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RESUMO
Kanno TYN. SCRATCH2 na diferenciação neural em embriões e em células-tronco.
[tese (Doutorado em Biologia Celular e Tecidual)]. São Paulo: Instituto de Ciências
Biomédicas, Universidade de São Paulo; 2016.
Os genes SCRATCH codificam fatores de transcrição que pertence à superfamília
SNAIL e participam do desenvolvimento neural. Membros desta superfamília têm
sido descritos como repressores da transcrição. Estruturalmente, apresentam um
domínio altamente conservado presente na região N-terminal chamado de SNAG e o
domínio zinc-finger, na região C-terminal. Além disso, os membros da família
SCRATCH apresentam o domínio SCRATCH, que também é altamente conservado.
Durante o desenvolvimento de embriões de galinha, SCRATCH2 é expresso em
células precursoras neuronais embrionárias em início diferenciação no do tubo
neural. Em camundongos, SCRATCH2 é expresso em precursores da glia radial
(PGR) e em progenitores intermediários (PI) modulando a migração e diferenciação
neuronal. Consistente com o seu papel como fator de transcrição, SCRATCH2 está
presente no núcleo das células. A retenção nuclear de SCRATCH2 é controlada pelo
domínio zinc-finger, enquanto sua atividade repressora encontra-se na região Nterminal. Ao contrário dos membros da família SNAIL, a atividade repressora de
SCRATCH2 não é mediada pelo domínio SNAG. No caso de SCRATCH2, a
atividade repressora é modulada pelo domínio SCRATCH. A análise da sequência
de SCRATCH2, através da comparação de homologia, identificou uma sequência
conservada presente na região N-terminal que apresenta dois resíduos fosforiláveis,
tirosina77 (Y77) e serina78 (S78). A sequência contendo estes resíduos é
completamente conservada entre os homólogos de SCRATCH2 em galinha,
humano, rato e camundongo. Mutação em Y77 ou S78 reduz a capacidade
repressora de SCRATCH2. A superexpressão destes mutantes em células HEK293T
e embriões de galinha detectou a presença da proteína no núcleo, demonstrando
que a redução na repressão de transcrição não é devida a uma mudança na
localização subcelular. A substituição concomitante de ambos os resíduos, Y77 e
S78, resgata a função normal de SCRATCH2. A análise in silico, que prediz o efeito
dos nossas mutações sobre a exposição dos sítios de ligação de proteínas, indica
que a região entre os domínios SNAG e SCRATCH apresenta uma grande
quantidade de alterações. Isto sugere que a substituição de resíduos Y77 e S78
pode modificar a conformação secundária e terciária da proteína e interferir na sua
função. Nós verificamos também, a função de SCRATCH2 no contexto de
corticogênese de células-tronco embrionárias de camudongo. Durante este
processo, os genes Pax6>Nng>Tbr2>Tbr1 são expressos sequencialmente para
originar PGR, PI e, finalmente, neurônios pós-mitóticos. Scratch2 é gradualmente
expresso durante este processo e seu padrão de expressão se assemelha ao de
Tbr2. A remoção de Scratch2 por edição genômica via CRISPR/Cas9 resulta no
aumento da expressão Pax6, Tbr2 e Ngn1. Em contraste, os níveis de Tbr1
diminuem. Esses dados sugerem que SCRATCH2 atua na manutenção de PI, via
Pax6, e participa do início da diferenciação neural.
Palavras-chave: Células-tronco embrionárias. Corticogênese. Embrião de galinha.
Fator de transcrição. Neurogênese. SCRATCH2.

ABSTRACT
Kanno TYN. SCRATCH2 in embryonic and stem cell neural differentiation. Doctoral
thesis (Cell and Tissue Biology)]. São Paulo: Instituto de Ciências Biomédicas,
Universidade de São Paulo; 2016.
SCRATCH genes code zinc-finger transcription factors that belongs to the SNAIL
superfamily and participate in neural development. This superfamily members have
been describe as transcriptional repressors. Structurally, they presented a highly
conserved N-terminal SNAG and C-terminal zinc-finger domains. Additionally,
SCRATCH family members present the SCRATCH domain that is also highly
conserved. SCRATCH is specifically expressed in neural tissues, being found in early
postmitotic neural progenitors. During chicken embryos development, SCRATCH2 is
expressed in embryonic neuronal precursor cells in early differentiation in the neural
tube. In mice, SCRATCH2 is expressed in radial glia progenitos (RGP) and
intermediate progenitors (IP) modulating the neuronal migration and differentiation.
Consistent with its role as a transcription factor, SCRATCH2 is expressed in the
nucleus of chicken neural tube cells. Nuclear retention is controlled by the zinc-finger
domain, while its repressor activity relies on the N-terminal region. Unlike SNAIL
family members, SCRATCH2 transcriptional repression is not mediated by SNAG
domain. In SCRATCH2 case, the repressor activity is modulated by the SCRATCH
domain. An analysis of SCRATCH2 through homology comparison identified a Nterminal conserved sequence containing two phosphorylatable residues, tyrosine77
(Y77) and serine78 (S78). The sequence containing these residues is completely
conserved between the homologues of SCRATCH2 in chicken, human, rat and mice.
All single mutants forms reduced SCRATCH2 repressor ability. Overexpression of
cSCRATCH2 single point mutants in HEK293T and chicken embryos remain in the
nucleus demonstrating that the lack of transcriptional repression is not due a
subcellular localization shift. Concomitant replacement of both residues, Y77 and
S78, rescue the normal function. An in silico analysis that predicts the effect of our
mutations on the exposure to binding sites demonstrated that the linker region
between SNAG and SCRATCH domains presents the higher amount of changes.
This suggests that the replacement of residues Y77 and S78 might modify the protein
conformation interfering in its function. We also verified the SCRATCH2 function
during mouse embryonic stem cell (mESC) differentiation into cortical neurons.
During this process, Pax6>Nng>Tbr2>Tbr1 genes are sequentially expressed to form
RGP, IP and finally differentiating postmitotic cells. Scratch2 is gradually expressed
in this process and its expression pattern resembles that of Tbr2. Elimination of
Scratch2 expression by editing its genomic locus with the CRISPR/Cas9 system
leads to an upregulation of Pax6, Tbr2 and Nng1. In contrast, Tbr1 levels are
downregulated. This data suggests that SCRATCH2 plays a role maintaining the IP
pool, acting via Pax6, thereby regulating the onset of neural differentiation.
Keywords: Chicken embryo. Corticogenesis. Embryonic stem-cells. Neurogenesis.
SCRATCH2. Transcription factor.
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1 INTRODUCTION

1.1 NEUROGENESIS AND NEURAL DIFFERENTIATION

The developmental process of neurulation involves a series of
coordinated morphological movements that result in formation of the neural tube. The
neural tube gives rise to vertebrate central nervous system originating the brain and
spinal cord. Abnormalities in this process can lead to neural tube defects with
devastating effects on nervous system function. The embryonic precursor of the
neural tube is the neural plate, or neuroepithelium, a thickened region of ectoderm on
the dorsal surface of the early embryo. The neural plate undergoes rostrocaudal
lengthening, mediolateral narrowing and further apico–basal thickening, except in the
midline where it becomes anchored to the underlying notochord and midline
neuroepithelial cells shorten and become wedge-shaped (Colas, Schoenwolf, 2001).
After that, the neural plate starts to bend forming the neural folds, which fuses giving
rise to the neural tube.
The cephalic portion of the neural tube originates the brain while the
caudal portion originates the spinal cord. The neural crest cells, located in the neural
plate border, delaminate and migrate to form the peripheral nervous system as well
as a variety of other tissues (Figure 1). Neurulation requires both intrinsic and
extrinsic forces acting in concert. Intrinsic forces arise within the neural plate and
drive neural plate shaping and furrowing, whereas extrinsic forces arise outside the
neural plate and drive neural plate folding and neural groove closure.

Figure 1 - Neurulation process. The neural plate bends forming the neural groove
and the neural fold. The neural plate border cells are called neural crest
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cells. The neural fold fuses giving rise to the neural tube. Near the time of
neural tube closure (depending on the species), the neural crest cells
delaminate from the neural tube and migrate along defined pathways.
Figure source: Wislet-Gendebien et al., 2011.

The central nervous system contains a wide variety of neuronal and glia
types. The neurons are organized in layers and clusters, each presenting different
functions and connections. The cell proliferation in the neural tube occurs in the
luminal side of the cell layers, in a region known as the ventricular zone (VZ). In the
developing spinal cord, after exiting the cells cycle, the postmitotic cells migrate
toward the marginal zone (MZ). During the migration, they refine their identity to
become mature neurons. Thus, the posterior neural tube can be divided functionally
in concentrically arranged zones around the lumen: a VZ with proliferative
progenitors, an intermediate zone (IZ) with postmitotic and undifferentiated cells and
a MZ, or mantle zone, containing the differentiated neurons.
The mammalian cerebral cortex is a complex and stratified brain
structure segregated into six horizontal layers and its origin reflects the complexity of
combining cell migration with the sequential expression of a combination transcription
factors. Each cortex layers contain different populations of neurons with distinct
functions. During corticogenesis in mammals (from embryonic day 11 (E11) to E19 in
the mouse) two germinal compartments: the VZ and the subventricular zone (SVZ),
line the cerebral ventricles and generate neural cells. Neurons of the cerebral cortex
arise in the VZ at the surface of the lateral ventricles. Initially, the proliferative layer of
the mouse cortex forms the VZ. Next, it divides giving rise to the SVZ. Both zones
harbor neural progenitors. Progenitors in the VZ will form the lower/deeper layers of
neurons in the cortical plate, while progenitors in the SVZ will originate the upper
layer of neurons (Frantz et al., 1994). Newborn neurons migrate towards the margin
of the cerebral wall to form the primordial plexiform layer or preplate (PP). This zone
is then split into the superficial MZ and the deeper subplate (SP) by the arrival of the
cortical plate (CP) cells (Figure 2). Most of the neuroblasts generated in the VZ
migrate outward to form the CP at the outer surface of the brain.
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Figure 2 - Compartments and zones of mouse developing cortex. In mouse,
corticogenesis lasts 8 days, from embryonic day 11 (E11) to E19.
Neurons formed in the ventricular zone (VZ) migrate to their final
locations in one of the six layers of the cortex. The VZ harbors the neural
progenitors cells called radial glia progenitors (RGPs). Postmitotic cells
migrate from the VZ towards the margin of the cerebral wall forming the
preplate (PP). Later in development, divisions of RGP produce cells
called intermediate progenitors (IP) that detach from the ventricular
surface and aggregate in a zone overlying the VZ, the subventricular
zone (SVZ). The SVZ serves as an additional proliferative compartment.
Then, the PP is divided into the superficial marginal zone (MZ) and the
deeper subplate (SP) by the arrival of the cortical plate (CP) cells. Adapted
figure from Dehay and Kennedy, 2007.

The adult cortex is a complex structure consisting of six continuous
layers. The neurons are layered according to their birth day. At specific stages of
development, different populations of neurons permanently stop dividing and leave
the VZ. This event is such a defining characteristic of a neuron that the day of its final
cell cycle is known as the neuron’s “birthday”. The neurons with the earliest birthdays
form the layers closest to the ventricule. The migration of newborn neurons into the
CP occurs in an inside-first, outside-last manner; early-born neurons form the deep
layers, whereas later-born neurons migrate past older neurons to form more
superficial layers (Figure 3) (Berry, Rogers, 1965; Rakic, 1974). Neurons destined for
the SP are generated first, followed by those destined for the deep layers (L6 and
L5), and finally, those destined for the upper layers (L4, L3 and L2) close to the pial
surface. The migration of young neurons from the VZ to the CP is largely dependent
on radial glia (Misson et al., 1991; Rakic, 1990).
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Figure 3 - Cortical layers are sequentially generated in an ‘inside-out’ way. The
neocortex is composed by six different layers, each contain a specific
neuronal cell types. The layers are grouped from outside (pial surface) to
inside (white matter). The newly arriving cells migrate radially past
through the existing neurons before reaching the cortical plate. Thus, the
youngest neurons are found closer to the pial surface while oldest
neurons are located close to the white matter. Adapted figure from Gilmore
and Herrup 1997.

Cortical neurons are generated from three types of precursor cells:
radial glial progenitors (RGPs), which are restricted to the VZ, short neural precursors
(SNPs) and intermediate progenitor cells (IPs) (Figure 4).

