cas9 22
expression under the control of the Gal4/UAS binary system (Di Donato et al. 23
2016). This strategy allows us to induce somatic mutations in genetically labeled 24
cell clones or single cells and to follow them in vivo via reporter gene expression. 25
We have also been able to target endogenous genomic loci to specifically label the 26
great variety of neuronal cell types with reporter genes such as the transcriptional 27
activator Gal4 (Auer et al. 2014). As a result, we can specifically target the 28
expression of fluorescent proteins, a genetically encoded calcium indicator or 29

© © N O O

optogenetic actuators in defined neuronal subpopulations. 30
We will present ways that these two methods can be applied to the study of the 31
development of the nervous system in larval zebrafish. 32
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CRISPR/Cas9 and Gal4/UAS Combination for Cell-Specific
Gene Inactivation

Over the last decades, the analysis of gene function has relied on mutagenesis
approaches leading to the generation of loss-of-function alleles. The CRISPR/Cas9
system represents a major step forward towards achieving precise and targeted gene
disruption. Being readily applicable for the creation of knockout loci in a great
variety of animal models used in neuroscience studies, this technology has led to
significant advances in the fields of developmental and functional neurobiology
(Heidenreich and Zhang 2016). Nonetheless, constitutive gene disruption is often
associated with side effects, such as compensation mechanisms and embryonic
lethality, representing an important limitation on the analysis of phenotypes specific
to the nervous system, since neural circuits are fully established at late stages of
development. Recently, studies in worms (Shen et al. 2014), fruit flies (Port et al.
2014), mice (Platt et al. 2014) and zebrafish (Ablain et al. 2015) have pioneered the
use of the CRISPR/Cas9 methodology to generate conditional gene knockouts via
tissue-specific expression of cas9. This strategy takes advantage of cell type-
specific promoters to control the spatiotemporal expression of the Cas9 enzyme.
Importantly, one of the most common methodologies ensuring cell-specific expres-
sion of transgenes in zebrafish is the Gal4-UAS binary system (derived from yeast),
in which the transcription of genes placed 3’ of an upstream activating sequence
(UAS) relies on the DNA binding of the Gal4 transcriptional activator (Asakawa
and Kawakami 2008). Gene- and enhancer-trap methods have been applied to
establish a significant number of Gal4 transgenic lines (Davison et al. 2007
Asakawa et al. 2008; Scott and Baier 2009; Kawakami et al. 2010; Balciuniene
et al. 2013), several of which are neural-specific (Scott et al. 2007; Asakawa et al.
2008). Notably, in these lines the Gal4 open reading frame (ORF) is randomly
integrated in the fish genome through Tol2-based transposition, and the insertion
site is not mapped; therefore, the sequence of the promoter elements driving Gal4
expression is unknown. In our work, we have developed a flexible conditional
knockout strategy based on the CRISPR/Cas9 technology that combines Gal4/
UAS-mediated expression of the Cas9 enzyme with a constitutive expression of
sgRNAs driven by Pollll U6 promoter sequences. Our strategy does not require
previous knowledge of promoter sequences to induce cas9 expression since this is
provided by cell type-specific Gal4 transcription. Additionally, to enable the anal-
ysis of the phenotypes arising from Cas9-induced gene disruption, we marked the
population of the cas9-expressing cells by using the viral T2A self-cleaving peptide
(Provost et al. 2007), ensuring the stoichiometric synthesis of the Cas9 enzyme and
the fluorescent reporter GFP from the same mRNA. To test our conditional knock-
out strategy, we used our vector system to target the tyrosinase (tyr) locus, coding
for a key enzyme involved in melanin production (Camp and Lardelli 2001). We
were able to induce eye-specific loss of pigmentation by expressing our transgene
exclusively in the progenitors of the neural retina and the retinal-pigmented
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epithelium (RPE). For this purpose we used a transgenic line, Tg(rx2:gal4), in
which the Gal4 trans-activator is specifically driven in the optic primordium by the
promoter of the zebrafish retinal homeobox gene 2 (rx2; Heermann et al. 2015).
This result confirmed the ability of our strategy to induce Gal4- and Cas9-mediated
tissue-specific gene inactivation. Remarkably, in this first approach, GFP expres-
sion was strictly dependent on the temporal activity of the promoter driving Gal4
expression, thus restricting direct detection of potential mutant cells to a limited
time window. This caveat reduces the possibility of analyzing loss-of-function
phenotypes after Gal4 transactivation activity has terminated. To circumvent this
issue, we proposed to use the activity of the Cre enzyme, a topoisomerase that
catalyzes the site-specific recombination of DNA between loxP sites (Branda and
Dymecki 2004; Pan et al. 2005), to constitutively label the population of Cas9-
expressing cells. We therefore developed a construct where we substituted the GFP
with a Cre reporter, enabling the analysis of gene disruption after Cas9 activity has
terminated. The visualization of cre-expressing cells is commonly achieved with
the use of transgenic lines carrying a cassette where a constitutive promoter drives
the expression of a fluorescent reporter upon the Cre-mediated excision of a floxed
stop codon. Thus, in cells carrying floxed alleles, the concomitant expression of
Cas9 and Cre enzymes by a tissue-specific Gal4 promoter would ensure, respec-
tively, double-strand breaks (DSBs) at the targeted locus as well as the recombi-
nation of the floxed locus. Notably, if the Cre-dependent expression of a reporter is
constitutive after recombination, all the cells deriving from a cas9-expressing
progenitor will be fluorescent, allowing long-term visualization of potentially
mutated clones of cells. By using our system in retinal stem cells, we successfully
disrupted the atoh7 gene, which is involved in the specification of retinal ganglion
cells (RGC) in the developing retina. In this case, we could modify cell fate
determination of retinal progenitor cells and generate labeled loss-of-function
clones lacking the population of RGC.

Additionally, we employed our method to create genetic chimeras in which single
mutant cells could be differentially tagged in a wild-type tissue. To obtain this
labeling, we combined the 2C-Cas9 system with the Brainbow technology. The Tg
(UAS:brainbow) line (Robles et al. 2013) carries a transgene in which the CDSs of
the fluorescent proteins tdTomato, Cerulean and YFP are separated by Cre
recombinase sites. In double transgenic embryos Tg(UAS:brainbow) x Tg(Tissue-
specific promoter:gal4), tdTomato will be expressed in the Gal4 transactivation
domain in the absence of Cre-mediated recombination. In contrast, cerulean or YFP
will be transcribed if Cre recombinase is active. The expression of our transgenesis
vector in these embryos provides simultaneous activity of the Cas9 and Cre
enzymes. As a result, all the Gal4-positive cells that received the plasmid are
potentially mutant and marked by cerulean or YFP fluorescence, whereas the
population of Gal4-positive cells that do not express the construct is wild-type and
labeled with the reporter tdTomato. This multicolor labeling strategy can be easily
applied to neurobiology studies to induce targeted mutations in single neurons and
directly compare loss-of-function and wild-type phenotypes in the same animal. To
test this potential application, we targeted the genomic locus coding for the motor
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protein Kinesin family member 5A, a (kif5aa) (Campbell and Marlow 2013; Auer
etal. 2015), whose inactivation triggers the reduction of RGC axon arbor complexity
via a cell-autonomous mechanism (Auer et al. 2015). To target the kif5aa gene with
the 2C-Cas9 system in single RGC, we used the Tg(is/2b:gal4) line. As expected,
after injection of our construct into one-cell stage embryos derived from a cross of
Tg(isl2b:gal4) and Tg(UAS:brainbow) fish, we could observe a strong decrease in
total branch length in YFP- or Cerulean-expressing RGC (potentially kifSaa mutant)
compared to tdTomato-fluorescent RGC (wild-type).

In conclusion, the 2C-Cas9 system represents a versatile tool to induce biallelic
conditional gene inactivation. The use of the Gal4/UAS system allows the targeting
of a gene of choice in any cell population. The combination of this bipartite system
with simultaneous activation of Cas9 And Cre enzymes in progenitor or differen-
tiated cells enables first, the genetic lineage tracing of mutant cells and second, the
detection of cell-autonomous gene inactivation at single cell resolution. Addition-
ally, permanent labeling of knockout cells offers the possibility of investigating
gene function in adult animals, expanding the applicability of the 2C-Cas9 from
neurodevelopment to maintenance and function of neural networks. Finally,
because the 2C-Cas9 system is based on genetic tools available in several model
organisms, this approach allows the same level of investigation in a broad range of
animal models.

In addition to the use of the Crispr/Cas9 application for the generation of loss-of-
function alleles, RNA guide nucleases can be used for more sophisticated genome
modifications such as homologous recombination (HR) or non-homologous end
joining (NHEJ)-mediated knockin. We herein provide a conceptual outline of the
steps involved in the generation of knockin lines based on the Crispr/Cas9 strategy
and the latest advances made in the zebrafish genome-editing field.

Crispr/Cas9-Mediated Knockin Approaches in Zebrafish

With its advantage of transparency, the zebrafish model organism rapidly emerged
as a powerful experimental system for studies in genetics, developmental biology
and neurobiology. The possible integration of exogenous genes into any given loci
and the analysis of their function in the living animal have dramatically improved
over the past few years with the development of genome editing technologies. Prior
to this recent explosion in the field of knockin generation, conventional transgenic
zebrafish lines were generated by Tol2-mediated transgenesis, which has success-
fully allowed the making of hundreds of new reporter lines essential to the study of
particular gene functions in vivo (Davison et al. 2007; Asakawa et al. 2008; Scott
and Baier 2009; Kawakami et al. 2010; Balciuniene et al. 2013). Bacterial artificial
chromosome-based transgenesis has been and still is one of the go-to methods for
making reporter lines. However, this technique comes with one major limitation:
the integration of extra coding copies of hundreds of kbs. In addition, it is not
known how the integration of such a large construct affects the neighboring site of
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insertion. More recently, the transcription activator-like effectors (TALEs) tech-
nology, a milestone in the development of zebrafish mutant and transgenic lines,
has lifted the limit of loci-specific targeting. With very low off-targeting effects,
TALEs were therefore the first successful genome editing method that permitted
homologous-directed recombination (HDR) and NHEJ-mediated knockin in
zebrafish (Bedell et al. 2012; Zu et al. 2013). Two reports (Chang et al. 2013;
Hwang et al. 2013b) showed that double stranded breaks (DSB), which are simpler
in design and have higher mutagenesis efficiency, could also be generated using the
Crispr/Cas9 technology based on the same approach used by Bedell et al. (2012).
Following these studies, Hruscha et al. (2013) achieved the integration of HA-tags
into the sequence of single strand oligonucleotides flanked by two short homology
arms of the targeted gene. Similarly to previously observed integration events,
insertion of the sequences of interest was detected in most targeted alleles with,
however, a majority of imprecise and error-prone repair mechanisms. In 2013, Zu
et al. reported the first HR gene-targeting event using TALENs and a double
stranded vector containing an eGFP cassette flanked by long homology arms and
a germ line transmission rate of 1.5%. More recently many other laboratories have
developed various methods to generate knockin alleles by HR followed by
CRISPR/Cas9-induced DSB, using as donor single stranded DNA, circular or linear
plasmids with short (~40 bp) or long (800-1000 bp) homology arms (Hruscha et al.
2013; Hwang et al. 2013a; Irion et al. 2014; Shin et al. 2014; He et al. 2015; Hisano
et al. 2015). Although these methods were proven possible, their efficiency remains
variable. To circumvent these problems, in 2014 our laboratory employed a strategy
taking advantage of homologous independent repair events shown to be tenfold
more active than HR events in the one-cell stage embryo (Auer et al. 2014). The
plasmid donor vector was engineered with an eGFP bait cassette and a Gal4
transcriptional transactivator cassette. Co-injected with a locus-specific sgRNA,
an eGFP targeting sgRNA and cas9 nuclease mRNA, cleavage of the donor vector
was generated along with the endogenous chromosomal integration site. For better
readout, the injection was performed into an outcross of two transgenic lines, the
first being an eGFP reporter line and the second a Tg(UAS:RFP) line. Injected
embryos with a successful in-frame integration event (most probably through
homologous independent repair mechanisms) therefore displayed RFP signal in
cells where GFP signal was normally detected. In this system, the offspring
transmission was evaluated at about 30% and increased to 40% when a selection
for the RFP signal was performed after injection. The generation of such a donor
vector allowed the direct assessment of the efficiency of the strategy by targeting an
endogenous locus of the zebrafish genome. Targeting the transcriptional starting
site of the kifSaa gene, integration of the donor vector was successfully induced and
shown to be independent from the orientation of the sgRNA targeting kif5aa. In
addition, no homologous sequences between the vector and the endogenous
targeted site were required for the integration, allowing the re-use of the vector in
combination with any given site-specific sSgRNA. Using the same approach, Kimura
et al. (2014) improved the strategy by adding a heat shock cassette (Hsp70)
upstream of the transcription trans-activator Gal4 cassette into the donor vector,
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Fig. 1 Knockout and knockin strategies based on the Crispr/Cas9 technology in zebrafish.
Schematic representation of the different methods and applications of Crispr/Cas9-mediated
genome modifications. From top to bottom: (1) labeling with GFP of cas9-expressing cells
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allowing its expression independently from in-frame insertion events within the
transcriptional starting site of the gene of interest. To date, several new reporter
lines have been generated using this strategy, providing a powerful alternative for
homology-independent repair over HR-mediated integration. Key points for its
success are (1) the identification of efficient sgRNAs targeting the chromosomal
site of choice, for which new prescreening methods have been developed
(Carrington et al. 2015; Prykhozhij et al. 2016); (2) the injection of the sgRNA
mix with Cas9 nuclease mRNA over purified Cas9 protein that seems to prevent the
donor plasmid insertion; and (3) further screening for the identification of founders
due to the error-prone nature of junction sites between the endogenous locus and the
donor vector. Hisano et al. (2015) addressed this last point by introducing 10-40 bp
homology arms into the donor vector to trigger integration events mediated by HR
repair mechanisms. In parallel, Li et al. (2015) developed another approach by
targeting intronic regions of the gene of interest, therefore non-HR dependent.
While this strategy allows keeping the integrity of the targeted coding sequence,
the enriched presence of repeat sequences within the introns makes it difficult to
achieve a specific targeting. Finally, the latest advance in knockin approaches is the
development of traceable genome editing events that allow the easy recovery of
edited alleles (Hoshijima et al. 2016) (Fig. 1).