Figure 4 - Mouse cortical progenitor cells. Cortical neurons are generated from
three types of precursors: radial glia progenitors (RGPs), short neural
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precursors (SNPs) and intermediate progenitor cells (IPs). RGPs and
SNPs divide at the apical surface of the ventricular zone (VZ). RGCs can
self-renew or undergo asymmetrical division giving rise to the
intermediate progenitors (IPs). SNPs are committed neural precursors.
IPCs divide away from the ventricular surface in the VZ and in the
subventricular zone (SVZ). Most of the IPs undergo neural differentiation,
however a small fraction self renew (dotted arrow). Adapted figure from
Dehay and Kennedy, 2007.

RGPs and SNPs divide at apical surface of the VZ. SNPs are
committed to generate neurons. Through asymmetric cells division, RPGs give rise to
IPs. IPs divide in the apical region in VZ and SVZ undergoing few more cell divisions
and then centrifugally migrate to their adult location in the cortex (Dehay and
Kennedy 2007).

1.2 SCRATCH FAMILY OF TRANSCRIPTION FACTORS

SCRATCH genes code zinc-finger transcription factors that belongs to
the SNAIL superfamily. All members of the SNAIL superfamily share a similar
organization and also distinct signatures, which classified them in the different
families. SNAIL superfamily proteins present a highly conserved C-terminal half and
a divergent N-terminal half, with some conserved domains (Nieto, 2002).
In the C-terminal domain is found four to six zinc-fingers. These zincfingers are C2H2 type presenting two conserved cysteines and histidines that
coordinate the zinc ion. The fingers are structurally composed of two β-strands
followed by an α-helix and function as sequence-specific DNA-binding motifs. The
number of zinc-fingers varies among SNAIL superfamily members, which may reflect
the variations in the length of DNA being recognized (Chiang, Ayyanathan, 2013;
Nieto, 2002). Alignments of the five zinc fingers DNA binding domains identified that
the first, second and last zinc fingers are specific of each subgroup, whereas the third
and fourth zinc fingers present an overall conservation throughout SNAIL superfamily
(Kerner et al., 2009).
SNAIL superfamily zinc-fingers recognizes and binds specifically to a
hexanucleotide sequence (CAGGTG) known as E-box (Mauhin et al., 1993; Nieto,
2002), which is also recognized by bHLH transcription factors. hSCRATCH1 shares
the capacity of other SNAIL family members to bind to E-box enhancer motifs
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(Nakakura et al., 2001). Once binding to the E-box consensus site, SNAIL family
members act as transcriptional repressors. The repressor activity depends not only
on the zinc-finger region, but also on at least two different motifs that are found in the
N-terminal region (Hemavathy et al., 2000; Hou et al., 2008; Lin et al., 2010; MolinaOrtiz et al., 2012; Montoya-Durango et al., 2008).
The N-terminal region of SNAIL superfamily members is more
divergent, but all members present a conserved domain called SNAG. SNAG is
conserved in all vertebrate SNAIL and SCRATCH proteins. It is composed of eight
amino acids (MPRSFLVK) and function as a transcription repressor domain
(Ayyanathan et al., 2007; Chiang, Ayyanathan et al., 2013; Ferrari-Amorotti et al.,
2013). In SNAIL2, removal of SNAG domain impairs the recruitment of the corepressor proteins affecting its repressor activity (Molina-Ortiz et al., 2012). In other
words, the SNAG domain plays a role recruiting co-repressors to regulate
transcriptional repressor of SNAIL1 and SNAIL2. (Ayyanathan et al., 2007; Chang et
al., 2013; Ferrari-Amorotti et al., 2013; Lin et al., 2010; Molina-Ortiz et al., 2012;
Nieto, 2002).
The SNAIL superfamily can be subdivided into two related and
independent groups: the SNAIL and SCRATCH families (Manzanares et al., 2001).
SNAIL superfamily was divided because new family members in other organisms
emerged. This new genes were more similar to Drosophila SCRATCH (dSCRATCH)
and its ortholog in Caenorhabditis elegans (CES-1) than any SNAIL gene (Nieto,
2002). According to SCRATCH family phylogenic history proposed by BarralloGimeno and Nieto (2002) based on phylogentic analysis from placozoans to humans,
the duplication of a single SNAIL gene in the metazoan ancestor originated two other
genes, SNAIL and SCRATCH (Barrallo-Gimeno, Nieto 2005; Barrallo-Gimeno, Nieto
2009; Nieto, 2002). Both genes underwent independent duplications in Cnidarian and
Bilaterian. Subsequent tandem gene duplication of a bilateria ancestor gave rise to
three other members of SCRATCH and SNAIL family in Droshophila (SCRATCH,
SCRATCH-LIKE1 and SCRATCH-LIKE2; ESCARGOT, SNAIL and WORNIU) (Figure
5).
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Figure 5 - Origin and evolution of SCRATCH2 gene. An ancestor gene was
duplicated during Metazoan evolution giving rise to SCRATCH and
SNAIL genes. Later, independent duplications in Cnindarian and
Bilaterian originated several family members in each group. The whole
genome duplication in the vertebrate lineage gave rise to SCRATCH1
and SCRATCH2. Ancestral genes are represented in grey. Figure source:
Barrallo-Gimeno, Nieto, 2009.

The founding member of the SNAIL family in vertebrates was isolated
from Drosophila melanogaster. In vertebrates, the whole genome went through two
duplications. The first genome duplication gave rise to the SNAIL1/SNAIL2 and
SNAIL3 ancestor. This event also originated two novel member of SCRATCH family:
SCRATCH1 and SCRATCH2. SNAIL 1 and SNAIL 2 (also called SLUG - BarralloGimeno, Nieto, 2005) arose from a subsequently genome duplication of the
SNAIL1/SNAIL2 and SNAIL3 ancestor (Barrallo-Gimeno, Nieto, 2009). An additional
genome duplication in the teleost lineage originated a duplicated SNAIL and
SCRATCH genes, SCRATCH1a/b and SNAIL1a/b (Figure 5).
In chicken genome, only SCRATCH2 is found according to NCBI
database. Our laboratory has cloned the full-length chicken orthologue of
SCRATCH2 (cSCRATCH2). The resulting full-length clone has 831 nucleotides
(JN982016) and encodes for 276 amino acids (Vieceli et al., 2013) (Figure 6).
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Figure 6 - Schematic representation of the chicken SCRATCH2 protein
structure. cSCRATCH2 protein has 276 amino acids and presents
three conserved domains. The different domains are represented with a
color code. In the N-terminal is found the SNAG domain, 1 to 9 amino
acids (red) and the SCRATCH domain, 97 to 116 amino acids (green).
C-terminal harbors the zinc-finger domain (yellow) composed by five
zinc-fingers motifs. The first zinc-finger motif comprises amino acids
128-150, the second 160-181, the third 185-207, the fourth 213-235 and
the fifth 241-263. Bottom diagram shows the protein coding sequence
translation and the position of each domain within it.
In hSCRATCH1, the SNAG domain is not necessary to the repressor
activity (Nakakura et al., 2001). However, little is known about SNAG domain function
in other SCRATCH family proteins.
In the linker region between the SNAG and zinc-fingers domain of
SNAIL superfamily members, we find two highly conserved amino acid stretches
specific to SCRATCH and SNAIL families. These specific stretches are called
SCRATCH and SLUG domains, respectively (Chiang, Ayyanathan et al., 2013;
Kerner et al., 2009; Nieto, 2002). In chicken, the SCRATCH domain corresponds to
amino acids 97-116 (Figure 6). A recent study has shown that the SLUG domain is
necessary for efficient SNAIL2-mediated repression. Deletion of it can impair
repression of E-cadherin promoter (Molina-Ortiz et al., 2012). In contrast, to the date,
the function of SCRATCH domain is unknown.
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SNAIL genes plays multiple roles during development controlling neural
crest specification and delamination, mesoderm specification, left-right asymmetry
and triggering the epithelial to mesenchymal transition (EMT). They are also
implicated in cancer metastasis (Barralo-Gimeno, Nieto 2005; Isaac et al., 1997;
Manzanares et al., 1993; Nieto et al., 1994; Nieto, 2002). On the other hand,
SCRATCH proteins are exclusively expressed in the developing nervous system and
are involved with neurogenesis.

1.3 SCRATCH EXPRESSION PATTERN AND ITS ROLE IN NEUROGENESIS

SCRATCH gene was first identified and described in Drosophila
(dSCRATCH), where it is expressed in dividing neuroblasts and persists in
postmitotic neurons (Roark et al., 1995). The gene is called SCRATCH due to the
scratched eyes phenotype resulting from the gene mutation. Drosophila SCRATCH
null mutant presents a reduced number of photoreceptors in the eye and
deformations in the ommatidia, suggesting that SCRATCH expression promotes
neurogenesis. dSCRATCH ectopic expression in this experimental model results in
formation of extra neurons. Furthermore, increased expression of SCRATCH
ortholog of Caenorhabditis elegans (CES-1) expression blocked apoptosis of specific
neuronal populations: the sister cells of serotoninergic neurosecretory motor neurons
and I2, leading to the appearance of supranumerary neurons, further suggesting that
it regulates the genes required for programmed cell deaths (Ellis, Horvitz, 1991).
Likewise, SCRATCH2 knockdown increased the rate of apoptosis in neural tube in
zebrafish embryos. SCRATCH2 is required to newly differentiated neurons survival
by repressing Puma expression (Rodriguez-Aznar, Nieto, 2011).
In chicken embryos, SCRATCH1 is absent and SCRATCH2 is
expressed in the whole extent of the neural tube (Figure 7), in cranial ganglia and
nasal placode (Vieceli et al., 2013). During development, cSCRATCH2 expression is
first detected at stage HH15 in few cells of the hindbrain and nasal placode. Around
stage HH19, its expression domain expands comprising the metencephalon,
mesencephalon, myelencephalon and posterior neural tube. In the posterior neural
tube, which will give rise to the spinal cord, cSCRATCH2 is expressed in postmitotic
cells within the IZ. Its expression pattern overlaps with expression of the postmitotic
transcription factor NEUROM and partially overlaps with the external perimeter of
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NGN2, a neural progenitor cell marker (Figure 7, Vieceli et al., 2013). Together,
these data define cSCRATCH-positive cells as a subset of immediately postmitotic
neural progenitors.

Figure

7

-

cSCRATCH2 expression pattern during development. (A)
cSCRATCH2 is expressed along the whole neural tube as seen in
the whole mount in situ hybridization at stage HH19. (B) A cross
section of the trunk neural tube shows that cSCRATCH2 is
expressed in a intermediate zone. (C) Bottom diagram represents a
possible timeline of cSCRATCH2 expression comparing to known
neurogenic markers during neurogenesis and differentiation in the
spinal cord. Adapted figure from Vieceli et al., 2013.

In mice, two forms of SCRATCH were identified: Scratch1 (mScrt1) and
Scratch2 (mScrt2). Both are predominantly expressed in the brain and spinal cord
appearing in newly differentiating postmitotic neurons. Its expression persists since
the onset of postmitotic cells differentiation until the first postnatal day, when mScrt2
is became absent in areas where there is no neurogenesis. During mouse
development, high levels of SCRATCH start to be detected around E10.5-E11.5 (Itoh
et al., 2013; Marín, Nieto, 2006).