<
N«

Fig. 1 (continued) potentially mutated in locus targeted by the sgRNA1 and sgRNA2 expressed
with the PolIII U6 promoters. (2) Genetic labeling with Cre recombinase of cas9-expressing cells.
Cre activity was revealed by the conditional expression of a fluorescent reporter protein (XFP)
after removal of a stop cassette. (3) A similar strategy combined with a brainbow reporter cassette
allows the visualization of cas9-expressing cells in multiple colors. (4) Genetic knockin of a Gal4
reporter transcription factor into GFP locus of preexisting transgenic lines or (5) into an endog-
enous genomic location (geneX). UAS upstream activating sequence
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Abstract

Axon ensheathment by specialized glial cells is an important process for fast propagation of

action potentials. The rapid electrical conduction along myelinated axons is mainly due to its

saltatory nature characterized by the accumulation of ion channels at the nodes of Ranvier.

However, how these ion channels are transported and anchored along axons is not fully

understood. We have identified N-myc downstream-regulated gene 4, ndrg4, as a novel fac-

tor that regulates sodium channel clustering in zebrafish. Analysis of chimeric larvae indi-
cates that ndrg4 functions autonomously within neurons for sodium channel clustering at
the nodes. Molecular analysis of ndrg4 mutants shows that expression of snap25 and nsf
are sharply decreased, revealing a role of ndrg4 in controlling vesicle exocytosis. This

uncovers a previously unknown function of ndrg4 in regulating vesicle docking and nodes of
Ranvier organization, at least through its ability to finely tune the expression of the -SNARE/

NSF machinery.

Author Summary

Myelination is an important process that enables fast propagation of action potential
along the axons. Schwann cells (SCs) are the specialized glial cells that ensure the
ensheathment of the corresponding axons in the Peripheral Nervous System. In order to
do so, SCs and axons need to communicate to organize the myelinating segments and the
clustering of sodium channels at the nodes of Ranvier. We have investigated the early

events of myelination in the zebrafish embryo. We here identify ndrg4 as a novel neuronal

factor essential for sodium channel clustering at the nodes. Immuno-labeling analysis
show defective vesicle patterning along the axons of ndrg4 mutants, while timelapse
experiments monitoring the presence and the transport of these vesicles reveal a normal
behavior. Molecular analysis unravels a novel function of ndrg4 in controlling the expres-
sion of the t-SNARE/NSF machinery required for vesicle docking and release. However,
inhibiting specifically regulated synaptic vesicle release does not lead to sodium channel
clustering defects. We thus propose that ndrg4 can regulate this process, at least partially,
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through its ability to regulate the expression of key components of the t-SNARE/NSF
machinery, responsible for clustering of sodium channels along myelinated axons.

Introduction

Myelination is a vertebrate adaptation that ensures the fast propagation of action potentials
along the axons. Schwann Cells (SCs) are one of the myelinating glial cells of the Peripheral
Nervous System (PNS) while Oligodendrocytes (OLs) are responsible for myelin wrapping in
the Central Nervous System (CNS) [1-7]. While myelin sheaths insulate axons and inhibit cur-
rent leakage, nodes of Ranvier found at regular intervals, gather voltage-gated sodium channels
in clusters, and therefore are the only places where action potentials are regenerated, allowing
their rapid propagation along axons [8-10]. Defective myelin sheaths or nodes of Ranvier pre-
vent the efficient conduction of action potentials and severely impairs axonal function. Several
signaling pathways, mainly intrinsic to SCs, have been identified as being positive or negative
regulators of peripheral myelination [11-14]. Analysis of zebrafish mutants lacking SCs (e.g.
erbb2, erbb3, sox10/cls) shows defects in sodium channel clustering and positioning [15], sug-
gesting that SCs give essential instructive cues for the proper organization of myelinated
axons. However, less is known about neuronal factors that ensure a proper myelin organiza-
tion so that ion channels are mainly concentrated at the repetitive nodes of Ranvier along mye-
linated axons.

To better understand the molecular mechanisms governing peripheral myelination, and
since the formation of the nodes depends on the interaction between neurons and glia, we
undertook a differential screen to look for genes that are dysregulated in the absence of SCs in
zebrafish. We compared the transcriptomes of the GFP+ and GFP- cells in the foxd3::GFP
transgenic line (through FACS sorting), in groups of embryos that contain or not Schwann
cells (following a sox10 knockdown). We have identified a neuronal factor, ndrg4, as a major
regulator of sodium channel clustering at the nodes of Ranvier.

Ndrg4 belongs to the NDRG (N-myc Downstream-Regulated Gene) family, which includes
four related members, known to be important in tumorigenesis and linked to a range of can-
cers [16,17]. The function of Ndrg4 itself has been extensively studied in cancer although con-
flicting results showed that Ndrg4 has either a tumor-suppressive or an oncogenic function
depending on the tissue [17]. NDRG1 is the most widely studied protein, namely for its role in
peripheral myelination since a mutation in this gene leads to a severe autosomal recessive
demyelinating neuropathy, NDRG1-linked Charcot-Marie-Tooth Disease (CMT4D) [18-20].
While NDRGI function in myelination is well established, the role of NDRG4 in this process
is still unknown. The latter is mainly expressed in the nervous system and the heart of mice
and zebrafish [21]. In the mouse embryo, an indirect role of NDRG4 in severe ventricular
hypoplasia has been proposed [22] while in zebrafish, Ndrg4 is required for normal myocyte
proliferation during early cardiac development [21]. Given its expression in the brain, it has
been suggested that NDRG4 might play an important role within the CNS. Indeed, the expres-
sion of brain-derived neurotrophic factor (BDNF) is reduced in the cortex of Ndrg4 KO mice
that leads to spatial learning and memory defects [23]. A possible role of NDRG4 in neuronal
differentiation and neurite formation has also been proposed following Ndrg4 manipulation in
PC12 cells [24]. Finally, a significant decrease in NDRG4 expression has been reported in Alz-
heimer disease brains [25].

Here, we identify a novel function for zebrafish ndrg4, in controlling vesicle fusion and
release by regulating, among others, the levels of the t-SNARE protein, Snap25 (Synaptosomal
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Associated Protein 25KDa), known to be required for the docking and merging of vesicles
with the cell membrane during exocytosis [26,27]. Thus, in addition to their pronounced heart
defects, the zebrafish ndrg4 mutants are paralyzed. Our results reveal a previously unknown
neuronal role for ndrg4 in sodium channel clustering that is most likely due to its ability to reg-
ulate the expression of key components of the t-SNARE/NSF machinery.

Results
Sodium channel clustering is dependent on ndrg4 function

Having identified a dysregulation in the expression of ndrg4 in a differential screen of normal
and SCs deficient embryos, we wanted to assess its function during PNS myelination, thus, we
generated a ndrg4 mutant using CRISPR/Cas9 technology [28]. The introduced mutation
begets a deletion in the ndrg4 DNA sequence and introduces a premature stop codon in the
ndrg4 mRNA sequence leading to a nonsense-mediated decay of the corresponding mRNA
transcript (Fig 1A, 1B, 1E and 1F). A concomitant knockdown approach using a specific ndrg4
splice blocking Morpholino (MO; 0.6 pmole/embryo) and a control 5 base pair mismatch
ndrg4 MO (0.6 pmole/embryo) was simultaneously used during this study ([21] and S1 Fig). A
pronounced heart edema and a complete paralysis of the embryos were the first obvious
defects observed in these mutants and morphants starting from 48 hours post fertilization
(hpf) (the earliest time point analyzed here) (Fig 1C and 1D; S1 Fig). Ndrg4 homozygous
mutants and morphants failed to respond to touch test at 3 days post fertilization (dpf) (S1, S2
and S3 Movies). The embryos looked thinner and shorter in comparison to controls and had
slightly smaller eyes (Fig 1C and 1D; S1 Fig). We first observed, using in situ hybridization,
that the majority of ndrg4 mutants (30 out of 38 embryos) showed no obvious change in the
expression of myelin basic protein (mbp) at 4dpf (Fig 2A-2C), a major protein of the myelin
sheath and commonly used marker of myelination, compared to control embryos (75 out of
80 embryos). This result suggests that ndrg4 function is not required per se for mbp expression.

We next investigated sodium channel distribution and organization along the PLLn. Using
whole mount immunohistochemistry for voltage-gated sodium channels (anti-panNa,Ch) and
axons (anti-acetylated tubulin) at 4 dpf, we visualized many sodium channels concentrated in
clusters at the nodes of Ranvier within the control PLLn (Fig 2D-2F and 2M). However, in
ndrg4 mutants and morphants, we noticed that sodium channels were not clustered at the
nodes of Ranvier (Fig 2G-2I and 2J-2L). We quantified the number of nodes of Ranvier within
the PLLn in the last 8 somites starting from the most posterior neuromast of the larvae. We
counted an average of 31+ 2.49 nodes of Ranvier in control axons (n = 13 embryos), whereas
we found only 0.5+ 0.8 nodes in the ndrg4 mutants (n = 14 embryos) and 11+5.20 nodes in
ndrg4 morphants (n = 13 embryos) (Fig 2N). We have also looked at the clustering of sodium
channels in the sox10:mRFP transgenic line that labels membrane extensions of SCs [29]. We
could see clusters of sodium channels localized in the gaps between adjacent internodal seg-
ments in controls at 4dpf (average of 4.42+ 1.08 clusters per somite; 4 different embryos) (S1G
Fig), while fewer clusters were observed in these gaps in ndrg4 morphants (average of 1.90+
0.84 clusters per somite; 5 different embryos; p<0.0001) (S1G Fig). This result suggests that
ndrg4 function is required for sodium channel clustering along the axons.

We next labeled embryos with antibodies against a sequence (FIGQY) conserved in neuro-
fascin family of adhesion molecules, and recognize the neurofascin 186. This latter is also local-
ized at nodes of Ranvier in mammals and zebrafish, and shown to co-localize with NaCh
clusters in zebrafish larvae [10,30-33]. Similar results were observed; we noticed that the
FIGQY antigen labeling was diffused in ndrg4 mutants and morphants (Fig 2G’-2L’), in com-
parison to the clustered labeling observed in controls (Fig 2D’-2F"). We counted an average of
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ndrg4: GCTGCACGTGGTGATCCGTGGCGCTCCCAAGGGCAA

ndrg4”’: GCTGCACGTGGTGATCCGTGGC = = = = = = = = = - GCAA (A10)
ndrg4*: GCTGCACGTGGTGAT = - - == ===~~~ CCAAGGGCAA (A11)
B *31+34

— 352 aa
8 290
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Fig 1. Characterization of the ndrg4 mutant. (A) Schematic representation of the ndrg4 genomic locus. The extended region on the exon 2 represents
the sequence targeted by the CRISPR/Cas9 system. Red: sgRNA binding site. Blue: PAM sequence. ndrg4” corresponds to the wild-type allele;

ndrg4 **' and ndrg4 *>* are the loss-of-function alleles used in this study. (B) Schematic of ndrg4 protein product. In ndrg4 **' and ndrg4 *>* mutant fish,
the deletions result in a frameshift generating a premature STOP codon at the level of the amino acids 31 and 34 (of 352) in the ndr family domain.
Lateral views of a control (C) and a ndrg4 mutant (D) embryos at 72 hpf. The arrows point to the heart, note the pronounced heart edema (white asterisk)
observed in the ndrg4 mutant. Lateral view of ndrg4 mRNA expression in a control (E) and a ndrg4-/- embryo (F) at 48hpf. Note the absence of ndrg4
expression in the mutant. Scale bar =200 um.

doi:10.1371/journal.pgen.1006459.g001

30.86 +0.54 clusters in the last 8 somites within the PLLn in control embryos (n = 14 embryos)
whereas we found only 1.29 +0.29 in ndrg4 mutants (n = 14 embryos) and 6.69 +0.86 in ndrg4
morphants (n = 13 embryos) (Fig 20 and 2P). This result suggests that initial clustering of
neurofascin at the nodes is also dependent on ndrg4 function.

Ndrg4 is not required for PLLn growth or early SCs development

To test whether SC and axonal development occurs normally in ndrg4 mutants and mor-
phants, we first performed a whole mount acetylated tubulin immunostaining for axonal
labeling. We observed no significant difference in PLLn axonal outgrowth (Fig 3A-3C)
between mutants (n = 14 embryos), morphants (n = 18 embryos) and controls (n = 20
embryos) at 4 dpf, indicating that axonal growth and maintenance are not defective in
ndrg4 mutants. We then examined sox10 mRNA expression at 72 hpf. Sox10 is a transcrip-
tion factor that labels neural crest cells including SC progenitors[34-36]. Ndrg4 mutants
(n =11 embryos) (Fig 3F) and morphants (n = 12 embryos) (Fig 3E) were comparable to
controls (n = 32 embryos) (Fig 3D), showing a similar expression of sox10 along the PLLn,
confirming the normal development and distribution of SCs. We also took advantage of
the foxd3::GFP larvae which express the Green Fluorescent Protein (GFP) in SCs [37] to
look for SCs migration in ndrg4 morphants. We observed no significant difference in SC
migration and maintenance between morphants (n = 20 embryos) and controls (n = 16
embryos) at 3 dpf (Fig 3G and 3H). Moreover, since the NDRG proteins are known to play
a significant role in cancer, we assessed SC proliferation throughout their development.
For this purpose, we performed an anti-phosphorylated histone 3 (PH3) labeling in foxd3::
gfp larvae at 30, 48 and 72 hpf. Quantification of PH3 positive SCs did not show any signif-
icant difference between controls (10 embryos at 30hpf, 23 at 48hpf and 12 at 72hpf) (S2A
Fig) and morphants (7 embryos at 30hpf, 11 at 48hpf and 10 at 72hpf) (S2B Fig). The quan-
tification of this phenotype showed that the rate of SC proliferation was not significantly
different in ndrg4 morphant embryos throughout development (S2C Fig). These data sug-
gest that ndrg4 function is not required for early SC development and axonal growth. To
further investigate later aspects of axonal development and SC myelination, we analyzed
the ultrastructure of axons in the PLLn using Transmitted Electron Microscopy (TEM).
The total number of axons in ndrg4 mutants and morphants was slightly but not signifi-
cantly decreased in comparison to controls; we counted an average of 43.6 +2.69 axons in
controls (n = 10 nerves from 9 different embryos) at 4dpf, 38.93 £1.66 axons in ndrg4
mutants (n = 11 nerves from 7 different embryos) and 35.8 +4.4 axons in ndrg4 morphants
(n = 5 nerves from 3 different embryos) (Fig 31-3K). However, the number of myelinated
axons was significantly reduced in ndrg4 mutants and morphants in comparison to con-
trols, we could count an average of 5.36 £0.49 myelinated axons in ndrg4 mutants and 4.2
+1.24 in ndrg4 morphants in comparison to an average of 10.7 +£0.68 myelinated axons in
controls (Fig 3L). This result suggests that ndrg4 function may, directly or indirectly,
amend SC ability to myelinate but it is not essential for SC myelination as seen for sodium
channel clustering.
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Fig 2. ndrg4 is required for sodium channel and neurofascin clustering in the peripheral nervous system. (A-C) Lateral view of mbp RNA
expression in control (A), ndrg4 mutant (B) and morphant (C) embryos at 4 dpf. Arrows indicate mbp-expressing cells along the PLLn. Scale

bars = 200um. (D-L) Acetylated tubulin (ac tub; red) and sodium channels (NaCh; green) immunohistochemistry of a (D-F) control, ndrg4 mutant (G-1) and
ndrg4 morphant (J-L) PLLn at 4 dpf. Scale bars = 5um. (M) High magnification of three nodes of Ranvier (arrowheads) from a control nerve. Scale

bar = 100nm. (N) A significant decrease in the number of sodium channels clusters is observed in ndrg4 mutants and morphants in comparison to controls
(p<0.001). Acetylated tubulin (ac tub; red) and FIGQY (green) immunohistochemistry of a (D’-F’) control, ndrg4 mutant (G’-I') and ndrg4 morphant (J'-L")
PLLn at 4dpf. Scale bars =5 pm. (O,P) A significant decrease in the number of FIGQY labeled clusters is observed in ndrg4 mutants and morphants in
comparison to controls (p<0.001).

doi:10.1371/journal.pgen. 1006459.9002
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Fig 3. ndrg4 is not required for axonal outgrowth or early Schwann cell development. Acetylated tubulin expression in control (A), ndrg4 mutant
(C) and morphant (B) embryos at 4 dpf showing the PLLn nerve. Scale bar = 45um. (d-F) Whole mount in situ hybridization of a (d) control embryo,
ndrg4 mutant (F) and ndrg4 morphant (E) showing sox10 expression in PLLn SCs (arrows) at 3 dpf. Scale bar = 200pm. Lateral view of a control
foxd3::GFP embryo (G), a ndrg4 morphant (H) at 3 dpf showing SCs (arrows) along the PLLn. Transmission electron micrographs showing cross-
section through (1) control and ndrg4 mutant (J). Control PLLn shows an average of 10.7 myelinated axons (blue asterisks). (J) An average of 5.36
myelinated axons (blue asterisks) is observed in the ndrg4 mutant’s PLLn. (S: Schwann cell). Scale bars = 0.5um. (K,L) Quantification of the total
number of axons and the number myelinated axons in controls, ndrg4 mutants and ndrg4 morphants. NS: Non Significant.

doi:10.1371/journal.pgen.1006459.9003
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Ndrg4 is expressed in the Posterior Lateral Line ganglion (PLLg) but not
in SCs

Overall, our results strongly suggest that ndrg4 function is required for nodes of Ranvier orga-
nization. To investigate whether its function is neuronal or intrinsic to SCs, we first looked at
ndrg4 expression. Like mammalian Ndrg4 [20,23], zebrafish ndrg4 is mainly expressed in the
developing nervous system and heart [21]. Using in situ hybridization, we here confirm ndrg4
expression within the brain, the eyes and the PLLg at 30 hpf (S3 Fig). The expression of ndrg4
persists in the nervous system and specifically in the PLLg until at least 72 hpf (S3 Fig). How-
ever, ndrg4 was not observed in SCs at any of these time points. This indicates that, at least in
the zebrafish PNS, ndrg4 is expressed in neuronal cells and not in glia.

Ndrg4 function is required in neurons for sodium channel clustering

SC activity and axon-SCs interaction are both required for clustering of sodium channels at
the nodes of Ranvier [10,15]. Therefore, we asked whether ndrg4 function is required in neu-
rons or in SCs despite a clear ndrg4 mRNA expression in neurons and not in the glia of the
zebrafish PNS (present data and [21]). A similar distribution profile was also observed for
NDRGH4 protein in the mouse CNS [20,23]. We therefore chose to specifically manipulate
ndrg4 function in the PLLg. In order to do so, we first generated mosaic PLLg of WT and
ndrg4 morphant cells by introducing ndrg4 morphant cells, co-injected with mCherry mRNA,
into a WT background. In such chimeras, no or very few sodium channel clustering (0.05
+0.23 cluster per somite) was observed along the PLLn axons derived from ndrg4 morphant
PLLg neurons (19 somites from 4 different embryos) (Fig 4A-4G) in comparison to control
PLLg cells (14 somites from 4 different embryos) where sodium channel clustering was always
observed (2.1+1.8 clusters per somite, p<0.001) (Fig 4H-4K). We then introduced WT cells,
labeled with mCherry, into a ndrg4 morphant background whereby SCs are defective for
ndrg4 but the introduced PLLg neurons express normal levels of ndrg4. In this case, we can
observe normal sodium channel clustering along these axons (2.6+1.2 clusters per somite) (Fig
4L-4N; 3 different embryos) while surrounding axons show little or no sign of sodium cluster-
ing. The same result was obtained when introducing WT cells into a ndrg4-/- background,
where normal sodium channel clustering was observed along the WT axons (2.2+1.3 clusters
per somite) (Fig 40-4Q; 2 different chimeras). This result indicates that ndrg4 function is
required cell autonomously in neurons for sodium channel clustering.

Ndrg4 function is required for the expression of key genes essential for
vesicle docking

To understand the molecular mechanisms governing neuronal ndrg4 function that leads to
such defects, we undertook a differential microarray analysis looking for downstream targets
that are dysregulated at 3dpf following ndrg4 knockdown. Total RNAs were extracted and
compared between two groups of either 1.control embryos or 2.ndrg4 morphants (see Materi-
als and Methods). In addition to a significant decrease in the expression of a number of genes
known to be involved in hematopoiesis, related to ndrg4 expression and function in the heart,
e.g. alas2 (Fold change (FC) 41, [38]); klfd (FC 17, [39]), that we will not discuss here, one par-
ticular major group of genes related to ndrg4 function in the nervous system was discerned. It
appeared that ndrg4 significantly modulates the expression of numerous genes involved in
vesicular release (e.g. caly, sytla, snap25, nsf) and synaptic activity (e.g. syn2, rims2, sypa) (S1
Table). These data pointed to a previously unknown role for ndrg4 in regulating the expression
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Fig 4. Chimeric embryos show evidence of ndrg4 requirement in neurons for sodium channel clustering. (A) ndrg4MO mCherry labeled PLL
neurons shown by arrows. (b,e) ndrg4MO mCherry labeled axons of the PLLn in two different chimeric embryos; (c,f) sodium channels along the PLLn of
ndrgdMO mCherry labeled (arrow) and of control (arrowheads) axons; (d,g) merge of the two labelings. Sodium channel clustering is absent in ndrg4MO
axons (mCherry labeled) while control ones in the same PLLn show normal clustering. (H) Control mCherry labeled neurons indicated by arrows. The
dashed line indicates the margin of the PLLg. (I) Control mCherry labeled axons (arrows). (J) Sodium channel clusters along the PLLn in control labeled
(arrows) and other non-labeled (arrowheads) axons. (K) Merge of the two labelings. For (a, H) scale bars = 5ym. For (b-G; I-K) scale bars = 10um. (L-N)
WT mCherry labeled axons in ndrg4 morphant embryos are shown in (L, arrow) and the corresponding sodium channels in (M, arrows). Note the
clustering of the nodes in the WT labeled axons while the other ndrg4 deficient axons show no sign of sodium channel clustering. (N) Merge of the two
labelings. Scale bar = 7 ym. (O-Q) WT mcherry labeled axons in ndrg4-/- are shown in (O) and the corresponding sodium channels in (P, arrows). (Q)
Merge of the two labelings showing clustered sodium channels along the WT axons (arrows). Scale bar =5 pm.

doi:10.1371/journal.pgen.1006459.9004

of several key genes required for vesicle docking and fusion during exocytosis and synaptic
activity.

To further confirm these results in ndrg4 mutants, we performed quantitative PCR (qPCR),
western blots and whole mount immunochemistry experiments to look for specific changes in
the expression of the main corresponding genes and proteins. Indeed, we observed a 65, 48
and 62 per cent decrease in the expression of n-ethylmaleimide sensitive factor a (nsfa), synap-
totagminla (sytla) and syntaxin binding proteinlb (stxbp1b) respectively in ndrg4 mutants in
comparison to controls (Fig 5A). However, the expression of the v-SNARE vamp2 (synapto-
brevin), that is localized to vesicles and not to target membranes, was not altered (Fig 5A).
Moreover, we could detect a 72 per cent decrease in the expression of Snap25 protein in ndrg4
mutants in comparison to controls (Fig 5I and 5K) at 3dpf. Similarly, ndrg4 knockdown led to
a 90 per cent decrease in Snap25 protein expression (Fig 5H and 5]) (n = 3 independent exper-
iments, p<0.001) in comparison to controls, showing a very sharp decrease in the expression
of this key protein involved in vesicle docking and release. We next looked for Snap25 protein
expression specifically in the PLLg and PLLn using whole mount immunochemistry at 4 dpf.
We could observe a significant decrease in the expression of Snap25 along the PLLn and PLLg
of ndrg4 mutants and morphants (Fig 5C and 5D, S1I and S1K Fig) compared to controls (Fig
5B, S1H and S1K Fig).

This result validates the overall decrease in the expression of different components essential
for vesicle docking and release and for synaptic activity in ndrg4 mutants. Moreover, it shows
the decrease in Snap25 expression in the PLLn and PLLg of ndrg4 mutants and morphants.