In these embryonic days mScrt is expressed

throughout the brain, from the forebrain to the hindbrain. At E12.5, the expression in
all brain regions was more evident due to the progressive thickening of the mantle
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layer. mScrt is not detected in premigratory neural crest cells, however both forms
are found in some crest derivatives, such as the cranial and dorsal root ganglia as
well as in the Schwann cells of the vomeronasal nerve. As development progresses,
its expression is significantly downregulated. In mouse adult brain, mScrt expression
is restricted to a few isolated neurons in the dentate gyrus of the hippocampus
(Marín, Nieto, 2006).
In the mouse developing cortex, mScrt2 is expressed in subsets of
mitotic and neurogenic RGP at the apical surface of the VZ, IPs at SVZ/IZ and
differentiating neurons located in the upper SVZ and IZ border. It is not detected in
proliferating cells present in VZ. In VZ, mScrt2 expression is relatively low, as
expected, since it is expressed in cells that have already exited the cell cycle. In this
region, mScrt2 expression co-localizes with the expression of PAX6 while in the
SVZ/IZ, it co-localizes with the expression of NEUROD1, a marker of early
differentiating neurons and partially with the IP marker TBR2. Conditional activation
of transgenic mScrt2 in mice cortical progenitors promotes neuronal differentiation by
favoring the direct mode of neurogenesis of RGPs. In other words, mScrt2 favors the
generation of neurons directly from RGPs. The high levels of mScrt2 induce
premature cell cycle exit leading to neurogenic divisions of the progenitors, and
diminishing the IP pool. Thus, neuronal amplification via indirect IP neurogenesis is
extenuated, leading to a mild postnatal reduction of cortical thickness (Figure 8) (Paul
et al., 2012). Corroborating this data, in vivo overexpression of mScrt2 suppressed
the generation of IPs from RGPs and caused a delay in the radial migration of upper
layer neurons toward the CP (Itoh et al., 2013). Once RGPs cells commit to
becoming neurons or IPs, they delaminate and start migration toward the pial
surface. During migration, the cells express different genes and acquire their identity.
In this context, mScrt induces the delamination by repressing E-cadherin promoter
(Itoh et al., 2013). Together, these expression data strongly suggest that mScrt2 may
play a role in the initiation and/or modulation of neuronal differentiation as wells as in
the onset of neural migration.
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Figure 8 - Schematic illustration of mScrt2 overexpression effect in neural
progenitors cells. High levels of mScrt2 favor the asymmetric divisions
of RGPs (thick green arrow) generating excess of neurons, while it does
not affect the symmetric division (green cells). The pool of IPs reduces
and the cells preferentially undergo differentiation (thick red arrow). Figure
source: Paul et al., 2012.

mScrt1 expression is also detected in mouse P19 embryonal carcinoma
cells induced to neural differentiation. Additionally, overexpression of hSCRATCH1 in
this cell line leads to neural differentiation (Nakakura et al., 2001). This indicate that
SCRATCH1 might influence neuronal differentiation.
Taken together, the data from these various animal models strongly
suggest that SCRATCH function is related to the differentiation of postmitotic
neurons.
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2 AIMS

In the present work, we aimed to:


Investigate the contribution of conserved domains to chicken
SCRATCH2 subcellular localization and function;



Compare SCRATCH2 expression dynamics and role in neural
differentiation in mouse embryonic stem cells with that of
embryonic development.
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3 CHAPTER 1: Contribution of conserved domains towards the SNAIL
superfamily member SCRATCH2 transcriptional function
3.1 ABSTRACT

SCRATCH2 is an evolutionarily conserved transcription factor that belongs to the
SNAIL superfamily. Members of this superfamily act through transcriptional
repression and presented a highly conserved N-terminal SNAG and C-terminal zincfinger domains. Members of the SCRATCH family have an additional SCRATCH
domain that precedes the zinc-finger and is also highly conserved. Here, we
analyzed the importance of individual domains in the function of SCRATCH2. In the
chick embryo, SCRATCH2 is found in early postmitotic neural progenitors. Consistent
with its function as a transcription factor, SCRATCH2 is localized in the nucleus of
chicken embryo neural tube and HEK293T cells. The nuclear localization is
controlled by the zinc-finger domain. Deletion of the SNAG domain does not interfere
with chicken SCRATCH2 transcriptional repression. In contrast, deletion of the
conserved domain SCRATCH reduced the repression activity. It was previously
identified in human SCRATCH1 a small domain outside of SCRATCH that is also
relevant for its repressor activity. This domain is present in SCRATCH2 as well but its
functional relevance has not been characterized. An in silico analysis of this domain
identified that residues tyrosine77 (Y77) and serine78 (S78) as possible targets for
tyrosine or serine/threonine kinases. These residues are completely conserved
between the homologues of SCRATCH2 in chicken, human, rat and mice. When we
analyzed single point mutants at these residues, all of them decreased repressor
ability as seen by luciferase assays. Overexpression of cSCRATCH2 single point
mutants in HEK293T and chicken embryos remain in the nucleus demonstrating that
the lack of transcriptional repression is not due a subcellular localization shift.
Interestingly, double mutation replacing Y77 and S78 simultaneously rescue
transcriptional repression. Our results suggest that unlike other SNAIL proteins, the
repressor activity of cSCRATCH2 is independent of SNAG domain and relies on
SCRATCH domain. Additionally Y77 and S78 are key residues that contribute
SCRATCH2 function.
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3.2 INTRODUCTION

SCRATCH2 is an evolutionarily conserved transcription factor that
belongs to the SCRATCH family in the SNAIL superfamily. Members of this
superfamily act through transcriptional repression and are involved in different
developmental processes including neural differentiation, cell division, cell survival
and left–right identity (Nieto, 2002). SCRATCH2 is expressed in early postmitotic
neural progenitors of the chick embryonic neural tube (Vieceli et al., 2013). In mice,
SCRATCH2 is expressed in RGP and IP modulating the neuronal migration and
differentiation (Paul et al., 2012). It also plays a role in the development of mouse
neocortex triggering the delamination and migration of neural precursors cells
through the repression of E-Cadherin (Itoh et al., 2013). Together, these evidences
suggest that the transcriptional function of SCRATCH is important for proper neural
development.
Structurally, the members of the SNAIL superfamily are characterized
by a highly conserved carboxyl terminal region with 4 to 6 zinc-fingers which are
responsible for DNA binding at consensus E-Box site (Chiang, Ayyanathan 2013;
Nieto, 2002). Except for the SNAG domain present in all vertebrate homologues, the
N-terminal region is more divergent. Besides the SNAG domain, SCRATCH proteins
also present another conserved domain in the amino portion called SCRATCH. This
domain characterizes SCRATCH family, but its function is still unknown (Kerner et
al., 2009).
The correlation between structure and function has been extensively
studied in the SNAIL family of the SNAIL superfamily. The SNAG domain is very
important for the SNAIL repressor activity, acting through recruitment of corepressors (Ayyanathan et al., 2007; Chang et al., 2013; Lin et al., 2010; Molina-Ortiz
et al., 2012; Nieto, 2002). SNAIL function can also be modulated by its stability and
proper transport to the nuclear compartment. Previous studies have shown that
SNAIL is actively imported to the nucleus through direct interaction of its zinc-finger
domain to importin β (Choi et al., 2014; Mingot et al., 2009; Muqbil et al., 2014;
Yamasaki et al., 2005). In this scenario, all four zinc-finger are needed for completion
of the translocation. Mutations in the zinc-finger domain reduce its binding affinity to
importin and impair nuclear accumulation (Choi et al., 2014). SNAIL1 subcellular
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localization and degradation are also regulated by phosphorylation of two
neighboring consensus serine-rich motifs, the destruction box and the nuclear export
signal (NES) domain (Dominguez et al., 2003; Zhou et al., 2004). Likewise,
phosphorylation at serine 92, 96, 100 and 104, present in the SLUG domain, regulate
nuclear export and degradation of SNAIL2 (Kim et al., 2012).
In contrast to the other SNAIL superfamily members, little is known
about the mechanisms that control the subcellular localization and transcriptional
activity of SCRATCH2. Here, we analyze the contribution of conserved domains and
residues in determining cSCRATCH2 repressor function and nuclear retention. An in
silico analysis identified residues Y77 and S78 as possible targets for tyrosine or
serine/threonine kinases. Moreover, the sequence containing these residues is
completely conserved between the homologues of SCRATCH2 in chicken, rat, mice
and human, further supporting their putative importance. Our data suggest that he
repressor activity is modulated by the SCRATCH domain and is independent of the
SNAG domain. Also, the zinc-finger domain is responsible for nuclear retention of
SCRATCH2 while residues Y77 and S78 are relevant for the protein correct
conformation.
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3.3 MATERIAL AND METHODS

3.3.1 Generation of mutated and truncated proteins

MYC epitope (MEQKLISEEDL) was fused to full length cSCRATCH2
cDNA by PCR. MYC-tagged cSCRATCH2 cDNA was inserted into pCIG expression
vector (Vieceli et al., 2013) the pCIG-MYC-cSCRATCH2 plasmid has been used as a
template for the generation of truncated constructs. The cScrt2ΔZnF (amino acids 1
to 127 - without the zinc-finger domain), cScrt2ΔN (amino acids 124 to 276 - without
the N-terminal region) (previously subcloned by Felipe Vieceli into pMES vector) and
cScrt2ΔSNAG (amino acids 9 to 276 - without SNAG domain) were generated by
PCR amplification. Primers used are listed in table 1. The amplified fragment was
flanked by EcoRI and SmaI sites and were subcloned into pCIG or pMES expression
vector. pCIG vector (Megason, McMahon, 2002) contains an IRES (Internal
Ribosomal Entry Site) that drives translation of nuclear GFP (nGFP). In other words,
pCIG encodes for a bicistronic mRNA that encodes the mutated cSCRATCH2 first
and then the GFP addressed to the nucleus. Thus, transfection efficiency was
evaluated by GFP expression in the cell nucleus. Like pCIG, pMES also contains an
IRES sequence but the GFP in the second site does not have a nuclear localization
signal (NLS). Therefore the GFP is expressed throughout the cell. The expression of
both inserts is driven by the chicken beta-actin promoter (Chen et al., 2004). After
subcloning, cScrt2ΔZnF, cScrt2ΔN and cScrt2ΔSNAG were sequenced to verify the
deletion of the C-terminal, N-terminal, and SNAG domain, respectively.

Mutated

proteins were designed by replacing Y77 for phenylalanine (cScrt2Y77>F) or
glutamate (cScrt2Y77>E) and S78 for alanine (cScrt2S78>A) or aspartate
(cScrt2S78>D). cScrt2Y77>F, cScrt2Y77>E, cScrt2S78>A and cScrt2S78>D, were
synthesized by GenScript USA Inc., Piscataway, NJ. A FLAG epitope (DYKDDDDK)
was fused at the N-terminus of each mutated protein. The synthesized clone was
designed to be flanked by EcoRI and SmaI sites. They were cloned into pUC57
vector by GenScript. We digested the sequence with EcoRI and SmaI enzymes and
subcloned the sequence into pCIG expression vector. We confirmed the result of the
synthesis and subcloning by sequencing each construction. We also deleted the
SCRATCH conserved domain generating the truncated form cScrt2ΔSCRATCH
(amino acids 1 to 96/117 to 276) and two double mutation constructs by
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concomitantly replacing Y77 for phenylalanine and S78 for alanine (cScrt2YS>FA)
and Y77 for glutamate and S78 for aspartate (cScrt2YS>ED). cScrt2ΔSCRATCH,
cScrt2YS>FA and cScrt2YS>ED were designed with a FLAG tag fused in the Nterminal portion and flanked by EcoRI and SmaI sites. They were synthesized as a
gBlocks Gene Fragment by IDT (Integrated DNA technologies). gBlocks Gene
Fragments are custom, double-stranded, sequence-verified fragments of DNA.
gBlocks Gene Fragments and pCIG vector were separately digested with EcoRI and
SmaI following the manufacturer's instructions. After digestion, 5' phosphates from
the vector were removed using an alkaline phosphatase. gBlocks Gene Fragments
were

not

dephosphorylated.

Following

dephosphorylation,

the

vector

and

constructions were purified and ligated in a molar ratio of 1:5 vector to gBlocks Gene
Fragment. After subcloning, cScrt2ΔSCRATCH, cScrt2YS>FA and cScrt2YS>ED
were sequenced to confirm the deletion and double mutation. All the constructs
generated are represented in figure 1.

Table 1 - List of primers to generate SCRATCH2 truncated forms
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Figure

1

-

Schematic representation of chicken SCRATCH2 protein
organization. The different domains are represented with a color
code: the SNAG domain, 1 to 9 amino acids (red) the SCRATCH
domain, 97 to 116 amino acids (green) and the five zinc fingers
(yellow) constituting the DNA binding domain. MYC-tag and FLAGtag are represented in magenta and blue, respectively. cScrt2ΔWT
correspond to the full sequence with a MYC-tag at the N-terminal
region. Below the cScrt2ΔWT are represented, in order, the diagrams
for cScrt2ΔZnF (amino acids 1 to 127), cScrt2ΔN (amino acids 124 to
276), cScrt2ΔSNAG (amino acids 9 to 276), cScrt2Y77>F,
cScrt2Y77>E, cScrt2S78>A, cScrt2S78>D,
cScrt2YS>FA and
cScrt2YS>ED, specific amino acids that were deleted or mutated are
indicated in their positions.