PLOS Genetics | DOI:10.1371/journal.pgen.1006459 November 30, 2016 9/24
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doi:10.1371/journal.pgen.1006459.9005

Vesicle patterning is defective in ndrg4 mutants but the formation of
vesicles and their transport are normal

Since the expression of several main components required for vesicular docking and release is
significantly affected in ndrg4 mutants, we took a closer look at the distribution of vesicles
along the PLLn at 4dpf using an anti-SV2 antibody. While synaptic vesicles showed a regular
dotted pattern along the nerve of control embryos (n = 22 embryos) (Fig 5E), we could observe
irregular agglomerates (Fig 5F and 5G) in ndrg4 mutants (n = 14 embryos) and morphants

(n = 10 embryos), suggesting a defect in their release but not their formation.

PLOS Genetics | DOI:10.1371/journal.pgen.1006459 November 30, 2016
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It has been shown that the clustering of the channels at the nodes relies on vesicular axonal
transport [40,41]. Thus, to test a possible role of ndrg4 in longitudinal vesicular trafficking,
that might explain the lack of sodium channel clustering along the axons, we monitored mito-
chondrial and vesicular movements along the axons using time-lapse imaging. For this pur-
pose, we injected mito::GFP and rab5::YFP mRNAs at one cell stage and the PLL nerve
vesicular trafficking was analyzed at 48 hpf. Mitochondrial average velocity was comparable
between controls (S4 Movie; 0.73 +0.09um.s'; 56 mitochondria from 5 embryos) and ndrg4
morphants (S5 Movie; 0.76 +0.2um.s™'; 79 mitochondria from 5 embryos). Rab5 vesicles aver-
age velocity was rather slightly but not significantly increased in ndrg4 morphants (S6 Movie;
1.82 £0.55um.s™'; 91 vesicles from 5 embryos) in comparison to controls (S7 Movie; 1.31 +
0.44pm.s™"; 100 vesicles from 5 embryos). Altogether, these results suggest that ndrg4 is not
required, per se, for vesicular formation or longitudinal transport along the axons.

Snap25 knockdown leads to a decrease in the clustering of sodium
channels along the PLLn

Our analysis shows that ndrg4 can regulate the expression of several key factors involved in
vesicular docking and release (S1 Table and Fig 5), including snap25 and nsfa. While it has
been shown that nsf is essential for sodium channel clustering at the nodes [33], we wanted to
assess whether snap25 is also involved in this process, since these two proteins are part of the t-
SNARE/NSF machinery required for vesicle docking and release [27]. To test this hypothesis,
we injected a specific 5UTR morpholino against snap25a and b in zebrafish [42]. Zebrafish
embryos injected with 0,6 pmoles of snap25 MO showed a significant reduction in their ability
to move or to respond to a touch stimulus at 3dpf (S8 Movie). This reflects the requirement of
Snap25 in synaptic vesicle transmission while no major morphological nor PLLn axonal out-
growth defects were observed (Fig 6A-6C, 6D, 6F and 6H). However, a significant reduction
in the number of sodium channel and neurofascin clustering was observed along the PLLn
(Fig 6E-6K). We could observe 30.94 +2.536 sodium channel clusters in control embryos
(n =17 embryos) in comparison to 13.90 +£5.6 in snap25 moprhants (n = 20 embryos). Similar
results were obtained for anti-FIGQY labeling, we could observe 30.86 +0.54 clusters in control
embryos (n = 14 embryos) in comparison to 15.78 +1.42 clusters in snap25 morphants (n = 14
embryos). Co-injection of snap25b mRNA (300 pg) along with snap25 MO was able to rescue
the sodium channel clustering defects (31.75 +3.53 clusters; n = 16 embryos) and the evoked
touch response test (S9 Movie), showing the specificity of this knockdown approach (Fig 6E—~
6]). This result strongly suggests that Snap25, like Nsf, can also regulate the clustering of
sodium channels and neurofascin along the PLLn in zebrafish.

We have also analyzed axonal ensheathment in snap25 morphants using TEM. Results show
no significant difference in the total number of axons (44 +2.5 axons in snap25 morphants;
n =9 nerves from 7 different embryos vs 43.6 +2.69 axons in controls; n = 10 nerves from 9 dif-
ferent embryos) nor in the number of myelinated axons in these morphants in comparison to
controls (9.13 +0.71 myelinated axons in snap25 morphants vs 10.7 £0.68 myelinated axons in
controls) (Fig 6L and 6M). This result indicates that reducing the levels of snap25 does not lead
to obvious myelination defects, while it significantly decreases the clustering of sodium channels
and neurofascin along the PLLn, at least at the concentration used in this study.

Snap25 over-expression slightly but significantly enhances clustering of
sodium channels in ndrg4 mutants

To test whether the decrease in the expression of Snap25 is involved in the sodium channel
clustering defect observed in ndrg4 mutants, we injected snap25b mRNA (150 pg) in ndrg4
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Fig 6. snap25 can regulate the clustering of sodium channels and neurofascin along the PLLn and increase the clustering of
sodium channels in ndrg4 mutants. (A-C) lateral views of control (A), snap25 morphant (B) and snap25 MO+snap25b mRNA (C)
embryos at 72hpf. (D,F,H) lateral views of acetylated tubulin staining showing the PLLn in control (D), snap25 morphant (F) and
snap25 MO+snap25b mRNA (H) embryos at 4dpf. (E-I”) lateral views of sodium channels and acetylated tubulin staining along the
PLLn of control (E-E”), snap25 morphant (G-G”) and snap25MO+ snap25b mRNA (I-I") embryos at 4dpf. (J,K) Quantification of the
sodium channel and neurofascin clustering, data are represented as meantsem. Scale bars = 200 ym, 60 pm and 5 pm in (C), (F) and
(1,I") respectively. Transmission electron micrographs showing cross-section through (L) control and (M) snap25 morphant’s PLLn at 4
dpf. (L) Control PLLn shows an average of 10.7 myelinated axons (blue asterisks). (M) An average of 9.13 myelinated axons (blue
asterisks) is also observed in the snap25 morphant embryo’s PLLn. (S: Schwann cell). Scale bars = 0.5um. (N) Quantification of the
number of nodes seen in the PLLn in controls, ndrg4 morphants and ndrg4 morphants injected with 150pg of snap25b mRNA. (O)
Quantification of the number of nodes seen in the PLLn in controls, ndrg4 mutants and ndrg4 mutants injected with 150pg of snap25b
mRNA.

doi:10.1371/journal.pgen.1006459.g006

mutants and morphants. Indeed, we could observe a slight but significant increase in the num-
ber of sodium channel clustering in the injected embryos in comparison to non-injected
mutants or morphants (Fig 6N and 60), while the overexpression of Snap25 did not alter the
number of sodium channel clusters in controls. We could count an average of 1.15 +0.22

(n = 14 embryos) and 6.85 £1.15 (n = 13 embryos) clusters in ndrg4 mutants and morphants
respectively in comparison to an average of 4.35 £0.44 (n = 13 embryos) and 15.6 1.1 (n = 13
embryos) clusters in snap25 mRNA injected ones. This result suggests that the decrease in
Snap25 expression is partially responsible for the sodium channel clustering defect observed in
these mutants and morphants.

Tetanus toxin injected embryos do not show obvious nodes organization
or peripheral myelination defects

Recently, it has been reported that synaptic activity can regulate myelin thickness and biases
axon selection in the CNS [43,44] but it is not required per se for sodium channel clustering in
the PNS [33]. To specifically test the role of synaptic vesicle release in myelin organization of
the PLLn, we used this time the Tetanus Toxin light chain (TeNT) to investigate whether the
defects observed in ndrg4 mutants are related to its role in synaptic vesicle release. Therefore,
we injected TeNT mRNA at one cell stage so that all cells in the nervous system are affected and
we analyzed the embryos at 3 and 4 dpf. This resulted, first, in a significant decrease in motility
when comparing TeNT injected embryos to control ones and only embryos that showed a
reduced motility were chosen for further analysis. To examine axonal integrity and SC migra-
tion, we injected TeNT in the foxd3::GFP line and then performed an acetylated tubulin staining
at 3 dpf. We did not observe any obvious difference in axonal integrity or SC development and
distribution between TeNT injected embryos (n = 14 embryos) (Fig 7C-7C”) and controls
(n =24 embryos) (Fig 7A-7A”). We then looked for sodium channel clustering in TetNT
injected embryos, and we observed no difference in the number or organization of these chan-
nels along the axons in the injected embryos (average of 28.7 nodes from 21 embryos) in com-
parison to controls (average of 25.5 nodes from 12 embryos) (Fig 7B-7B”, 7D-7D” and 7]). We
then checked the nerve ultrastructure by TEM at 4 dpf (Fig 7E and 7F) and we counted an aver-
age number of 6 myelinated axons per nerve in TeNT embryos (4 nerves from 3 different larvae)
(Fig 7E) and in control embryos (4 nerves from 4 different larvae) (Fig 7F).

These results show that TeNT injected embryos do not show obvious sodium channel clus-
tering and early myelin compaction defects in the PLLn.

Discussion

The identification of ndrg4 in a differential screen looking for dysregulated genes in the
absence of SCs in zebrafish, led us to generate and analyze the ndrg4 mutant. We show that
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Fig 7. Tetanus toxin injection does not impair sodium channel clustering and myelination in the PNS. (A) Lateral view of a
control foxd3::GFP embryo at 3 dpf. Arrows indicate SCs along the PLLn. (A") Acetylated tubulin expression in the same control embryo
at 3 dpf. Arrows show the PLLn axons. (A”) Merge of (A) and (A’). (C) Lateral view of a TeNT injected foxd3::GFP embryo at 3 dpf.
Arrows indicate SCs along the PLLn. (C’) Acetylated tubulin expression in the same TeNT injected embryo at 3 dpf. Arrows indicate the
PLLn axons. (C”) Merge of (C) and (C’). Scale bars = 50um. Sodium channel labeling in control (B) and TeNT injected embryo (D) and
their corresponding axons of the PLLn, (B’) and (D’) respectively. (B”) merge of (B) and (B’), (D”) merge of (D) and (D’). Scale

bars = 10um. (E,F) Transmission electron micrographs showing cross-section through (E) control and (F) TeNT injected embryos’ PLLn
at 4 dpf. (E) Control PLLn shows an average of 6 myelinated axons (blue asterisks). (F) An average of 6 myelinated axons (blue
asterisks) is also observed in the TeNT injected embryo’s PLLn. (S: Schwann cell). Scale bars = 0.5um. (J) Quantification of the number
of nodes seen in the PLLn shows no significant difference between controls and TeNT injected embryos.

doi:10.1371/journal.pgen.1006459.9007

ndrg4 is a novel factor required within neurons for the clustering of sodium channels along
the peripheral axons. Ndrg4 mutants have severe heart defects, consistent with the potential
role of NDRG4 in heart development and function previously reported in humans. However,
Ndrg4 mice knockout show no sign of heart dysfunction [21,23,25,45-47], suggesting that the
zebrafish ndrg4 mutant is a more suitable model to study the role of ndrg4 in this process. The
ndrg4 mutants also show little or no mobility, most likely due to the sharp decrease in the
expression of key genes involved in vesicle fusion and release therefore inhibiting synaptic
neurotransmission and activity. Labeling of SV2 vesicles in ndrg4 mutants show clearly that
these vesicles are present along the axons but tend to agglomerate, suggesting a defect in their
release. Reducing the levels of Snap25 in zebrafish embryos leads to a significant decrease in
the clustering of sodium channels and over-expression of Snap25 in ndrg4 mutants slightly
but significantly increases the clustering of sodium channels along the PLLn. Moreover, moni-
toring vesicle transport along these axons shows no obvious abnormality in comparison to
controls. Overall, these results point to a rather global vesicle docking and release defect along
the ndrg4 mutant axons rather than to an abnormal vesicle formation and transport. More-
over, they indicate that these processes can be dissociated. The reduction in the number of
myelinated axons observed in ndrg4 mutants and morphants’ PLLn suggests that its function
is not required per se for SC radial sorting or myelination. The myelin defect might be the
result of a delay in the development of these embryos given their severe heart defects or a
defective axonal-SCs interaction that alters SC myelination process. However, ndrg4 mutants
do not survive beyond 5-6 dpf to test this hypothesis. Overall, this establishes ndrg4 as a novel
member of the Ndrg family, to add to NDRG], that plays a fundamental role in the organiza-
tion of myelinated axons in the PNS.