3.3.2 In Ovo Electroporation

Fertilized White Leghorn chicken eggs from Yamaguishi

farm (São

Paulo, São Paulo, Brazil) were incubated at 37 °C and 50% of humidity. Embryos
were incubated until they reached stage HH10-12. Chicken embryos at stage HH10HH12 were electroporated with cScrt2WT, cScrt2Y77>F and cScrt2S78>A. The
constructs were inserted into pCIG plasmid (see above). Electroporated cells were
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identified by the presence of GFP. Briefly, 3 ml of albumin were removed using a
18G syringe needle.

The hole created by the syringe needle was sealed with

conventional sealing tape. Then, a piece of tape was placed on top of the egg. A
small window was cut on the top of the egg shell to reach the embryo. The embryos
were visualized with sterile 10% China Ink (diluted in Howard Ringer's salt solution)
injected between the embryo and yolk with a 25G syringe needle. The plasmid
solution (concentration of 3 µg/ml) containing the inert tracer FastGreen at 0,2% was
injected into the lumen of the truncal neural tube. Then, the platinum electrodes were
placed at a distance of 4 mm flanking the neural tube and 5 pulses of 20 V with 30
ms of length and 100 ms of space were administered. Embryos were hydrated with 1
ml of Howard Ringer's salt solution, re-sealed with tape and re-incubated to allow
them for further growth. They were collected 24 hours later and fixed in
PBS/paraformaldehyde 4%. Next, embryos were washed three times of 10 minutes
with PBS and cryoprotected with 20% sucrose overnight at 4 °C. In the next day,
embryos were embedded in an OCT-20% sucrose mixture (1:1) prior to sectioning in
cryostat at 10 µm. We sectioned the trunk region of the embryo between the limb
buds.

3.3.3 HEK293T culture and transfection

Established HEK293T cells were cultured in DMEM (Dulbecco's
Modified Eagle Medium - Life Technologies) supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotics (streptomycin 5 μg/ml and penicillin 5 U/ml). 24
hours before transfection, the cells were dissociated with DMEM + 10% FBS by
pipetting them up and down gently. Cells were counted in a hemocytometer chamber
and 6 x 104 cells were plated per well in 24 wells culture-treated plates. In the next
day, cells were transfected with cScrt2WT, cScrt2ΔZnF, cScrt2ΔN, cScrt2ΔSNAG,
cScrt2ΔSCRATCH, cScrt2Y77>F, cScrt2Y77>E, cScrt2S78>A and cScrt2S78>D.
Transfection was performed with Lipofectamine 2000 (Invitrogen) following the
manufacturer's instructions at a final concentration of 2 µg and 0,8 µg of the construct
for 4 hours in Opti-MEM medium without antibiotics. After 4 hours of transfection, the
cells were washed with serum-free medium and fed with complete DMEM medium.
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The cells recovered for 16–18 hours and then fixed with PBS/paraformaldehyde 4%
and processed for immunofluorescence.

3.3.4 Immunofluorescence in chicken embryo cryosections and HEK293T cells

The slides containing the embryo's cryosections were dried for 30
minutes at 37 °C, fixed in PBS/paraformaldehyde 4% for 20 minutes, washed three
times of 10 minutes with PBS and blocked for 1 hour with 3% NGS and 1% BSA
diluted in PBST (PBS containing 0,1% Triton X-100 - Sigma). The coverslip
containing the transfected HEK293T cells were washed once with PBS for 10
minutes and then fixed in PBS/paraformaldehyde 4% for 20 minutes. Next, the
coverslips were washed three times of 10 minutes with PBS and incubated with
blocking solution (PBS containing 0,1% Triton X-100 and 3% NGS) for 30 minutes at
room temperature. Primary antibodies were diluted in the block solution and applied
on sections overnight at room temperature. In the next day, the slides or coverslips
were washed three times of 10 minutes with PBS and then incubated with the
secondary antibody

for 2 hours at room temperature. DAPI was added to the

secondary antibody solution (1:1000) for nuclear staining. After incubation with
secondary antibody, slides or coverslips were again washed three times of 10
minutes with PBS. The slides and coverslips were mounted with Vecta-Shield.
Primary antibodies used were: anti-MYC (1:250 – Life Technologies), anti-GFP
(1:1000 - Life Technologies), anti-FLAG (1:250 - Sigma). Secondary antibodies used
were Alexa fluor 488-conjugated goat anti-rabbit (1:500, Molecular Probes), Alexa
fluor 568-conjugated goat anti-mouse (1:500, Molecular Probes) and Alexa fluor 647conjugated goat anti-mouse (1:500, Molecular Probes).

3.3.5 Luciferase assay

The luciferase assay provides an indirect measure of transcriptional
activity. For these experiments, we inserted four E-Box sequences (CAACAGGTG,
Reece-Hoyes - recognized by zinc-finger domain of cSCRATCH2) in tandem into
pGL3Luc vector (Promega), generating plasmid-test pGL3-4xE-box. This plasmid is
used to indirectly assay the transcriptional activity SCRATCH2 through the activity of
luciferase gene. To perform the assay, HEK293T cells were dissociated and plated in
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24 wells plates at the concentration of 1,25 X 105 cells/well. The cells were transiently
co-transfected with three plasmids: the plasmid containing the wild type transcription
factor (cScrt2WT) or single mutated (cScrt2Y77>F, cScrt2Y77>E, cScrt2S78>A and
cScrt2S78>D) or double mutated (cScrt2YS>FA and cScrt2YS>ED) or truncated
(cScrt2ΔSNAG), (cScrt2ΔSCRATCH) forms, pGL3-4xE-box and pRL encoding the
renilla luciferase. pRL presents a constitutively active promoter driving expression of
a second reporter protein, the renilla luciferase. So, renilla luciferase is transcribed
independently of cSCRATCH2 and served as a normalization factor for the assay.
Normalization was performed for each sample prior to making comparisons between
test groups. First, we transfected the cells with different concentrations of cScrt2WT
to determine the best working concentration for our assay. Firefly and renilla
luciferase activities were measured for each sample using the Dual-Luciferase®
Reporter Assay System (Promega). cSCRATCH2 has a repressor activity which is
directly proportional to its concentration (Figure 2). These results indicate that in this
context, cSCRATCH2 represses the transcription of genes containing E-box
elements in their cis-regulatory regions.

Figure 2 - cSRACTH2 has repressor activity. Luciferase assay in HEK293T cells
co-transfected with increasing concentrations of cScrt2WT (0,2 µg - 1 µg)
and constant concentration of pGL34xE-box and renilla repress
transcription activity driven by E-box sites.
The co-transfection was performed with Lipofectamine 2000 (Invitrogen)
at a final concentration of 2 µg, 0,4 μg of cSCRATCH2 proteins (wild-type or single
mutated or double mutated or truncated), 0,01 μg of pRL and 0,4 μg pGL3-4xE-box
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for 4 hours in Opti-MEM medium (Life Technologies) without antibiotics. After 4
hours, the medium containing the transfection solution was removed, the cells were
washed with serum-free medium and cultured with complete medium. The cells were
re-incubated for 16-18 hours, then were collected following the manufacturer's
instructions with lysis buffer 1 x diluted in PBS. The firefly luciferase substrate was
added to the medium. In the presence of substrate, the oxidation reaction was
quickly initiated. The light emitted during the process was quantified by a
luminometer (Biotek). After reading, the reaction was stopped and coelenterazine,
the substrate of renilla luciferase, was added to the medium, beginning the second
reaction. The light emitted in this reaction was also quantified by luminometer. The
measurements resulting from the activity of renilla luciferase were used as
normalizing factor for the test. Thus, variations in the ratio of firefly luciferase/renilla
luciferase reflect differences in transcription of firefly luciferase activity and no
variation in the rate of transfection among different samples.

3.3.6 Statistics

Data from each sample obtained in the luciferase assay was normalized
prior to the statistic analysis. The normalization was performed to remove sample-tosample variability caused by factors other than those being tested in the experiment.
To normalize reporter data, the value of the reporter activity of firefly luciferase was
divided by the value of reporter activity of renilla luciferase specific to the same
sample. The normalized data was analyzed using a linear model with p<0,05% of
significance. Briefly, in this model, we assumed a gama distribution and applied the
formula Yij ~ Gama. i was defined as the normalized average value for each protein
construction. To determine the effect of each treatment (i.e. mutants) relative to
cScrtWT, we used the following formula βtreatment = exp {α+βtreament }/ exp {αcontrol
cScrt2WT}.

or

cScrt2WT, cScrt2Y77>F, cScrt2Y77>E, cScrt2S78>A and cScrt2S78D, n=9.

cScrt2ΔSNAG, n=16, cScrt2WTΔSCRATCH, cScrt2YS>FA and cScrt2YS>ED, n=12.

3.3.7 Extraction of nuclear and cytoplasmic proteins

HEK293T cells were plated in 100 mm petri dishes and upon reaching a
confluence of approximately 80% were transfected with cScrt2WT or the
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mutagenized proteins (cScrt2Y77>F, cScrt2Y77>E, cScrt2S78>A and cScrt2S78>D).
Transfection was performed using 10 µg of DNA diluted in DMEM conjugated with 30
µl of PEI (Polysciences linear polyethylenimines) at the concentration of 1 mg/ml.
Cells were transfected for 24 hours in DMEM medium without antibiotics. Then, they
were washed once with PBS and extraction of nuclear and cytoplasmic proteins were
performed using NE-PER kit (Thermo Scientific). We followed the manufacturer´s
recommendations up to the ressuspension with the nuclear extraction buffer.
Thereafter, in order to improve efficiency of the nuclear content extraction, the cells
were subjected to rapid freezing in dry ice followed by thawing in water bath 37 °C
three times. Then, the sample was passed through a 21G 3/4 needle syringe three
times. After that, the sample was sonicated for 2 seconds at an amplitude of 20%.
After being sonicated, the sample was centrifuged at 4 °C at 16,000 g for 5 minutes.
The supernatant was collected and correspond to the nuclear extract. The extracts
were stored at -80 °C for subsequent Western blot.

3.3.8 Western blot and immunodetection

The samples of nuclear and cytoplasmic extracts were quantified using
as standard curve, BCA kit (Thermo Fisher). Next, samples were mixture 1:1 with
laemmli buffer 2 x and boil at 95-100 °C for 5 minutes to denaturate the proteins.
After 5 minutes, the samples were cooled down on ice for 1 minute and then were
loaded in a 12% polyacrylamide gel. After separation of the proteins in the gel, they
were electrotransferred in a wet system at 4 °C for 2,5 hours and 500 mA to a
nitrocellulose membrane. At the end of electrotransference the membrane was
stained with Ponceau S to verify the transfer efficiency. The membrane was washed
with Tris Buffered Saline (TBS) pH 7,5 for 5 minutes with mild agitation. Then, the
membrane was blocked with TBS, pH 7,5, containing 5% of nonfat milk and 0,1% of
Tween 20 for 1 hour at room temperature under constant mild agitation. The blocking
solution was removed and the membrane was washed three times with TBS with
0,1% of Tween 20 for 15 minutes with mild agitation. After washing, the primary
antibody was added to the membrane and incubated overnight. In the next day, the
membrane was washed three times with TBS with 0,1% of Tween 20 for 15 minutes
with mild agitation and the secondary antibody was added and incubated for 1 hour
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at room temperature. The blot was incubated with detection reagents for 1 minute
(Pierce ECL Western blot substrate - Thermo Fisher). Next, the membrane was
placed in a film cassette with the protein side facing up. The X-ray film was placed on
top of the membrane and was developed using appropriate developing solution and
fixative. Primary antibodies used were: Anti-FLAG (1:2000 - Sigma Aldrich), AntiAlpha tubulin (1:5000 - Sigma Aldrich), Anti-LaminB1 (1:1000 - AbCam) and AntiMYC (1:2000 - Life Technologies). Secondary antibodies used were: ECL Mouse
IgG, HRP-linked whole Ab (1:2000 - GE healthcare Life Sciences) and : ECL rabbit
IgG, HRP-linked whole Ab (1:2000 - GE healthcare Life Sciences).
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3.4 RESULTS

3.4.1 SCRATCH2 subcellular localization is determined by the zinc-finger domain

SCRATCH2 has been classified as a transcriptional repressor due to its
homology to other SNAIL family members. As such, its localization should be
nuclear. However, it does not contain an obvious nuclear localization signal, and its
subcellular localization has not been verified previously. Thus, to confirm that
SCRATCH2 is indeed directed to the nucleus, we overexpressed cScrt2WT inserted
in pCIG expression vector in embryo and in vitro. pCIG contains an IRES-driven
nGFP, allowing transcription of a bicistronic mRNA that encodes GFP addressed to
the nucleus and the gene of choice. In our case, MYC-tagged cSCRATCH2.
Consistent with its predicted function MYC-cScrt2WT is indeed found in the nucleus
of chicken embryos neural tube cells and HEK293T cells (Figure 3). In addition, we
confirmed the localization of cScrt2WT by Western blot of cytoplasmic and nuclear
fractions. cScrt2WT is found in the nuclear portion (Figure 9S) thus supporting the
results from our immunofluorescence assays (Figure 3).