A novel neuronal ndrg4 function that regulates sodium channel
clustering

We here identify a novel neuronal function for zebrafish ndrg4 required for sodium channel
and neurofascin clustering along the PLLn. Ndrg4 regulates, among others, the expression of
several key genes involved in vesicle fusion and release [26,27]. It has been shown that ion
channels, particularly Nav1.2 channels, require vesicular axonal transport from the neuronal
cell body to be later anchored at the sites of the nodes [40,41]. This process is mediated by
ankyrin-G and kinesin-1, however less is known about other fundamental players required for
ion channel docking. One particular mutant that shows comparable myelinated axons organi-
zation defects to ndrg4 is the nsf mutant. Neuronal nsf is autonomously required for sodium
channel clustering in the PLLn [33,48] and is characterized as an essential component for vesi-
cle fusion and release by interacting with and dissociating the SNARE complex [27,49,50].
Moreover, other data show nsf requirement for Ca>* channels localization and function in
nerve terminals [51].
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Overall, based on previous studies and our data presented here, it is now clear that i) both
nsf and ndrg4 mutants cause a very severe defect in sodium channel and neurofascin clustering
along the axons, ii) ndrg4 loss leads to a sharp decrease in Snap25 and nsf expression, iii)
snap25 knockdown leads to a significant decrease in sodium channel clustering, iiii) snap25
over-expression slightly but significantly enhances sodium channel clustering in ndrg4
and release. We thus propose that key components of the NSF/t-SNARE machinery, tightly
controlled by ndrg4, are most likely playing an essential role in sodium channel and neurofas-
cin clustering in the PNS, independent of their role in synaptic vesicle release. It has been
shown that axonal adhesion molecules e.g. neurofascin are diffusible and cluster at the nodes
from adjacent axonal domain while sodium channel clustering relies on vesicular axonal trans-
port in the PNS [41]. Our data show that sodium channel and neurofascin clustering are both
defective in ndrg4 mutants and snap25 morphants, and similar results were obtained with nsf
mutant [33]. Given that axonal vesicular transport is not dependent on ndrg4 function but ves-
icle docking is, one possibility is that the initial anchoring of neurofascin and sodium channels
along the axons might rely on vesicle docking. It would be interesting to test whether these
fundamental components of the t-SNARE/NSF machinery are also involved in sodium chan-
nel and neurofascin clustering at the nodes in mice, and to carefully analyze the clustering of
sodium channels and neurofascin in Ndrg4 KO mice. Ndrg4-/- mice exhibits inferior perfor-
mance in escape latency and total path lengths in the MWM task in comparison to controls
but this is not comparable to the total lack of mobility seen in zebrafish ndrg4 mutants. More-
over, Ndrg4-/- mice do not show any heart defects [23] in contrast to zebrafish mutants.
Whether ndrg4 function in the heart and nodes assembly is specific to zebrafish or a possible
redundancy would explain the lack of defects in Ndrg4 KO mice is to be tested in the future.

Ndrg4 in vesicle fusion and synaptic activity

Several lines of evidence presented here suggest a potential role of ndrg4 in controlling synap-
tic vesicle release in vivo (S1 Table). Numerous studies indicated a role of synaptic activity in
myelination and nodes of Ranvier establishment but conflicting results emerged [52,53]. How-
ever, the first in vivo evidence, using zebrafish, showed no significant requirement of synaptic
activity in PNS sodium channel clustering and mbp expression using tetrodotoxin (TTX) and
neomycin [33]. We here injected TeNT at one cell stage so that the whole nervous system is
affected and whereby the Ca®* triggered exocytosis is specifically down-regulated while the
constitutive one is not impaired [54]. We show using TEM that the PNS myelin is comparable
to controls and that nodes organization is also similar to controls suggesting that synaptic vesi-
cle release is not required, per se, for PNS myelin organization. However, whether these drugs
have the same effect on synaptic vesicle release in the PNS, as shown in the CNS [44,55],
should be carefully tested in the future. Synaptic vesicle release might be responsible for myelin
ensheathment in the CNS as it has been proposed a synaptic-like interaction between OLs and
axons [43,44,56], nevertheless its role in nodes organization has not been tested yet. SNAP25
and NSF have been shown to be involved in both types of constitutive and regulated exocytosis
as SNARE proteins and NSF are essential for all intracellular membrane fusion events
[26,27,57]. We here show that Snap25 expression is decreased within neurons and along the
axons of the PLLg in the ndrg4 mutants and morphants, suggesting a role of ndrg4 in control-
ling both regulated and constitutive vesicle release. However, a defect in the latter is more
likely to be responsible for nodes disorganization in these mutants. A recent study shows a role
of ndrg4 in exocytosis by regulating Fibronectin recycling and secretion via its interaction
with the Blood Vessel Epicardial Substance (Bves) to control epicardial cell movement [58].
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Ndrg4 is mainly expressed in the nervous system and heart showing a rather specific temporal
and local control of snap5 and nsf expression by ndrg4 during nervous system development.
Indeed, the mRNA expression of ndrg4, snap25 and nsf are identical at 48 and 72 hpf, (at least
in the PLLg; 54 Fig and [33]).

Opverall, these data reveal an unknown neuronal function of ndrg4 in vesicle release and
peripheral myelinated axons organization that is most likely due to its role in controlling the
expression of key components of the t-SNARE/NSF machinery.

Materials and Methods
Embryo care

Embryos were staged and cared for according to standard protocols. Foxd3::GFP [37], Sox10::
mRFP [29] and HuC::GFP [59] stable transgenic lines, that label SCs and neurons, some of
which previously described in [60] were used in this study. All animal experiments were con-
ducted with approved protocols at Inserm.

ndrg4 CRISPR mutagenesis

sgRNA generation. sgRNA guide sequence (GGTGATCCGTGGCGCTCCCA), targeting
ndrg4 exon 2, was cloned into the DR274 (Addgene 42250) vector digested with Bsal. In vitro
transcription of the sgRNA was performed using the Megascript T7 transcription kit (Ambion
AM1334) and sgRNA was purified using RNeasy Mini Kit (Qiagen).

Injections. To induce targeted mutagenesis at the ndrg4 locus, 200 ng/ul of sgRNA were
injected into one-cell stage zebrafish embryos together with Cas9 endonuclease (NEB
MO0386M; final concentration: 25 uM). Pools of embryos were digested to extract genomic
DNA (to perform PCR and DNA sequencing experiments).

Injected embryos were grown to adulthood and screened for mutation in their offspring.
Two different mutants that showed a deletion of 10 and 11 nucleotides respectively were used
in this study (See Fig 1).

Whole embryos DNA extraction and mutation analysis. Embryos were digested for 1 h
at 55°C in 0.5mL lysis buffer (10 mM Tris, pH 8.0, 10 mM NaCl, 10 mM EDTA, and 2% SDS)
with proteinase K (0.17 mg/mL, Roche Diagnostics) to extract genomic DNA. To verify cleav-
age at targeted sequence, ndrg4 exon 2 was PCR amplified and digested with the restriction
enzyme Haell. The restriction site, placed in the sgRNA-binding region, would be removed
upon Indel mutations at the ndrg4 locus. To estimate the rate of mutations ndgr4 amplicons
were cloned into the pCR-bluntII-TOPO vector (life technologies 450245). Single amplicons
were sent for sequencing and mutant alleles were identified by comparison to the wild-type
unmodified sequence. Primers used for the PCR were: ndrg4 fw: 5-CCTGCAAACAAGCAA
GCCA-3’ and ndrg4 rev: 5-ATCATCCTCGTCTCACGCTG-3.

Microinjections

Splice blocking ndrg4-MO (5-TGCATTCATCTTACCCTTGAGGCAT-3’), 5mis ndrg4-MO
(5-TGEATTgATCTTAgCCTTcAGGgAT-3’), described in (21), and 5UTR snap25-MO (5’-
AGCTGCTCTCCAACTGGCTCTTACT-3’) described in (42) were purchased from Gene
Tools.

We used a corresponding ndrg4 5-mis MO as a control in all our experiments. There were
no significant difference between control injected embryos and Wild Type (WT) ones. For
convenience, we refer to control as WT, non ndrg4-/- mutants and 5-mis MO injected
embryos in the Figures, unless it is stated otherwise.
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For ndrg4 rescue experiment, ndrg4 mRNA was synthesized using SP6 mMessage mMa-
chine System after linearization with Not1. For snap25 rescue and overexpression experiments,
snap25b mRNA was synthetized using T3 mMessage mMachine System after linearization
with Apal.

For TeNT experiments, tetanus toxin light chain cDNA was purchased from Addgene. Syn-
thetic TeNT mRNA was generated using SP6 mMessage mMachine System after linearization
with SaclIl and injected at 150 pg per embryo. Rab5::YFP (a gift from Carl-Philipp Heisenberg)
and mito::GFP (a gift from Dominik Paquet) mRNAs were synthesized using SP6 mMessage
mMachine System after linearization with Not1 and injected at 200 pg per embryo.

In situ hybridization

In situ hybridization was performed following standard protocols previously described in [60]
using mbp [48] and soxI10 probes [61]. ndrg4, and snap25b cDNA clones were purchased from
Source BioScience UK. ndrg4, snap25b antisense probes were synthesized using mMessage
mMachine System (Ambion) and T7 polymerase after linearization with EcoR1 for ndrg4 and
NotI for snap25b.

Microarray hybridization

RNA was extracted from two groups of zebrafish embryos (1.control embryos and 2. ndrg4
morphants) at 3dpf, cDNA generated and applied to Zebrafish_v3 4x44K array (Agilent Tech-
nologies). Significantly different genes were first selected using GeneSpring 12.0 (Agilent Tech-
nologies) and then filtered using t-test and genes with a p value of less than 0.05 were filtered
out.

Quantitative real-time RT-PCR

RNA was extracted using Trizol reagent (Life Technologies) and miRNeasy Mini kit (Qiagen)
according to manufacturer’s instructions. For mRNA quantitation, Reverse Transcription
(RT) was performed using High Capacity cDNA Reverse Transcription Kit (Life Technolo-
gies). Quantitative real-time PCR (qPCR) was performed using Power SYBR-Green Master
Mix (Biorad) on an Applied 7500 Real-Time PCR system. Primers used for qPCR are listed
here:

Nsfla,

forward: CGCGGCTTCTTCGAGTAACA

reverse: GAAGTGTGATCTCCGTCAGGTT

Sytla,

Forward: AAAGGGAAGAGACGGCTGTG

Reverse: GGAGCCAGGCAGAAGCTTTA

Stxbp1b,

Forward: ACGCTGAAAGAGTACCCAGC

Reverse: CTCCCAAAGTGGGGTCATCC

Vamp2,

Forward: CGCAACATTCCTACCCCACT

Reverse: GTGAGAAGTCGTTGCTCCCA

mRNA expression levels in wild type or ndrg4 mutant zebrafish were determined by RT-
qPCR. mRNA amount was normalized to that of EF1-a mRNA then expressed as a relative
amount to WT (data represent the mean + SD of triplicates).
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Immunofluorescence

The following antibodies and dilutions were used: mouse anti-acetylated tubulin (Sigma;
1:500), rabbit anti-PH3 (Millipore; 1:500), mouse anti-SNAP25 (Synaptic Systems; 1:200),
mouse anti-sodium channels (pan) clone K58/35 (Sigma; 1:500), mouse anti-SV2 (DSHB;
1:200), rabbit anti FIGQY (a gift from Matthew Rasband; 1:500). Primary antibodies were
detected with appropriate secondary antibodies conjugated to either Alexa 488 or Alexa 568
(Molecular probes) at a 1:1000 dilution.

For immunostaining, embryos were fixed in 4% paraformaldehyde 1X PBS overnight at
4°C and stained as whole mounts. Sodium channels, SNAP25 and SV2 immunostainings were
performed as described for Na,Ch staining in [33].

Images were taken on a Zeiss LSM510 system and a Leica SP8 confocal microscope.

Live imaging

Embryos were anesthetized with tricaine and embedded in 1.5% low melting point agarose.
For mito::GFP and rab5::YFP tracking experiments, PLLn was examined at 48 hpf from a lat-
eral view. A series of 10 minutes time-lapses were recorded. Recordings were performed at
28°C using a Leica SP8 confocal microscope. Larval movements stimulated by touch-response
test were performed at room temperature and recorded using a Zeiss Lumar.V12 stereoscope
and Zeiss AxioCam MRc camera.

Western blot

Proteins were extracted from pools of embryos as previously described in [62] with 10pl lysis
buffer (IM Tris HCI pH 6.8, glycerol 40% and SDS 10%) per embryo. Protein content was
determined using the Pierce BCA protein assay. 25 g proteins were loaded on gel. Western
blots were performed according to standard methods using the following antibodies: mouse
anti-snap25 (Synaptic Systems; 1:1000), mouse anti-B-actin (Sigma, clone AC-15; 1:10,000)
and appropriate HRP-conjugated secondary antibodies (Jackson immuno research).

Transmission electron microscopy

At 4 dpf, embryos were fixed in a solution of 2% glutaraldehyde, 2% paraformaldehyde and
0.1M sodium cacodylate pH 7.3 overnight at 4°C. This was followed by a post-fixation step in
cacodylate-buffered 1% osmium tetraoxide (OsOy, Serva) for 1h at 4°C and in 2% uranyl ace-
tate for 1h at room temperature. The tissue was then dehydrated and embedded in epoxy
resin. Sections were contrasted with saturated uranyl acetate solution and were examined with
a 1011 electron microscope (JEOL) and a digital camera (Gatan).

Chimeric analysis

Donor cells were injected with 0.6pmoles of ndrg4MO and mCherry mRNA (300ng/pl) or
with mCherry mRNA (300ng/pl) and introduced into a WT background. mCherry WT cells
were also introduced into ndrg4 morphant background. In all cases, only embryos that pre-
sented labeling in the nervous system were further analyzed for sodium channel clustering.

Statistical analysis

Means and standard deviations were calculated with Microsoft Excel version 14.4.3 or Graph
Pad Prism 5. Means were compared by the two-tailed Student’s ¢ test or one-way ANOVA
according to the experiment. p<0.05 was considered statistically significant.
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Supporting Information

S1 Fig. ndrg4 morphant and mutant phenotype. (A-C) Overall morphology of a control
embryo (A), ndrg4 morphant embryo (B), ndrgd MO+ndrg4 mRNA co-injected embryo (C),
at 48hpf. (B) ndrg4 morphant embryo displays smaller head and eyes and is slightly thinner.
(C) Co-injection of ndrg4 MO and mRNA rescue this phenotype. Scale bars = 500pm. (D-F)
Acetylated tubulin and sodium channels staining of a ndrg4 MO+mRNA co-injected embryo
showing clustered sodium channels along the PLLn (34.2 £3.2; n = 12 embryos) similar to con-
trols. Scale bar = 5pum. (G) Sodium channels staining in sox10:mRFP transgenic line in con-
trols and ndrg4 morphants. Arrowheads indicate the clustering of sodium channels while
arrows point to nodal gaps. Note the absence of sodium channels clustering at the nodes in
ndrg4 morphants. Scale bar = 5 pm. (H-J) Snap25 immunostaining in HuC::GFP larvae at
3dpf. (H) Control embryos show Snap25 expression in PLLg neurons (arrows). (I) A reduced
Snap25 expression was observed within the PLLg in ndrg4 morphants. (J) Rescue of Snap25
expression in the PLLg in ndrg4MO+mRNA co-injected embryos. Scale bars = 5um. (K)
Snap25 expression in the PLLg of control and ndrg4-/- embryos. Note the significant decrease
in the expression of Snap25 within the PLLg of ndrg4-/- in comparison to controls.

(TIF)

S2 Fig. ndrg4 is not required for SC proliferation. PH3 immunohistochemistry in (A) con-
trol and (B) ndrg4 morphant foxd3::GFP embryos at 48 hpf. Arrows indicate dividing PLLn
SCs. Scale bar = 100pm. (C) Quantification of PH3 positive SCs in controls and ndrg4 mor-
phants shows no significant differences between the two groups at 30 hpf, 48 hpfand 72 hpf.
(TIF)

S3 Fig. ndrg4 mRNA is expressed in the PLL ganglion and not in SCs. (A-C) In situ hybrid-
ization showing ndrg4 mRNA expression in the brain, eye and in the PLL ganglion (arrow) at
30 hpf (A), 48 hpf (B) and 72 hpf (C). Scale bar = 200um.

(TIF)

S4 Fig. Snap25 mRNA is expressed in the PLL ganglion. In situ hybridization showing
snap25b mRNA expression in the brain, eye and in the PLL ganglion (arrow) at 48 hpfand 72
hpf. Scale bar = 200um.

(TIF)

S1 Movie. Touch response mobility of 3dpf WT larvae.
(MP4)

S2 Movie. The ndrg4 mutants are paralyzed and do not respond to a touch-evoked motility
test at 3dpf.
(MP4)

S3 Movie. The ndrg4 morphant is paralyzed and shows no response following touch-
evoked motility test at 48hpf.
(MP4)

$4 Movie. Real-time imaging of mitochondria in a control PLLn at 48 hpf. Forty-eight
hours embryo expressing GFP in mitochondria after mito:: GFP mRNA injection; the embryo
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was imaged every 4 seconds for 6 minutes by confocal microscopy. Lateral view; anterior to
the left and dorsal to the top.
(MOV)

S5 Movie. Real-time imaging of mitochondria in a ndrg4 morphant PLLn at 48 hpf. Forty-
eight hours ndrg4 morphant expressing GFP in mitochondria after mito:: GFP mRNA injec-
tion; the embryo was imaged every 4 seconds for 6 minutes by confocal microscopy. Lateral
view; anterior to the left and dorsal to the top.

(MOV)

S6 Movie. Real-time imaging of Rab5 positive vesicles in an ndrg4 morphant PLLn at 48
hpf. Forty-eight hours ndrg4 morphant expressing YFP in early endosomes after Rab5::YFP
mRNA injection; the embryo was imaged every 425 milliseconds for 2 minutes by confocal
microscopy. Lateral view; anterior to the left and dorsal to the top.

(MOV)

S7 Movie. Real-time imaging of Rab5 positive vesicles in a control PLLn at 48 hpf. Forty-
eight hours embryo expressing YFP in early endosomes after Rab5::YFP mRNA injection; the
embryo was imaged every 425 milliseconds for 2 minutes by confocal microscopy. Lateral
view; anterior to the left and dorsal to the top.

(MOV)

S8 Movie. The snap25 morphants show little or no movement.
(MP4)

S9 Movie. Co-injection of snap25 MO and snap25b mRNA restores defective evoked touch
response observed in snap25 morphants at 3dpf.
(MP4)

S1 Table. A selection of genes involved in vesicular docking and release or synaptic activity
that are down regulated in ndrg4 morphants in comparison to controls at 3dpf. Genes are
sorted in a descending order related to their fold change.

(DOC)
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Abstract

In the last few years the development of CRISPR/Cas 9-mediated genome editing
techniques has allowed the efficient generation of loss-of-function alleles in several
model organisms including zebrafish. However, these methods are mainly devoted to
target-specific genomic loci leading to the creation of constitutive knock-out models. On
the contrary, the analysis of gene function via tissue- or cell-specific mutagenesis remains
challenging in zebrafish. To circumvent this limitation, we present here a simple and
versatile protocol to achieve tissue-specific gene disruption based on the Cas9 expression
under the control of the Gal4/upstream activating sequence binary system. In our method,
we couple Cas9 with green fluorescent protein or Cre reporter gene expression. This
strategy allows us to induce somatic mutations in genetically labeled cell clones or single
cells, and to follow them in vivo via reporter gene expression. Importantly, because none
of the tools that we present here are restricted to zebrafish, similar approaches are readily
applicable in virtually any organism where transgenesis and DNA injection are feasible.

INTRODUCTION
TISSUE-SPECIFIC KNOCKOUT IN ANIMAL MODELS

The generation of transgenic animals carrying constitutive knockout alleles repre-
sents one of the most powerful approaches to investigate gene function. However,
stable gene disruption can be linked to embryonic lethality, compensation mecha-
nisms, and pleiotropic phenotypes that might limit the analysis of mutant animals.
In these cases, the possibility of inducing targeted mutagenesis in a precisely
controlled spatiotemporal manner represents a great advantage in reverse genetic
studies. To date, different strategies have been developed to induce tissue-specific
loss of function in diverse model organisms. The golden standard techniques for
conditional mutagenesis in mouse and fruit fly (Drosophila melanogaster) rely
on the Cre/loxP and flippase (Flp)/flippase recognition target (FRT) systems
(Bouabe & Okkenhaug, 2013; Theodosiou & Xu, 1998). The first approach applies
homologous recombination techniques to generate animals carrying a floxed target
allele, in which loxP sites are inserted at the 5" and 3’ ends of the selected locus. Cre
recombinase catalyzes site-specific recombination events in genomic regions con-
taining loxP sites and can be used to excise the floxed target allele, generating gene
inactivation. By crossing animals carrying a floxed sequence to driver lines in
which Cre expression is controlled by a tissue-specific promoter, it is possible to
induce the excision of the target locus in the desired cell population, allowing for
the generation of conditional gene disruption (Kuhn, Schwenk, Aguet, & Rajewsky,
1995). A modified version of the Cre enzyme, in which the recombinase is fused to
the estrogen receptor (Cre-ER), allows tamoxifen-induced temporal control of Cre
activity (Feil et al., 1996). The Flp/FRT technology is an analogous strategy based
on the activity of the Flp enzyme, catalyzing site-directed recombination of DNA
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sequences flanked by FRT sites (Choi et al., 2009; Golic & Lindquist, 1989). Most
recently, CRISPR (clustered regularly interspaced short palindromic repeats)/Cas
(CRISPR-associated)—based approaches have been introduced to generate tissue-
specific loss of function. The system is based on the combined activity of two
components: a single guide RNA (sgRNA) containing 20 nucleotides complemen-
tary to the target genomic sequence and the Cas9 endonuclease catalyzing double-
strand breaks (DSBs) at the targeted locus. In addition to the efficient generation
of constitutive mutant alleles (produced by the imperfect DNA repair mechanisms
occurring after Cas9-induced cleavage), the CRISPR/Cas9 technique has been
used to insert loxP sites at the desired loci, thus generating floxed alleles for
Cre-based conditional mutagenesis (Yang et al., 2013). In addition, it has been
shown that it is possible to induce conditional knockout by coupling inducible
expression of the Cas9 enzyme with constitutive expression of sgRNAs (driven
by U6 promoters recognized by type III RNA polymerase). In mouse, the genera-
tion of a floxed Cas9 allele (in which a loxP-STOP-loxP cassette is placed between
a constitutive CAG promoter and the coding sequence (CDS) of the endonuclease)
has been used to achieve Cre-dependent spatiotemporal regulation of Cas9 expres-
sion (Platt et al., 2014). Similarly, control of Cas9 activity was obtained in
Drosophila by using the Gal4/upstream activating sequence (UAS) binary system
(Port, Chen, Lee, & Bullock, 2014). In this strategy, the use of a tissue-specific pro-
moter to drive the transcription of the Gal4 transactivator enables conditional acti-
vation of the Cas9 enzyme, whose expression is controlled by the UAS recognized
by Gal4.

CLONAL ANALYSIS OF GENE LOSS OF FUNCTION

To further improve the resolution of loss-of-function studies it is possible to manip-
ulate gene activity in individual cells or single-cell clones and analyze the resulting
phenotype within an otherwise wild-type tissue. Different strategies have been
developed to generate chimeric animals in which the fate of clones derived from
a mutant progenitor can be followed in a wild-type environment. In mouse, homo-
zygous mutant embryonic stem cells, carrying the desired mutation together with an
independent genetic marker, can be transplanted into host wild-type blastocysts to
give rise to chimeric animals (Rossant & Spence, 1998). Similarly, transplantation
strategies can be performed in Drosophila by introducing cells derived from a
mutant donor embryo into wild-type hosts (Technau & Campos-Ortega, 1986).
Nevertheless, transplantation-based approaches are often technically challenging
and can only be applied to the analysis of genes acting early in development. Alter-
native methods are based on the Cre/loxP system and offer the possibility of
inducing both targeted gene disruption and activation of a reporter for linage tracing
of mutant cells (Nakazawa, Taniguchi, Okumura, Maeda, & Matsuno, 2012; Zong,
Espinosa, Su, Muzumdar, & Luo, 2005). In Drosophila multiple strategies have been
developed over the years to generate marked clones in genetic mosaics combining
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the flexibility of Gal4/UAS and Flp/FRT systems (Griffin, Binari, & Perrimon,
2014). Lately, a novel CRISPR-based strategy has been proposed in mouse. The
technique takes advantage of in utero electroporation of a CRISPR-based plasmid
to obtain gene inactivation together with a Piggybac transposase vector to express
fluorescent reporters for lineage tracing of cells with loss-of-function mutations
(Chen, Rosiene, Che, Becker, & LoTurco, 2015).