Figure 3 - cSCRATCH2 localizes to the nucleus. Chicken embryonic neural tube
present MYC in the nucleus 24 hours after electroporation with cScrt2WT.
MYC expression co-localizes with GFP and DAPI (A-C, C' - arrowheads).
C' is a higher magnification of the dotted area in B. A similar expression
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pattern is seen in HEK293T (D-F). GFP labels the electroporated cells in
the chicken embryo and the transfected HEK293T cells. The red dotted
line in the embryo indicates the level of the neural tube section.
To identify the regions that define cSCRATCH2 subcellular localization,
we overexpressed defined parts of the protein that contained different conserved
domains. First, we divided the protein into two parts: the N-terminal region
(cScrt2ΔZnF), which includes the SNAG and SCRATCH domain and excludes the
zinc-finger motif, and the C-terminal region (cScrt2ΔN) containing only the zinc-finger
motif.

Also,

we

generated

deletion

mutants

removing

either

SCRATCH

(cScrt2ΔSCRATCH) or SNAG (cScrt2ΔSNAG) domains.
cScrt2ΔN, cScrt2ΔSNAG and cScrt2ΔSCRATCH are nuclearly localized
in HEK293T, co-localizing with nuclear-GFP and the DAPI counterstain (Figure 4DL). In contrast, cScrt2ΔZnF is excluded from the nuclear compartment and was
found only in the cytoplasm (Figure 4A-C). These results suggest that cSCRATCH2
nuclear localization is mainly controlled by the zinc-finger domain.

Figure 4 - Nuclear localization of cSCRATCH2 is controlled by the zinc-finger
domain. Top diagram represents cSCRATCH2 full length protein (amino
acids 1-276). cScrt2ΔN (amino acids124-276) (D-F), cScrt2ΔSCRATCH
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(deletion of amino acids 97-116) (G-I) and cScrt2ΔSNAG (amino acids
10-276) (J-L) are nuclearly localized in HEK293T as seen by colocalization with nuclear GFP and DAPI stain. In contrast, cScrt2ΔZnF
(amino acids 1-127) expression is restricted to the cytoplasm (A-C).

3.4.2 cSCRATCH2 repressor activity resides in the specific residues of the N-terminal
domain
Although the SCRATCH and SNAG domains did not determine the
nuclear localization of SCRATCH2, SNAG domain has been reported to be essential
for the repressor activity of other members of SNAIL superfamily (Molina et al.,
2012). To determine if this is true for SCRATCH2 as well, we measured the
transcriptional activity of cScrt2ΔSNAG and also cScrt2ΔSCRATCH. SCRATCH
domain of SCRATCH2 proteins is very conserved (Kerner et al., 2009), but its
function is still unknown. We observed a significant decrease in luciferase
transcription with wild-type cSCRATCH2 (Figure 2), consistent with its functional as a
transcriptional repressor.
Removal of SNAG domain did not alter significantly SCRATCH
repressor activity suggesting that this domain is not required for repression (Figure
5). In contrast, SCRATCH2 lacking the SCRATCH domain no longer presented a
repression activity (Figure 5).
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Figure 5 - SCRATCH domain of cSCRATCH2 interferes in its function while
SNAG does not control transcriptional repressor activity. (A)
cScrt2ΔSNAG relative luciferase activity is significantly different from the
control, while cScrt2ΔSCRATCH does not present a difference. (B)
cScrt2ΔSNAG and cScrt2WT have similar relative luciferase activity,
suggesting that the repressor activity is independent of SNAG domain. In
contrast, cScrt2ΔSCRATCH presents a significant difference compared
to cScrt2WT and is no longer acting as a transcriptional repressor.
*p<0,05, bars in the columns represent the confidence interval.
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Our results support previous findings from human SCRATCH1
(hSCRATCH1). Deletion of SNAG domain, which is important for the repressor
activity of other members of the SNAIL superfamily, also did not affect the repressor
function of hSCRATCH1 (Nakakura et al., 2001). Functional analysis of hSCRATCH1
domains showed that the transcriptional repression activity resides in the region
between the first 40 amino acids and the zinc-fingers domain (Nakakura et al., 2001).
In cSCRATCH2, this region lies between the SNAG and zinc-finger domains and
corresponds to residues 44-127 (Figure 6). Alignment of both cSCRATCH1/2 and
hSCRATCH1/2 N-terminal regions shows that, aside from SCRATCH domain (Figure
6C), this region is not highly conserved in the SCRATCH family (Figure 6B).
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Figure 6 - cSCRATCH2 has a conserved amino acid sequence in the N-terminal
domain. Left diagram represents full length cSCRATCH2, right diagram
represents hSCRATCH1 protein domains. Ugene and ClustalW
programs were used to analyze the SCRATCH1 and SCRATCH2
sequence conservation from a variety of organisms. SNAG (A - red box)
and SCRATCH (C - green box) domains present high degree of
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conservation. The N-terminal domain (B - gray box), responsible for the
repression activity in hSCRATCH1 (right diagram), and SCRATCH1/2
orthologs is more divergent. The analysis also reveals the presence of a
strongly conserved sequence (EEYSDPESPQS, amino acids 75-85 black box) before SCRATCH domain suggesting that this region might be
important for cSCRATCH2 function. SCRATCH1 [Mus musculus] NP_570963.1, SCRATCH1 [Rattus Norvegicus] - NP_001153882.1,
SCRATCH1 [Homo sapiens] - NP_112599.2, SCRATCH1a [Danio rerio] NP_001107073.1, SCRATCH1b [Danio rerio] - NP_001014369.1,
SCRATCH1 [Bos taurus] - NP_001178834.1, SCRATCH2 [Gallus gallus]
- NP_001166993.1, SCRATCH2 [Mus musculus] - NP_001153882.1,
SCRATCH2 [Rattus Norvegicus] - NP_001178834, SCRATCH2 [Homo
sapiens] - NP_149120.1.1. hSCRATCH1 drawing was based on the data
published by Nakakura et al., 2001.
However, if the homology analysis is restricted to the different
vertebrate orthologs of SCRATCH2 – excluding SCRATCH1, this domain contains a
highly conserved subregion before the SCRATCH domain, (EEYSDPESPQS) that
corresponds to residues 75-85 in cSCRATCH2 (Figure 6B - black box) suggesting an
evolutionary importance to this region for SCRATCH2 and not SCRATCH1.
Moreover, in silico analysis results suggests that residues Y77, S78 and S82 that lie
in this subdomain are possible targets for a diverse array of tyrosine kinases or
serine/threonine kinases (Figure 7) (Figure 6B - black box). Finally, it has been
shown that phosphorylation of key residues in the N-terminal domain of SNAIL
protein can modulate its function (Dominguez et al., 2003; Kim et al., 2012; Zhou et
al., 2004).
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Figure 7 - cSCRATCH2 has potentially phosphorylated residues. In silico
analysis of the cSCRATCH2 sequence using the online phosphorylation
prediction site KinasePhos identified residues Y77, S78 and S82 as
possible targets for phosphorylation. The analysis also revealed
possible kinases that mediate this phosphorylation (described below the
sequence). Light blue dotted box represent the conserved residues
found in SCRATCH2 homologues (corresponds to amino acids 75-85 in
the chick homologue).
Thus, to determine if phosphorylation of these amino acids could
regulate cSCRATCH2 activity, we replaced Y77 with phenylalanine (cScrt2Y77>F) or
glutamate (cScrt2Y77>E) and S78 for alanine (cScrt2S78>A) or aspartate
(cScrt2S78>D). We also generated two double mutation constructs by concomitantly
replacing Y77 for phenylalanine and S78 for alanine (cScrt2YS>FA) and Y77 for
glutamate and S78 for aspartate (cScrt2YS>ED). The substitution to alanine or
phenylalanine changes the site recognized by kinases and generates a nonphosphorylatable form. On the other hand, the substitution to aspartate or glutamate
simulates the negative charge provided by phosphorylation.
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All

of

the

single

mutation

decreased

cSCRATCH2-mediated

transcriptional repression, indicating that the identity – but not the charge value - of
residues Y77 and S78 might be relevant for cSCRATCH2 transcriptional repressor
activity (Figure 8B). However, removal of these residues had a lesser impact in
cSCRATCH2 activity as compared to the removal of the SCRATCH domain (Figure
8A). The repressor activity of the double mutant proteins was not significantly
different from control (Figure 9).
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Figure 8 - Mutations in residues Y77 and S78 reduce cSCRATCH2
transcriptional repression activity. The single mutant forms
cScrt2Y77>F, cScrt2Y77>E, cScrt2S78>A and cScrt2S78>D have a
reduced transcriptional repression activity compared to cScrt2WT
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(B). However, the repression is not complete because their relative
luciferase activity is also different from the assay control (A). Double
mutation in the conserved residues rescues the repression activity (C
and D). *p <0,05, bars in the columns represent the confidence
interval.

Figure 9 - Concomitantly mutations in residues Y77 and S78 rescue SCRATCH2
transcriptional repression activity. Double mutation in the conserved
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residues does not interfere with repression activity since there is no
significant difference between the relative luciferase activity of cScrt2WT
and cScrt2YS>FA and cScrt2YS>ED (B). *p <0,05, bars in the columns
represent the confidence interval.
We next verified if the reduction in transcriptional activity of
cScrt2Y77>F, cScrt2Y77>E, cScrt2S78>A and cScrt2S78>D, was due to changes in
cSCRATCH2 subcellular localization. All constructs remained in the nucleus in
HEK293T co-localizing with DAPI-stain (Figure 10A-C, G-I, J-L, P-R). The same
pattern is observed in the neural tube cells of chicken embryos 24 hours postelectroporation (Figure 10D-F, M-O). Immunoblot analysis of the nuclear and
cytoplasmic

proteins

extracted

from

HEK293T

cells

supported

the

immunfluorescence results (Figure 9S). Together, these results suggest that the
reduction in repressor activity conferred by mutation of Y77 or S78 is not due to
changes in subcellular localization of SCRATCH2. Rather, both luciferase assay and
subcellular localization results indicate that Y77 and S78 are more important in
defining the active structure of SCRATCH2 than in regulating its activity after
phosphorylation (Table 2).
Table 2 - cSCRATCH2 constructions subcellular localization and activity

(+) repressed; (-) did not repress; (nd) not determined.
Although there is tertiary protein structure prediction available for the
zinc-finger domain, the N-terminal domain of SCRATCH2 is not similar to any matrix
previously deposited in tertiary analysis databases (Dr. Paulo S. Lopes de Oliveira,
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personal communication). Thus, we restricted our analysis to possible secondary
structural changes resulting from the single and double mutants using the
PredictProtein server (Yachdav et al., 2014) (Figure 11). This online service uses
information deposited in public sequence databases and predicts protein secondary
structure behavior of the query after alignment to the database.
The dashboard view originated by PredictProtein reveals changes in
putative protein-protein interaction sites in the mutant forms of cSCRATCH2. This
analysis predicts that the linker region between SNAG and SCRATCH consistently
presents the higher amount of changes for all four single mutants (gray dotted box).
The analysis also predicts secondary changes in the SCRATCH domain but these
are only for the single mutants that convert into a neutral charge. Considering that all
four mutants, regardless of the charge, have reduced transcriptional repression
activity, most probably the single mutations cause tertiary conformational changes
that are not detectable by PredictProtein. Alternatively, the secondary conformational
modifications in the linker region that might occur in all mutants, could change the
exposure of the SCRATCH domain in the final folded protein which also cannot be
seen with PredictProtein. From this analysis, we can conclude firstly, that the zincfinger domain does not alter in any of the mutants, and that the overall panorama of
the secondary conformation cannot be correlated with the biological phenotype
associated with all four single mutant forms.
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Figure 10 - Mutations in residues Y77 and S78 do not alter the subcellular
localization
of
cSCRATCH2.
cScrt2Y77>F,
cScrt2Y77>E,
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cScrt2S78>A and cScrt2S78>D remain in the nucleus of chicken
embryos neural tube cells 24 hours after electroporation (D-F, M-O)
and HEK293T cells after transfection (A-C, G-I, J-L, P-R). (S)
Immunoblot analysis of the nuclear and cytoplasmic proteins extracted
from HEK293T cells overexpressed with cScrt2WT (MYC-tagged),
cScrt2Y77>F, cScrt2Y77>E, cScrt2S78>A and cScrt2S78>D (FLAGtagged) detected the presence of MYC in the nuclear fraction. The
FLAG fusion proteins are enriched in the nucleus fraction. Lamin B1
was used as a nuclear marker and is detected in both compartments
reflecting a slight contamination between nuclear and cytoplasmic
portions in the extracts. Alpha-tubulin was used as cytoplasmic marker.
cScrt2Y77>F, cScrt2Y77>E, cScrt2S78>A used in this experiment were
inserted in pCIG vector while cScrt2S78>D was inserted in pMES
vector. N - Nucleus, C - Cytoplasm.