STATE OF THE ART IN ZEBRAFISH TISSUE-SPECIFIC GENE
INACTIVATION

Despite the introduction in the last years of multiple approaches to induce targeted
mutagenesis in the zebrafish genome, spatiotemporal control of gene inactivation re-
mains challenging. Strategies based on the already described Cre/loxP and Flp/FRT
systems have been also developed in zebrafish to achieve tissue-specific gene disrup-
tion (Ni et al., 2012). In this case, the generation of conditional alleles is induced by
transgenic insertion of an inverted gene-trap cassette in an intronic region of a gene.
Because the mutagenicity of the transgene is orientation dependent, Cre- and Flp-
mediated recombination enables a switch from a state of conditional rescue in
one orientation to a state of conditional knockout in the other. Nevertheless, the tar-
geting of a precise locus is not possible with this method that relies on random trans-
gene integration. More recently to circumvent this limitation, several techniques
based on the TALEN or CRISPR/Cas9 systems have been established to introduce
DNA fragments of variable size at predefined genomic locations (Auer & Del
Bene, 2014). Among the different applications of these genome editing approaches,
the efficient insertion of loxP sites in a targeted fashion has been achieved via
TALEN-mediated DSB and subsequent homology-directed repair (Bedell et al.,
2012). Although such a tool allows the creation of conditional alleles, the long gen-
eration time of zebrafish transgenic lines carrying stable genomic integrations of
floxed alleles represents an important constraint. An alternative way to inactivate
target genes in a tissue-specific manner has been developed by combining the
CRISPR/Cas9 and Tol2 technologies (Ablain, Durand, Yang, Zhou, & Zon,
2015). In this report, a modular construct provides cell-type-specific expression of
the Cas9 endonuclease (Zissue-specific promoter:cas9) and ubiquitous transcription
of the sgRNA by a U6 promoter (U6:sgRNA). While mosaic phenotypes can be
induced by transient expression of the plasmid, its inclusion into the genome by
Tol2 transposition results in higher levels of tissue-restricted gene inactivation.
The versatility of the vector system relies on the possibility to readily change the
promoter driving Cas9 transcription and the sgRNA to target a specific open reading
frame (ORF) to obtain spatially controlled gene loss of function. A similar approach
has been proposed lately to achieve also a tight temporal regulation of Cas9 expres-
sion (Yin et al., 2015). This methodology is based on the generation of two
transgenic lines: one carries a transgene allowing heat-shock induction of Cas9
expression after Cre mRNA injection (hp70:loxP-mCherry-STOP-loxP-cas9); the
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other harbors U6 cassettes for the transcription of sgRNAs (U6:sgRNA). Therefore,
double carriers would show tissue-specific phenotypes subsequent to heat-shock and
Cre activation.

CLONAL ANALYSIS OF GENE INACTIVATION IN ZEBRAFISH

CRISPRs-based methods for conditional mutagenesis represent a valid alternative to
Cre- and Flp-mediated techniques. However, to date, their application has been
limited to the induction and the analysis of tissue-specific gene disruption resulting
in visually detectable phenotypes. In fact, genetic labeling of mutant cells, required
for the examination of phenotypes that are not readily detectable, is not addressed by
these systems.

In this chapter, we present two approaches that combine the Gal4/UAS (Asakawa
& Kawakami, 2008) and CRISPR/Cas9 systems in order to induce simultaneously
cell-type-specific locus inactivation and fluorescent marking of the targeted cells
(Di Donato et al. Genome Research Accepted). The first strategy that we describe
permits the identification of Cas9-expressing cells by concomitant expression of
the green fluorescent protein (GFP) and Cas9, both driven by the activation of a
UAS sequence (UAS:Cas9T2AGFP). Thus, GFP-positive cells can be detected in
the spatiotemporal domain of Gal4 expression, which is defined by a chosen tis-
sue-specific promoter. The second strategy provides a tool that enables both the per-
manent labeling of Cas9-expressing cells and the visualization of their clonal
progeny, through UAS-dependent coexpression of the Cas9 endonuclease and Cre
recombinase (UAS:Cas9T2ACre).

For both methods, the vector system used contains two U6 promoters allowing
the simultaneous targeting of two sequences at any genomic locus of interest, to in-
crease the percentage of out-of-frame mutations and large deletions.

1. METHODS FOR TISSUE-SPECIFIC GENE INACTIVATION
AND CLONAL ANALYSIS OF MUTANT CELLS

1.1 RATIONALE FOR THE DESIGN OF A VECTOR SYSTEM FOR CRISPR/
Cas9-Induced Conditional Gene Disruption via Gal4/UAS

CRISPR/Cas9-mediated tissue-specific gene inactivation and concomitant visuali-
zation of mutant cells requires: (1) spatiotemporal regulation of the expression of
the Cas9 endonuclease; (2) expression of sgRNAs; (3) a fluorescent transgene to la-
bel cells where Cas9/sgRNA complex is present. The cell-type-specific expression
of the Cas9 enzyme is achieved by using the yeast Gal4/UAS system in which the
Gal4 transcriptional activator drives the expression of transgenes linked to the
UAS. In our vector design, the CDS of the Cas9, flanked by two SV40 nuclear local-
ization signals, is placed downstream of a 5XxUAS cassette. To monitor Cas9
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expression, we use a viral T2A self-cleaving peptide followed by the GFP CDS
enabling the synthesis of the fluorescent reporter from the same transcript (UAS:
Cas9T2AGFP). Two U6 promoters are subcloned in the same construct to drive
ubiquitous transcription of the sgRNAs. Bsmbl and Bsal restriction sites allow the
cloning of the 20-bp target sequence at the transcription start site (TSS = +1) of
the U6 promoters (Figs. 1A and 2). The vector contains Tol2 sites for efficient trans-
position of the transgenic cassette in the fish genome.

1.2 EXPERIMENTAL WORKFLOW

1.2.1 Overview of the method

The induction of conditional gene inactivation via the Gal4/UAS system consists of
three steps. Step 1: design of sgRNAs targeting the genomic locus of interest and
assessment of their mutagenesis efficiency. Step 2: cloning of the target sequences
of the sgRNAs displaying the highest mutation rate at the TSS of the U6 promoters
in the pUAS:Cas9T2AGFP plasmid (Fig. 1C and D). Step 3: microinjection of
pUAS:CAS9T2AGFP;U6:sgRNA1;U6:sgRNA2 plasmid for transient expression or
generation of a transgenic line carrying stable genomic integration of the cassette
(Fig. 1E).

1.2.2 Technical procedure

Step 1: Design of sgRNAs targeting the genomic locus of interest and assessment
of their mutagenesis efficiency

sgRNA design

e Select a target site for sgRNA synthesis by using one of the available online tools
(ie, http://crispor.tefor.net/crispor.cgi; http://crispr.mit.edu/; http:/zifit.partners.
org/ZiFiT/; http://www.broadinstitute.org/rnai/public/analysis-tools/sgrna-
design; https://chopchop.rc.fas.harvard.edu/; http://www.crisprscan.org/; http://
crispr.cos.uni-heidelberg.de/help.html).

 Filter the research for oligonucleotides suitable for cloning at the TSS of the T7
in the pDR274 vector (Addgene ref 42250).

Oligonucleotides cloning in the pDR274 vector

* Digest 1—5 pg of the pDR274 plasmid with Bsal overnight at 37°C.

¢ Run the digestion product on a 0.8% agarose gel and extract the linear plasmid
with a gel and polymerase chain reaction (PCR) extraction kit.

e Mix 3 pL of 100 uM forward and reverse oligonucleotides containing the target
sequence and add 14 pL of TE buffer (10 mM Tris-Cl, pH 7.5. 1 mM EDTA).

¢ Heat the mixture 10 min at 95°C and cool down for 30 min at room temperature
to allow the annealing of the oligonucleotides.

e Ligate 2 pL of annealed oligonucleotides and 100 ng of the digested pDR274
plasmid.

¢ Transform the reaction in DH5a competent cells.
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FIGURE 1

(A) Schematic of the pUAS:Cas9T2AGFP;U6sgRNA1; U6sgRNAZ2 plasmid; (B) schematic of
the pUAS:Cas9T2ACre; U6sgRNA1; U6sgRNAZ plasmid; (C) insertion of the first target
sequence into the transgenesis vector at the Bsal cloning sites; (D) insertion of the second
target sequence into the transgenesis vector at the Bsmbl cloning sites; (E) schematic view of
cross of zebrafish Gal4 transgenic driver lines and injection of the pUAS:Cas9T2AGFP;
UbsgRNA1;U6sgRNAZ plasmid; (F) schematic representation of cross of zebrafish Gal4
transgenic driver to line carrying a floxed reporter allele and injection of the pUAS:
Cas9T2ACre; U6sgRNAT; U6sgRNA2 plasmid. (See color plate)
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FIGURE 2

Schematic of conditional gene inactivation and genetic labeling of Cas9-expressing cells after
injection of the pUAS:Cas9T2AGFP;UbsgRNA1;U6sgRNAZ plasmid in specific Gal4 driver
lines.

« Plate on LB (Lysogeny broth)-kanamycin plates.
¢ The next day, pick two colonies from the transformation plate. Inoculate each
colony into 2 mL of LB-kanamycin medium and incubate at 37°C overnight
with agitation.
¢ Isolate DNA using a Miniprep kit.
¢ Sequence the plasmid with M13 forward primer to verify the presence of the
target sequence.
sgRNA in vitro synthesis
¢ Use the pDR274 plasmid containing the target sequence as template for a PCR
reaction with the primers:
Fw oligo: 5'-GCTCGTCCTGAATGATATGCGACC-3'
Rev oligo: 5-CCAGTAGTGATCGACACTGCTCG-3'
* Set up the PCR reaction as follows:
pDR274 template: 10 ng
5X buffer HF: 10 pL
dNTP (10 mM): 1 pL
Primers (10 uM): 2.5 pL each
DMSO: 1.5 uL
Phusion polymerase: 0.5 pL.
H0 up to 50 uL
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Use the program:
98°30s

98°30s

58°20s } x35

72°20s

72° 5 min

The expected size of the band is 253 bp.

The PCR product will contain a T7 promoter sequence and the sgRNA
sequence.

¢ Gel purify the amplicon and elute in 20 pL. The PCR product will be used as
template for the sgRNA synthesis.

e Proceed with sgRNA synthesis using the MegaScript T7 kit (AMBION—
AM1334) assembling the reaction in a final volume of 20 pL as described
below:

8 uL of PCR product

+2 pL 10X transcription buffer
+2 pL of each NTP

+2 pL of T7 RNA polymerase

¢ Transcribe for 4 h at 37°C.

e Add 1 pL of TurboDNase: 15 min 37°C.

¢ Recover RNA with RNA purification with RNeasy Mini Kit (QIAGEN—74104)
according to the manufacturer’s instructions and perform a double elution with
30 puL of water (Rnase/Dnase free).

¢ Check the quality of the sgRNA on a 2% agarose gel and with a
spectrophotometer.

Microinjection of sgRNA in fish embryos
¢ Prepare injection solution as follows:
300 ng/pL sgRNA
25 uM Cas9 protein (NEB-M0386M or an equivalent homemade protein)
1X Cas9 10X buffer
H,O
¢ Inject 1 nL of solution into one-cell—stage wild-type embryos.
Estimation of the mutagenesis rate

¢ Perform genomic extraction on a pool of 25 injected embryos.

¢ Amplify by PCR the genomic locus containing the sequence targeted by sgRNAs
used.

¢ Clone PCR amplicons into the pCRII-TOPO (Zero Blunt TOPO PCR Cloning
Kit, ThermoFisher Scientific—K2800-02) vector and sequence DNA recovered
from 20 colonies.

¢ The frequency of insertion and deletion (indel) mutations at the targeted locus is
estimated by comparison with the wild-type allele.

Step 2: Generation of pUAS:CAS9T2AGFP;U6:sgRNA1;U6:sgRNA?2 construct
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Design of the oligonucleotides for cloning at the TSS of U6 promoters

Two U6 promoters flank the UAS:CAS9T2AGFP cassette. They contain at the +1
position restriction sites for Bsal and BsmBI suitable for the cloning of desired
target sequences. U6 promoters require transcription to start with a guanine
nucleotide (G). Design the oligonucleotides as follows:

Bsal site (Fig. 1C):
For a target sequence starting with a G add the overhang CTC- to the 5 of
the 20-nt target and the AAAC- overhang to the 5" of the reverse com-
plement of the last 19 nt of the target (removing the final C).
Example:
Target: 5-GCAGATACACATACAGATAC-3’
Fw oligo: 5-CTCGCAGATACACATACAGATAC -3’
Rev oligo: 5-AAACGTATCAGTATGTGTATCTG- 3/
For a target sequence not starting with a G substitute the first nucleotide
with a G and proceed as previously described.
Example:
Target: 5'-CAGATACACATACAGATACA-3’
Fw oligo: 5-CTCGAGATACACATACAGATACA -3’
Rev oligo: 5'-AAACTGTATCAGTATGTGTATCT- 3’
Bsmbl site (Fig. 1D):
For a target sequence starting with a G add the overhang AGCTC- to the
5’ of the 20-nt target and the TAAAC- overhang to the 5 of the reverse
complement of the 20-nt target.
Example:
Target: 5'-GCAGATACACATACAGATAC-3'
Fw oligo: 5~AGCTCGCAGATACACATACAGATAC -3’
Rev oligo: 5'-TAAACGTATCAGTATGTGTATCTGC- 3’
For a target sequence not starting with a G substitute the first nucleotide
with a G and proceed as previously described.
Example:
Target: 5'-CAGATACACATACAGATACA-3’
Fw oligo: 5-~AGCTCGAGATACACATACAGATACA -3/
Rev oligo: 5'-TAAACTGTATCAGTATGTGTATCTC- 3’

Oligonucleotides cloning in the pUAS:CAS9T2AGFP;U6:sgRNA1;U6:sgRNA2

vector (Fig. 1C and D)

* Digest 1—2 ng of the pUAS:CAS9T2AGFP; U6:sgRNA1;U6:sgRNA2 vector with

Bsal overnight at 37°C.