Figure 11 - Schematic representation of protein binding sites in cSCRATCH2
provided by PredictProtein site. Yellow arrow indicates the position of
amino acids Y77 and S78. In cScrt2Y77>F there is an extra nucleotide
binding site in the SNAG domain (black arrow) and a protein biding site
is missing between amino acids 20-30 (purple arrow head). In
SCRATCH domain (green dotted box) there is a protein binding site
missing in mutants cScrt2Y77>F and cScrt2S78>A (black arrow head).
There is a extra protein binding site close to SNAG domain in
cScrt2S78>A and cScrt2YS>ED (blue arrow and blue arrow head).
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3.5 DISCUSSION

3.5.1 Subcellular localization of cSCRATCH2

Transcription factors activity can be modulated by changing their
subcellular localization (Vandromme et al., 1996). SCRATCH2 is a zinc-finger type
transcription factor of approximately 30 kDa. SCRATCH2 presents three conserved
domains: SNAG, SCRATCH and zinc-fingers. The N-terminal half is overall less
conserved than the C-terminal half, but presents the completely conserved SNAG
domain (amino acids 1-9) and also contains the conserved SCRATCH (amino acids
96-122) domain. Among SCRATCH proteins, SCRATCH domain amino acid
sequence is highly conserved (Kerner et al., 2009), suggesting it might have a
important role. The zinc-finger motifs are localized in the C-terminal region and the
amino acid sequence of them are strongly conserved between SNAIL1, SNAIL2,
SNAIL3 and SCRATCH (Chiang, Ayyanathan, 2013; Choi et al., 2014).
It is known that proteins up to 20-60 kDa can passively diffuse through
nuclear pore complexes (Pemberton, Paschal 2005; Sorokin et al., 2007). However,
other members of the SNAIL family, that have similar dimensions, require carriers
(e.g. importin β, exportin 5, CMR1) to be actively translocated through
nucleocytoplasmic shuttling (Choi et al., 2014; Mingot et al., 2009). Previous studies
have shown that the zinc-finger domain are responsible for importing SNAIL family
members to the nucleus (Choi et al., 2014; Mingot et al., 2009; Muqbil et al., 2014,
Yamasaki et al., 2005). In this scenario, all four zinc-finger motifs are needed for
completion of the translocation. Mutations in the zinc-finger domain reduce its binding
affinity to their carriers and impairs its accumulation in the nucleus (Choi et al., 2014).
Here, we have shown that SNAG and SCRATCH domains of SCRATCH2 do not
contribute to its presence in the nucleus. On the other hand, similar to SNAIL, the
zinc-finger domain is responsible for the nuclear retention of SCRATCH2. These
results provide evidences that in regard of SCRATCH2, the subcellular localization is
mainly controlled by the zinc-finger domain. The zinc-finger domain would have a
dual function, acting in SCRATCH2 nuclear retention and mediating its binding to
consensus E-Box genomic sites.
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3.5.2 Transcriptional activity of cSCRATCH2

The SNAG domain is a key regulator for the repressor activity of the
SNAIL family members by recruiting co-repressors (Ayyanathan et al., 2007; Chang
et al., 2013; Lin et al., 2010; Molina-Ortiz et al., 2012; Nieto, 2002). Masking the
SNAG domain by the DNA-binding protein inhibitor ID-2 binding prevents SNAIL to
recruit the repressor machinery (Chang et al., 2013). Ajuba family of LIM proteins
and lysine-specific demethylase 1 (LSD1) are reported to function as co-repressors
of SNAIL. Both co-repressors enhance the transcriptional repression of E-cadherin
(Ayyanathan et al., 2007; Ferrari-Amorotti et al., 2013; Langer et al., 2008; Lin et al.,
2010). Ajuba acts as a scaffolding protein for the assembly of other proteins to form
the repression complex (Ayyanathan et al., 2007, Langer et al., 2008). LSD1 forms
the ternary complex SNAIL1–LSD1–CoREST (Lin et al., 2010).
Regardless of the importance of SNAG domain in regulating
transcription in the SNAIL branch of the SNAIL superfamily, here we demonstrated
that SNAG does not control SCRATCH2 repression activity. Our data demonstrated
that the SCRATCH domain plays a relevant role controlling SCRATCH2
transcriptional repression. Removal of SCRATCH domain inhibits cSCRATCH2 to
repress transcription.
Thus, we conclude that that the functional importance of the SNAG
domain was not conserved between SCRATCH orthologs. In the case of
SCRATCH2, the repression activity switched to the SCRATCH domain. Even though
the SNAG domain might not contribute towards transcriptional repression in the
SCRATCH family, its sequence remains completely conserved with the rest of the
SNAIL superfamily. This might indicate that this domain has an important role
unrelated to repression. In the SNAIL family, the nucleus to cytoplasm shuttling is
controlled by post-translational modifications. One of the modifications that triggers
SNAIL export to the cytoplasm is the phosphorylation at a serine-rich motif adjacent
to the SNAIL NES. This process occurs through the CRM1/Ran-GTP/SNAIL export
complex (Dominguez et al., 2003; Zhou et al., 2004; Muqbil et al., 2014). Aside from
the

CMR1-NES-mediated

translocation,

alternative

mechanisms

for

nucleocytoplasmic translocation of SNAIL family members have been reported. For
instance, exportin 5 binds and mediates SNAIL nuclear export by recognizing its
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SNAG domain as a NES. Deletion of the SNAG domain of SNAIL1 prevents exportin
5 binding. Further, SNAG domain alone can bind to exportin 5 demonstrating that this
domain is necessary and also sufficient to recruit exportin 5 (Mingot et al., 2013).
Exportin 5 also binds to the SNAG domain of SCRATCH (Mingot et al., 2013). Thus,
it is possible that the SNAG domain of SCRATCH2 plays a role as a nuclear
exportation signal under the correct conditions.
Previous attempts in identifying the repressor domain of SCRATCH
family members have identified the amino acids after the 40th residue and before the
SCRATCH domain as responsible for hSCRATCH1 repressor activity (Nakakura et
al., 2001). The chick equivalent of this domain is included in the region
encompassing residues 10-127 in cSCRATCH2. In this region we find the SCRATCH
domain and also a conserved domain from amino acids 75-85, where we generated
the mutated residues Y77E/F and S78A/D.
Our single point mutations at the conserved phosphorylatable residues
decreased cSCRATCH2 transcriptional repressor activity. If the phosphorylation at
these amino acids were responsible for the recruitment of the transcription
machinery, overexpression of the mutated proteins that simulates the negative
charge provided by phosphorylation should rescue the repression activity mediated
by cSCRATCH2. However, our data shows that the reduction of transcriptional
modulation by the point mutations is independent of the net charge at their position.
This raises the possibility that the replacement of these amino acid changes the
protein conformation and hinders cSCRATCH2 binding to its co-repressor partners. It
might change the protein conformation interfering in the binding sites of SCRATCH
domain, leading to a decrease in the repressor activity. We propose then, that the
repression activity of SCRATCH2 is controlled by the SCRATCH domain, while its
export to the cytoplasm might be due SNAG domain. In this scenario, the SNAIL
superfamily would have evolved different functions associated with distinct domains.
While the members of the SNAIL family (e.g. SNAIL, SNAIL2) depend on SNAG for
both transcriptional repression and nucleo-cytoplasmic shuttling, in the SCRATCH
branch of the SCRATCH family, the transcriptional repression is mediated by the
SCRATCH domain and the SNAG domain might have been left with only the nucleocytoplasmic shuttling function. Additionally, substitution of residues 77 and 78 might
lead to alterations in the protein conformation that affect the ability of cSCRATCH2
N-terminal domain to recruit co-repressors.
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Surprisingly, the double replacement of Y77 and S78 rescued the
repressor activity of SCRATCH2. We hypothesized that in this scenario, the new
amino acid identity conferred by the double mutation led cSCRATCH2 to acquire a
new conformation, exposing the co-repressors binding sites that were hidden when
we mutated only one residue.
In summary, in the present data we demonstrated that nuclear retention
of SCRATCH2 is controlled by the DNA-binding zinc-finger domain. The
transcriptional activity of cSCRATCH2 is independent of SNAG domain and relies on
SCRATCH domain. The data also suggest that the identity of residues in position 77
and 78 are relevant for the correct conformation of the protein.
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4 CHAPTER 2: Scratch2 in mouse embryonic stem-cell (mESC) cortical neural
differentiation
4.1 ABSTRACT

Embryonic stem (ES) cells are characterized by their pluripotency and
by their ability to self-renew. Current methods that promote ES cell differentiation
towards neural lineages replicate, in different ways, the multi-stepped process of
embryonic neural development. The in vitro neural differentiation process is very
similar to the events that happen during embryonic nervous system development.
SCRATCH2 is a transcription factor expressed in postmitotic cells in the embryonic
neural tube and has been described to play a role in neural development. In this
chapter we aimed to trace a parallel between SCRATCH2 role in neural
differentiation of ES cells and in embryonic development through assessment of: a)
Correlation of the temporal expression profile of neural markers and SCRATCH2 in
mESCs and b) The role of SCRATCH2 in cortical differentiation of mESCs.
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4.2 INTRODUCTION

Neural induction is the first step in which the embryonic ectoderm
becomes committed to the neural lineage. Thereafter, the regional expression of
genes that fine-tunes neural identity (Paridaen, Huttner, 2014) is patterned along the
anterior-posterior and dorsal-ventral axes by gradients of morphogens such as FGFs
(Fibroblast Growth Factor), Wnt/β-catenin, SHH (Sonic Hedgehog) and BMPs (Bone
Morphogenetic Proteins) (Le Dréau, Martí, 2012; Lee, Jessell, 1999). The
neurogenesis process regulates the proliferation, migration and differentiation of
neural progenitors. The establishment of neural cells is a continuous process that will
be presented here as three major steps.
Initially, during gastrulation, the ectoderm located along the dorsal
midline of the embryo is specified to become neural ectoderm by the underlying
notochord. The presence of FGF, BMP and Wnt/β-catenin inhibitors that are
synthesized in neighboring tissues induces the neural fate. BMP inhibition by chordin,
noggin and follistatin is a key event to avoid epidermal fate (Rogers et al., 2009).
Depletion of chordin, noggin and follistatin leads to loss of the central nervous system
in Xenopus embryos (Khokha et al., 2005). On the other hand, overexpression of
noggin expands neural domains (Bonaguidi et al., 2008).
In a second moment, the embryonic neural ectoderm forms the neural
plate, a columnar epithelium that folds into a tubular structure originating the neural
tube. The neural tube gives rise to the embryonic central nervous system: the
anterior most portion gives rise to the brain and the posterior region forms the spinal
cord. Patterning along the anterior-posterior and dorsal-ventral axis is determined by
coordinated

signaling

events

that

regulate

the

gene

expression

patterns

(Compagnucci et al., 2014; Lang et al., 2004). SHH, BMP, Wnt/β-catenin, Notch,
and FGF are a few of the pathways known to be involved in this process.
Histologically, the embryonic neural tube presents an apico-basal
polarity with the apical surface lining the lumen and the basal pole facing outwards.
Apical-basal polarity is defined by the presence of apical protein complexes which
accumulate in the junctional structures, such as the PAR polarity complex, Ncadherin, β-catenin, and ZO-1 (Afonso, Henrique, 2006). The neuroepithelial cells of
the early embryonic neural tube are arranged into three zones: ventricular,
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intermediate and marginal/cortical. The neuroprogenitors (NP) are located in the VZ
where Notch pathway controls the balance between proliferation and differentiation
(Ware et al., 2014). This pathway activates the expression of transcription repressors
(i.e. Hes genes) that prevent the expression of proneural genes thus maintaining the
cell in a proliferative state. Cells that do not express Notch upregulate bHLH
proneural genes, exit from the cell cycle and undergo neurogenesis (Kageyama,
Ohtsuka 1999; Kageyama et al., 2008). These postmitotic NPs start to migrate
towards the MZ (Pierfelice et al., 2011).
The cerebral cortex is a complex and stratified brain structure
composed of up to six layers and its origin reflects the complexity of combining cell
migration with the sequential expression of a combination transcription factors.
During corticogenesis, cortical neuron progenitors migrate from VZ to their final
external locations in the CP. During this migration, they differentiate and acquire their
identities by expressing specific genes that characterize each layer. As a result, each
layer harbors a variety of cells born at different time during development (Germain et
al., 2010). The born neurons accumulate in an ‘inside-out’ sequence, with newly
arriving cells migrating radially past the existing neurons before reaching their final
destination in the CP (Berry, Rogers, 1965; Rakic, 1974). The migration of young
neurons from the VZ to the CP is largely dependent on radial glia.
In mice, corticogenesis starts at E10 to E11.5, continuing throughout
development (Germain et al., 2010). After neural tube closure, the NE cells present in
the VZ divide symmetrically to expand the progenitor pool. At this stage, SOX1 is
expressed in the NE and maintains the cells proliferating, preventing the expression
of PAX6 (Suter et al., 2009). Thereafter the VZ cells adopt asymmetric division to
differentiate into RGP and postmitotic cells start to accumulate around E11-11.5 of
development (Itoh et al., 2013). As development proceeds, RGPs switch to neuronal
differentiation, dividing asymmetrically and producing several neurons. RGPs adopt
two modes of asymmetric divisions to generate neurons: producing one RGP for selfrenewal and either one neuron (direct neurogenesis) or one neurogenic IPs, also
known as basal progenitors, (indirect neurogenesis) to enlarge the population of
neurons (Gotz, Huttner, 2005; Noctor et al., 2004).
The switch from SOX1 to PAX6 drives the NE to differentiate into RGP.
PAX6 prevents the maintenance of the NE cells and triggers their conversion into
RGP (Suter et al., 2009) (Figure 1).
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PAX6 is a key transcription factor expressed in RGP involved in the
initial specification of the neocortical cell fate. This transcription factor induces directly
the expression of the transcription factors NGN2 and TBR2 in the cortex. NGN2 can
also induce the expression of TBR2 (Martynoga et al., 2012). TBR2 is necessary for
IP generation and specification and is specifically expressed in this cell population
(Hodge et al., 2008; Sessa et al., 2008). IPs undergo symmetric divisions to produce
pairs of IPs that subsequently differentiate into neurons (Kowalczyk et al., 2009;
Pontious et al., 2008). NGN1 and NGN2 present a genetic redundancy and they are
co-expressed in progenitors cells during corticogenesis (Britz et al., 2006). Similar to
TBR2, NGNs are also expressed in IP cells and modulates the generation of the
early-born IP and their distribution along the cortex layers (Britz et al., 2006).
Thus, as neurogenesis progresses and neuronal progenitors migrate to
establish multiple layers, each will express a specific set of genes. The earliest born
neurons are established around E11.5-E14.5. They populate deeper layers of the
cortex and are characterized by the expression of TBR1, OTX2 and CTIP2 (Gaspard
et al., 2008). The upper layers of cortex develop later appearing at E13.5-E16.5 and
are populated by neurons expressing SATB2 and CUX1 (Britanova et al., 2005;
Gaspard et al., 2008) (Figure 1).

Figure 1 - Schematic illustration of the generation, migration and differentiation
of neural cells in the mouse developing cortex. Neuroepithelial cells
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divide to produce an initial pool of cortical progenitors then they transform
into RGCs. RGCs are found in the VZ and give rise to one RGP for selfrenewal and either one neuron (direct neurogenesis) or one neurogenic
IP. The neuron progenitors migrate radially from the VZ to the CP. The
earliest-born neurons settle in the deep layers and later-born neurons
settle in upper layers. RGCs: Radial glia progenitors, IP: Intermediate
progenitors, VZ: Ventricular zone, CP: Cortical plate. Adapted figure from Pilaz
and Silver, 2015.

Embryonic stem cell differentiation mirrors several of the developmental
mechanisms and pathways involved in embryogenesis (Evans, Kaufman, 1981;
reviewed in Evans, 2011). Indeed, the in vitro differentiation of ES cells into neurons
aims to mimic the multistep process of embryonic neurogenesis throughout its extent:
from initial induction to final neural differentiation into neurons and glia.
Frist, similarly to the neural induction that occurs in embryos,
conversion of ES cells into neural ectoderm, requires FGF, Wnt/β-catenin and BMP
inhibitors. In the presence of these molecules, the ES cells acquire neural properties
and start to express SOX1 (Abranches et al., 2009).
After neuroectoderm induction, the cells reorganized into clusters
known as rosettes; this step simulates the morphogenesis of the fused neural tube
(Figure 2). Also, the rosettes mimic the establishment of the embryonic neural tube's
centro-peripheral axis defined by cellular apico-basal polarity (Figure 2). PAR3,
aPKC and β-catenin are also found in the rosettes center suggesting that there is a
polarity within the structure organization similar to that of the embryonic neural tube
(Abranches et al., 2009; Banda et al., 2014). The ES cell-derived rosettes express
SOX1 and other NP markers, such as N-cadherin and ZO-1, which are localized at
the center.

Figure 2 - The neural rosettes structure resemble the neural tube. Apical-basal
polarity is similar between rosettes and neural tube, both present tight
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junctions (ZO-1 in blue) at the apical region in the lumen. Progenitors
cells (green) are arrange radially in the rosettes as well as in the neural
tube. They migrate toward the basal region and differentiate (red cells).
The pool of neural stem cells remain at the interior of rosettes (yellow
cells). Adapted figure from Germain et al., 2010.
Further, similar to the embryonic neural tube, the establishment and
maintenance of rosettes polarity and subsequent neural differentiation are also
controlled by the Notch signaling pathway. Loss or inactivation of Notch signaling
accelerated neural differentiation of established rosettes but also decreased the
establishment of new neural rosettes. In contrast, increased Notch signaling has a
positive effect on the number of neural rosettes (Banda et al., 2014, Main et al.,
2014). Sonic Hedgehog is also expressed in the rosettes cells and plays a role
promoting cell survival and proliferation (Banda et al., 2014). Another common point
between rosettes and the embryonic neural tube is that in both the postmitotic cells
migrate to the periphery.
Finally, human and mouse ES cells can both generate cortical
progenitors in a spatial and temporal sequence recapitulating the differentiation in
vivo (Eiraku et al., 2008). Thus, the ability of ES cells to mimic in vivo corticogenesis
provides a good model to investigate the molecular regulation of cortical
development.
Together, these finds demonstrate that the steps involved in the in vitro
acquisition of a neural fate are very similar to the events that happen during
embryonic development. In this context, the identification and characterization of
novel transcription factors capable of regulating the above mentioned steps will
contribute towards a more detailed view of corticogenesis. Among these, we focused
on the neural transcription factor SCRATCH2. SCRATCH2 is expressed in embryonic
posmitotic neural progenitor cells and its expression is induced in postmitotic
neurons. Since the in vitro acquisition of a neural fate mirrors events that happen
during embryonic development, here we tried to trace a parallel to better understand
SCRATCH2 role in this process.
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4.3 MATERIAL AND METHODS

For the experiments presented in this chapter, we used the wild type
mESCs line derived in prof. Brivanlou's Laboratory. This cell line was derived from
the inner cell mass of mice blastocyst 3.5 days of embryonic development (Zeeshan
Ozair - personal communication).

4.3.1 Gelatin coating of tissue culture-treated plate or dish

The bottom of the tissue culture-treated plate or dish was coated with
0,1% gelatin (Stem Cell Technologies) to allow the cells to adhere. Gelatin was
added to completely cover the bottom of the well plate or dish. The plate or dish sat
in the hood for 30 minutes. Then, the gelatin was aspirated and the plate or dish was
left open in the hood to evaporate the remaining solution.

4.3.2 Mouse embryonic stem cells cultures

mESCs were thawed in water bath at 37 °C and then transferred to 15
ml conical tubes containing DMEM high glucose (Gibco) with 10% FBS (Gibco). The
suspension was centrifuged at 300 g for 5 minutes. Next, the supernatant was
aspirated and the cells resuspended in NB27 medium with leukemia inhibitory factor
(LIF - Millipore) + 2i (MEK and GSK3β inhibitors). The cell pellet was gently disrupted
to a single-cell suspension, then the cells were plated in 35 mm dishes pre-treated
with gelatin 0,1%. mESCs were cultured in a 37 °C incubator with 5% CO2 and 95%
humidity. mESCs are maintained in an undifferentiated state in vitro by LIF. Upon
withdrawal of LIF, cells were induced into a variety of cell types.

4.3.3 Cortical Neural induction of mouse embryonic stem cells

mESCs were cultured in NB27 medium with LIF + 2i until they reached
confluence. Then, the mESCs were dissociated for 10 minutes with 0,05% trypsin
(Life Technologies) and pipetted multiple times to ensure a single cell suspension.
Single cells were resuspended in N2B27 medium containing TGFβ and WNT
inhibitors, and plated in 6 wells plates pre-treated with 0,1% gelatin at a density of
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10.000 cells/cm2. The plate was gently rocked back and forth to spread the cells
evenly and then was placed in the incubator at 37 °C and 5% of CO2. The media was
changed every day for 3 days. Under these conditions, mESCs were converted to
EpiSCs (Epiblast-derived stem cell) whithin 2 days and neural fate within 5 days. This
corresponds respectively to mouse y E5.5 and E7.5. On day 3 of differentiation,
mouse laminin (Life Technologies) was added to NB27 medium to a final
concentration of 20 µg/ml and the inhibitors were withdrawn.
The neuroepithelium started to form rosettes structures around day 8 of
differentiation. For further differentiation, the rosettes were dissociated on day 8 into
single cells with 0,05% trypsin at 37 °C for 5-10 minutes. Single cells were plated
onto poly-ornithine/laminin coated 12 wells plates. Poly-ornithine (Sigma) was diluted
in sterile water to a final concentration of 20 µg/ml. The plates were incubated at 37
°C for 4 hours. After that, the plates were washed twice with water. Next, mouse
laminin was dilutes in sterile PBS 1 x (Life Technologies) to a final concentration of
20 µg/ml and added to the plate wells. The plate was placed in the incubator at 37 °C
overnight.
The cells were cultured in NB27 medium with 10 ng/ml of FGF (Life
Technologies) to promote survival for one day after dissociation. In the next days the
cells were cultured in NB27 medium only, which was changed every day henceforth.
During the cortical neural differentiation, RNA samples were collected at
different timepoints for qPCR assays, as shown in the diagram below:

The chosen window of collection encompasses the transition from
progenitor to early postmitotic cells and differentiated neurons. Thus, the collection
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days would cover early SCRATCH2 expression in the neural precursors until the
formation of mature cortical neurons around day 14.

4.3.4 RNA extraction and cDNA synthesis

Differentiated cells from each established day (diagram above) were
dissociated with accutase (Life Technologies) at 37 °C for 5 - 10 minutes. Then, the
single cells were transferred to a 15 ml conical tube containing DMEM + 10% FBS.
Cells were centrifuged at 300 g for 5 minutes. Next, the cell pellet was washed with
sterile PBS and centrifuged for more 5 minutes at 300 g.
The supernatant was aspirated and the cells were resuspended in 1 ml
of Trizol (Thermo Fisher). Cells were homogenized and the RNA was extracted
according to the manufacturer's instructions, until the step of mixing the aqueous
phase to an equal volume of 100% RNA-free ethanol. Then, we loaded the samples
into an RNeasy column (RNA isolation kit - Qiagen) and followed the protocol of the
kit. cDNA was prepared from 1 μg total RNA using the Transcriptor First Strand
cDNA Synthesis kit (Roche). We followed the manufacturer's instructions to
synthesized cDNA.

4.3.5 Quantitative PCR assay

Quantitative PCR detection was performed using SYBR Green reagents
(Roche) with the primers listed in tables 1 and 2 below.