* Run the digestion product on a 0.8% agarose gel and extract the linear plasmid

with a gel extraction kit.

*  Mix 3 pL of 100 pM forward and reverse oligonucleotides containing the target

sequence and overhangs for Bsal cloning and add 14 pL of TE buffer.

* Heat the mixture 10 min at 95°C and cool down for 30 min at room temperature

to allow the annealing of the oligonucleotides.

* Ligate 2 uLL of annealed oligonucleotides and 100 ng of the digested pUAS:

CAS9T2AGFP;U6:sgRNAI;U6:5sgRNA2 plasmid (Fig. 1C).
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* Transform the reaction in TOP10 competent cells (ThermoFisher Scientific—
K2800-02).

* Plate on LB-ampicillin plates

* The next day, pick two colonies from the transformation plate. Inoculate each
colony into 2 ml of LB-ampicillin medium and incubate at 37°C overnight with
agitation.

* Purify DNA using a miniprep kit

* Sequence the plasmid with T7 specific primer to verify the presence of the target
sequence

* Repeat the entire process with BsmBI enzyme using oligonucleotides containing
overhangs for BsmBI cloning (Fig. 1D), digesting the plasmid where the first
target sequence at the Bsal site has already been inserted.

* Sequence the plasmid for correct insertion of the Sp6 specific primer.

Step 3: Establishing tissue-specific gene inactivation (Fig. 1E and 2)
Microinjection of pUAS:CAS9T2AGFP;U6:sgRNA1;U6:sgRNA2 plasmid
¢ Choose a specific Gal4 driver line based on the population of cells where gene
function needs to be analyzed.
« Set up mating couples of the chosen Gal4 transgenic line.
¢ Prepare the injection mix as described:
30 ng/pL of pUAS:CAS9T2AGFP;U6:sgRNA1;U6:sgRNA2 construct
-+50 ng/uL of Tol2 mRNA
+RNAse, DNAse-free water up to 5 pL.
e Inject with pUAS:CAS9T2AGFP;U6:sgRNAI;U6:sgRNA2 into one-cell—
stage embryos from an incross of a Tg(Tissue-specific:Gal4) line.
¢ Screen embryos with GFP-positive cells in the expected Gal4 expression
pattern.
o If a stable UAS:CAS9T2AGFP;U6:sgRNA1;U6:sgRNA2 is needed, raise the
embryos to adulthood after injection in wild-type embryos.
¢ Screen for Fo adults carrying the transgene in the germline and cross them
with the chosen Gal4 transgenic line.

1.3 RATIONALE FOR THE DESIGN OF A VECTOR SYSTEM FOR CLONAL
ANALYSIS OF MUTANT CELLS BY COMBINING THE Gal4/UAS
WITH THE CRE/LOXP SYSTEM

The use of a GFP reporter to mark Cas9-expressing cells allows for the phenotypic
analysis of potentially mutant cells during the time span of activity of the promoter
driving Gal4 transcription. Long-term tracking of these cells needs a strategy to
permanently mark the cells displaying a loss-of-function phenotype. To stably label
the population of Cas9-expressing cells, we replaced the GFP CDS in the pUAS:
CAS9T2AGFP;U6:sgRNA1;U6:sgRNA2 with the ORF of the Cre recombinase
(Fig. 1B). Thus, potentially mutant cells can be visualized by using fish lines car-
rying a transgene where a ubiquitous promoter drives the expression of a fluorescent
reporter upon Cre-mediated excision of a floxed STOP sequence. The tissue-specific
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promoter regulating Gal4 transcription guarantees synchronized translation of Cas9
and Cre enzymes from the same mRNA, ensuring targeted mutagenesis at the chosen
genomic locus and expression of the floxed reporter within the same cell. The fluo-
rescence of the reporter will be stable throughout the entire life of the fish and, most
importantly, will be inherited in all the cells deriving from the same Cas9-expressing
progenitor (Fig. 3). Our strategy, named 2C-Cas9 (Cre-mediated recombination for
Clonal analysis of Cas9 mutant cells) offers the possibility to induce site-specific
mutagenesis in a selected cell population and, at the same time, enables genetic la-
beling of the clones derived from the targeted cells (Di Donato et al. Genome
Research accepted).

1.4 EXPERIMENTAL WORKFLOW

The procedures for the cloning of the target sequences in the plasmid and for the
microinjection of the resulting transgenesis vector have been previously described
and are summarized in Fig. 1C,D and F. The injection of the pUAS:CAS9T2ACre;
U6:sgRNA1;U6:5sgRNA2 plasmid is done in a cross between the selected Gal4 driver
line and a transgenic line carrying a floxed allele. Different floxed lines can be used
(Di Donato et al. Genome Research accepted; Bertrand et al., 2010; Hans et al.,
2011; Mosimann et al., 2011).

1.5 STRATEGIES FOR THE DETECTION OF GENE LOSS OF FUNCTION

By using the 2C-Cas9 approach, all the Cas9-expressing cells can be identified by
the expression of a fluorescent reporter. Nevertheless, the marked cells will represent
a heterogeneous population in which each cell (or clone) will have independently
induced mutations (some of them might not be out-of-frame mutations). To simplify
the statistical analysis of the phenotypes arising from 2C-Cas9-mediated targeted
gene disruption it is necessary to evaluate the proportion of mutant cells within
the labeled population.

1.5.1 Detection of protein loss in Cas9-expressing cells

The most direct approach to identify the cells carrying null mutations is to perform
immunohistochemistry (IHC) experiments by using an antibody recognizing the
protein encoded by the targeted gene. This strategy requires a double staining to
detect simultaneously the fluorescent reporter linked to Cas9 expression and the pro-
tein coded by the targeted locus. The absence of colocalization will reveal efficient
gene disruption.

1.5.1.1 Protocol for IHC on whole mount embryos

¢ Fix embryos in 4% paraformaldehyde in 1X PBS (pH 7.4) for 2h at room
temperature or overnight at 4°C.

e Wash three times in 1X PBS/0.1% Tween-20 (PBS-Tw), for 5 min each time.

¢ Incubate for 20 min in ice-cold acetone.

157



1. Methods for tissue-Specific gene inactivation 183
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FIGURE 3

Schematic of tissue-specific gene disruption and permanent clonal labeling of Cas9 -
expressing cells after injection of the pUAS:Cas9T2ACre; U6sgRNA1;U6sgRNAZ plasmid in
a cross of a specific Gal4 driver to a floxed reporter line (2C-Cas9). (See color plate)
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Rehydrate in three steps (75%; 50%; 25% acetone in PBS).

Wash twice in PBS-Tw, 5 min each.

Incubate with 1 mg/mL collagenase diluted in PBS according to the stage (1dpf,
day post fertilization: 10 min; 2 dpf: 20 min; 3 dpf: 75 min; 4 and 5 dpf:

120 min).

Wash three times in PBS-Tw, 5 min each.

Incubate for 1h at room temperature in blocking solution (2% BSA; 0.5%
Triton-X100 in PBS).

Wash three times in PBS-Tw, 5 min each.

Incubate overnight at 4°C with primary antibodies diluted in blocking solution at
the appropriate concentrations.

Wash three times in PBS-Tw, 5 min each.

Incubate overnight at 4°C with secondary antibodies diluted in blocking solution
at the appropriate concentrations.

Wash three times in PBS-Tw, 5 min each.

Mount for imaging in 1% low-melting agarose.

1.5.1.2 Protocol for IHC on cryosections

Fix embryos in 4% paraformaldehyde in 1X PBS (pH 7.4) for 2 h at room
temperature or overnight at 4°C.

Incubate overnight in 30% sucrose; 0.02% sodium azide; PBS solution.
Embed the embryos in Tissue-Tek O.C.T. compound after removal of the sucrose
and place the resulting blocks on dry ice before sectioning.

Section the blocks with a thickness of 14 um and mount the sections on Fish-
erbrand Superfrost plus slides (No 12-550-15).

Wash twice in PBS-Tw, 5 min each time.

Incubate for 1h at room temperature in blocking solution (10% normal goat
serum in PBS-Tw).

Incubate overnight at 4°C with primary antibodies diluted in blocking solution.
Wash three times in PBS-Tw, 5 min each.

Incubate for 2 h with secondary antibodies diluted in blocking solution.

Wash five times in PBS-Tw, 5 min each.

Add Vectashield drops on the sections and place coverslips on the slides.

1.5.2 Molecular assessment of the mutagenesis efficiency via

fluorescence-activated cell sorting and genome locus sequencing

The molecular assessment of the mutagenesis efficiency of the 2C-Cas9 system in
the selected Gal4 line requires the isolation of the fluorescent Cas9-expressing cells.
Fluorescence-activated cell sorting (FACS) might be used to isolate the marked
Cas9-expressing cells from the wild-type nonfluorescent cell population. After sep-
aration, total DNA can be extracted from the two pools of cells and the targeted locus
can be analyzed to screen for the presence and the frequency of out-of-frame
mutations.
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1.5.2.1 Protocol for FACS

» Dissociate the embryos (n > 200) as previously described by Manoli & Driever
(2012).

e Perform cell sorting and collect cells in lysis buffer (E.G. NucleoSpin Tissue kit;
Macherey—Nagel—740952.10).

¢ Extract genomic DNA following kit instructions.

¢ PCR amplify the targeted genomic loci.

¢ Clone PCR amplicons into the pCR-bluntII-TOPO vector.

¢ Isolate plasmid DNA from single colonies.

* Sequence the plasmids and identify mutant alleles by comparison with the wild-
type sequence.

2. DISCUSSION

In this chapter we describe a new tool allowing, with a single plasmid injection, both
conditional mutagenesis and lineage tracing of potentially mutant cells. The flexi-
bility of the approach is based on the use of the Gal4/UAS system to drive Cas9
expression. Many Gal4 driver transgenic lines showing diverse cell-type—specific
expression patterns are available to the zebrafish community. The transient or stable
UAS-dependent expression of Cas9, coupled with constitutive transcription of gene-
specific sgRNAs, allows the inactivation of any gene of interest in any Gal4 line.
Therefore, gene disruption can be achieved in multiple tissues by generating a
unique transgenesis vector, containing gene-specific sgRNA, to be injected into
different Gal4 driver lines. Unambiguous identification of cells displaying loss-of-
function phenotypes is provided by the expression of a reporter gene (GFP or
Cre) together with Cas9 endonuclease. While GFP fluorescence enables visualiza-
tion of Cas9-expressing cells during the activity time window of the chosen Gal4
line, the use of Cre allows permanent labeling and clonal analysis of potentially
mutated cells even after Gal4 expression has terminated. Both methods represent
a valuable alternative to laborious transplantation experiments that represent, to
date, the only method to analyze cell-autonomous behavior of mutant cells in a
wild-type genetic background. Furthermore, the analysis of genetic chimeras result-
ing from transplantations is restricted to early phenotypes and does not allow the
investigation of the role of genes and pathways that are used repeatedly during
development. If well established, Cre/loxP-based approaches for conditional gene
inactivation in zebrafish would overcome these issues. Nevertheless they would
need long generation time and are currently limited by the low efficiency of homol-
ogous recombination-based genomic manipulations.

Although the system described here is useful to score conditional loss-of-func-
tion phenotypes by using genetic fluorescent labeling, it does not mark exclusively
populations of cells carrying null alleles but all Cas9-expressing cells. Because this
is a mixed population of cells, only a percentage will harbor out-of-frame mutations.
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We propose to discriminate mutant from wild-type cells by performing immunoflu-
orescence experiments to detect loss of protein by the targeted gene at a single-cell
level. Alternatively, molecular analysis of gene disruption can be performed, after
DNA extraction from FACS-sorted fluorescent cells, to estimate the proportion of
truly mutant cells within the labeled population.

Several parameters need to be considered to obtain highly penetrant tissue-spe-
cific phenotypes by using the 2C-Cas9 system. The selection of sgRNA displaying
efficient mutagenesis rates is crucial to successfully induce DSBs at the target
genomic locus. In addition, to achieve loss of function in the cases where indel mu-
tations do not disrupt the ORF of the targeted gene, designing of sgRNAs targeting
essential functional domains of a protein can be advantageous. The injection of our
vector system into a heterozygous mutant background, where one allele carries a
null mutation, represents another way to enhance the efficiency of gene disruption.
Furthermore, the use of a strong Gal4 driver line, leading to a high intracellular
expression of Cas9 endonuclease levels, is recommended. In the future, additional
improvements in the Cas9 expression cassette may be needed. A possibility could
be the incorporation into our vector system of noncoding elements of the zebrafish
genome that have been shown to boost expression of transgenes in UAS-based plas-
mids (Horstick et al., 2015).

The strategy presented in this chapter can be widely applied for the analysis of
gene function in single cells or in clonal populations, from larval stage to adulthood.
The genetic labeling of potentially mutant cells generated by the 2C-Cas9 method
provides a versatile technique to correlate phenotype and genotype, a challenge
that cannot be addressed with other currently available genetic tools in zebrafish.
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