4.3.6 Primers design

The primers sequence for the marker genes listed on table 1 and 2
were obtained from publications from another group (Itoh et al., 2013 - Table 1) and
from the website http://mouseprimerdepot.nci.nih.gov/ (Table 2).
Table 1 - List of primers from Itoh et al., 2013
sense
TGGGTGTGAACCACGAG
mGAPDH
antisense
AAGTTGTCATGGATGACCTT
sense
TGCCTGTCCATTCCTGAG
mSCRATCH2
antisense
GATCCGGGAGGACTGATAA
mTBR2
sense
CATGGACATCCAGAATGAGC
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mNGN1
mPAX6
mSOX1

antisense
sense
antisense
sense
antisense
sense
antisense

CAGGAGGAACTAATCTCTTCTTTAAC
ATCACCACTCTCTGACCC
GAGGAAGAAAGTATTGATGTTGCCTTA
GCAGATGCAAAAGTCCAGGTG
CAGGTTGCGAAGAACTCTGTTT
CACAACTCGGAGATCAGCAA
GTAATCCGGGTGTTCCTTCA

Table 2 - List of primers from http://mouseprimerdepot.nci.nih.gov/
sense
CTGTCACCGCCTACCAGAAC
mTBR1
antisense
GGTCAAGCGGTCCATGTC
sense
TTTAGCCAGCTGGTGGAGAC
mSATB2
antisense
GGGGCGTCTGTCACATAACT
sense
TGGGCAAGGATGTTCTGTTC
mPGK1
antisense
TGCAGTCCCAAAAGCATCAT
sense
ACACAGACGAGACCTACT
mTUBB3
antisense
GCAGACACAAGGTGGTT
mACTB
sense
GCAAGCAGGAGTACGATGAG
antisense
CCATGCCAATGTTGTCTCTT
4.3.7 Primers optimization

After the synthesis of the primer pair, the optimal concentration of use
was determined. For this, 1 μg of mouse whole embryo at E15 RNA (Clontech) was
used to synthesize the cDNA using the Transcriptor First Strand cDNA Synthesis kit
(Roche). We followed the manufacturer's instructions to perform the synthesis. We
established a fixed concentration (20 ng) of the synthesized cDNA and a gradient of
primers concentration (0,2 μM; 0,4 μM; 0,6 μM; 0,8 μM and 1,2 μM) were used in the
reactions. After the PCR reaction, the dissociation curve was analyzed to determine
the specificity of the each primer pair. The lowest concentration of primers that
generate the maximum amplification was considered the ideal working concentration.
For our experiments, the best concentration was 0.4 μM.

4.3.8 Validation of primers

After the optimization of primer concentration, we varied the cDNA
concentration to determine the efficiency of the primers. cDNA of mouse whole
embryo E15 were used in a concentration gradient of 50 ng, 5 ng and 0,5 ng. After
the PCR reaction, the dissociation curves were analyzed and all presented only one

73

peak, as expected. The values of slope and R2 presented on the amplification curve
were used to calculate the primer pair efficiency using the formula: [Efficiency = 10
/ slope)

(-1

- 1]. For our experiments, we adopted 0,5 ng of cDNA as the ideal working

concentration. mESCs and mESC-Scratch2-KO were neural induced one time and
the collected samples were submitted to qPCR in triplicate.

4.3.9 gRNA sequences design and annealing

Two gRNAs (Table 3) were designed using the online tool
http://crispr.mit.edu/ to target the coding sequence at the first exon of SCRATCH2
(Figure 3). This online tool takes an input sequence, in our case SCRATCH2
sequence (NC_000068.7), and identifies and ranks suitable target sites and
computationally predicts off-targets sites for each intended target.

SCRATCH2a
SCRATCH2b

F
R
F
R

Table 3 - gRNA sequence
CACCGCATGGTGCAGCCGGGCGGG
AAACCCCGCCCGGCTGCACCATGC
CACCGTTGTCCCCCGGAGGCCCGC
AAACGCGGGCCTCCGGGGGACAA

Figure 3 - Schematic representation of CRISPR/Cas9-Scratch2-KO mESC
transgenic line generation. gRNAs (SCRATCH2a and SCRATCH2b)
were design to excise the coding sequence of the first exon of mouse
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Scratch2 using CRISPR/CAS9 system. The efficacy of the
CRISPR/Cas9 knockout was confirmed by sequencing the genomic
DNA extracted from transgenic line using primers flanking the target
region (purple arrows). The product size of this primer pair was 650
base pairs (bp). Sequencing analysis identified that 250 bp were
deleted. Blue bar represents the first exon and the red arrow shows
the translation start site. The PCR amplification product contain a
stretch of 5'UTR.

For annealing and phosphorylation of guide RNAs the following
components were mixed together in a 10 µL reaction: 1 µL of forward and reverse
oligos (100 µM each), 1 µL of 10 x T4 ligation buffer, 6,5 µL of nuclease-free water,
and 0,5 µL of T4 polynucleotide kinase. The mixture was annealed in a thermocycler
using the following parameters: 37 °C for 30 minutes, 95 °C for 5 minutes, 90 °C for 1
minute, followed by a ramp down of -5 °C/min for 13 cycles. The resulting annealed
double-stranded DNA with overhangs was diluted 1:200 and stored at -20 °C.

4.3.10 Cloning the gRNA into modified pX330 vector

Each gRNA were cloned into a modified pX330 vector that presents a
gene encoding GFP and puromycin (pX330 map is presented in appendix 3). For
this, 3 µg of pX330 vector was digested with BbsI restriction enzyme for 4 hours at 37
°C in Buffer 2.1. 30 ng of the digested vector was used for ligation with 2 ul of the
previously annealed oligos, SCRATCH2a or SCRATCH2b. Ligation was transformed
into Stbl3 competent bacteria. Plasmid DNA was isolated using Qiagen miniprep kit
according to the manufacturer's instructions. The presence of gRNA in pX330 was
confirmed by sequencing plasmids from individual colonies using the U6-FW primer.

4.3.11 mESC Scratch2-KO transgenic line generation

mESCs were cultured in 60 mm plates until they reached confluence.
The cells were co-transfected with pX330-SCRATCHa and pX330-SCRATCHb using
lipofectamine 2000. 5 µl of lipofectamine was diluted in 250 µl of Opti-MEM medium.
The solution was incubated for 5 minutes at room temperature. 1,5 µg of each vector
was diluted in with 250 µl of Opti-MEM medium and mixed to the solution containing

75

the lipofectamine. The mixture was incubated for 20 minutes at room temperature
and then added to the culture. Cells were transfected for 4 hours, then the media was
changed. 24 hours after transfection, GFP was checked for transfection efficiency.
Next, puromycin was applied into the culture for 24 hours at the final concentration of
2 µg/ml to select the positive cells. In the next 3 days, the media was changed
allowing the cells to recover and proliferate. When the cells reached confluence, they
were dissociated and plated in 35 mm dishes pre-coated with gelatin 0,1% in a low
density. The cells divided and formed small colonies. 10 - 12 colonies were selected
and harvest using a p10 tip. Each colony was dissociated in 5 µl of 0,05% of trypsin
and the single cells were plated in a 12 wells plate pre-treated with 0,1% gelatin.
When they reached confluence, the cells were dissociated and half of them were
plated in a new 12 well plate pre-coated with 0,1% gelatin. The other half was
washed with PBS 1 x and centrifuged at 300 g for 5 min. Genomic DNA of this cells
were extracted using Qiagen DNeasy Blood & Tissue kit.
Editing efficiency was confirmed by genomic DNA PCR (Figure 4) using
primers

designed

(FW:

AGCCTGCGTCCCATATAAAG

and

RV:

CCTCTCTCTGTCACCCCTCA - Figure 4) to amplify the target region.

Figure 4 - Genomic edition of mESC with CRISPR/Cas9-Scratch2. Amplification
of the genomic DNA of CRISPR target region generates a single band in
control cells (1). (2) Genomic PCR of pool of cells after co-transfection
with pX330-SCRATCH2a/b presents two bands - the lowest one
corresponding to the expected size after successful editing. (3-5) After
selection, individual clones were isolated and clone 3 presented genomic
edition in both alleles. The clone in lane 6 was not homozygote for the
expected deletion and was not used (6).
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The resulting PCR products from genomic amplification were purified
and cloned into TOPO cloning vector (Life Technologies). The vector was sequenced
to confirm precisely the edition. Sequencing analysis identified that 250 base pairs
were excised during DNA repair. The edited mESC clone was induced to generate
cortical neurons and the RNA samples were collected at the same timepoints as
mentioned in the section above. RNA extraction and cDNA synthesis were performed
as describe previously.
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4.4 RESULTS

4.4.1 Scratch2 and neural markers expression profile in mESC neural differentiation
differentiation
In the mouse embryo, SCRATCH2 begins to be expressed around E1111.5 of development in postmitotic cells in the cortex (Itoh et al., 2013). Thus, to
investigate if the expression profile of Scratch2 during embryonic stem cell neural
differentiation is similar to what was found in embryo, we compare its expression
dynamics with that of known neurogenic markers.
Under our culture conditions, the mESCs were converted to epiblast
stem cells (EpiSCs) within 2 days and to neural fate within 5 days. The first collection
of RNA samples was made on the 4th day of differentiation, which corresponds to
E7.5 in the mouse embryo. The neuroepithelium starts to form rosette structures by
day 8. The rosettes mimic the establishment of the embryonic neural tube's centroperipheral axis defined by cellular apico-basal polarity (Figure 5).

78

Figure 5 - mESC cortical differentiation. (A and B) Undifferentiated mESCs
colonies appear amorphous without a distinct or common shape.
Colonies are dense with distinct, tight borders, and individual cells are
not visible. During differentiation, colonies merge (C-F). Around day 8,
differentiating cells start to form rosettes (E and F). Rosettes are
dissociated and plated as single cells for further differentiation. By day
10 and henceforth is possible to observe the appearance of neurons
(G-L, arrow heads). F, H, J and L are high magnification of E, G, I and
K, respectively.
To establish a true parallel between embryonic and ES cells neural
differentiation and confirm that our collection dates indeed included these stages, we
followed the expression of known embryonic neurogenic markers during the mESCs
differentiation time course. As mentioned previously, during mouse embryonic
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neurogenesis, sequential expression of several transcription factors control neural
progenitor generation, proliferation and specification of neuronal identity. Thus, we
focused our analysis on these markers. Sox1 expression levels start to increase
around day 8-10, when we observed formation of the rosettes (Figure 6G).

Figure 6 - Expression pattern of Scratch2 and neurogenic markers along
mESCs cortical differentiation. Sox1 expression levels increase along
differentiation (G). Pax6 expression profile is variable presenting an
upregulation at day 6 followed by a downregulation and a new
upregulation at day 12 (H). Tbr2 (E) and Tbr1 (C) are gradually
upregulated reaching a peak at day 12 and day 10, respectively. Ngn1
(F) peaked at day 6 and then is downregulated. Scratch2 is gradually
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expressed during mouse embryonic stem cells cortical neural
differentiation peaking at day 12 resembling the expression profile of
Tbr2 (compare D and E) and Tbr1 (compare D and C). Red arrow points
the putative position of Scratch2 in the neurogenic cascade.
Pax6 presents a variable expression profile (Figure 6H). It seems that
this transcription factor is expressed in two different waves during mESCs
differentiation.
In the embryo, Tbr1 is expressed in early-born cortical neurons and
plays a role in the onset of IP cells differentiation (Englund et al., 2005). During
mESC neural differentiation, Tbr1 start to be upregulated around day 10, which is
consistent with its function in early neural differentiation. Tbr2 is gradually
upregulated presenting a peak at day 12 (Figure 6E). This is equivalent to what
happens in the embryo, where Tbr2 presents high levels of expression around day
E12 (Englund et al., 2005) . Nng1 expression in our experiments peaked around day
6 and after that started to be decrease (Figure 6F). In summary, our neural
differentiation protocol induces the appearance of lower cortical layer markers by day
10 of differentiation while upper layers cortical neuron markers appear by day 13.
Thus, if the temporal expression pattern of Scratch2 in ES cell neural differentiation
follows that of embryogenesis, the collection days in our experimental design would
cover early Scratch2 expression in these neural precursors until the formation of
mature cortical neurons around day 14. In other words, the chosen window of
collection encompasses the transition from progenitor to early post-mitotic cells and
differentiated neurons.
Scratch2 levels peaked on day 12 and decreased after that (Figure 6D).
Scratch2 expression pattern in mESCs differentiation is similar to that of Tbr2
(Compare 6D to 6E). Both present a gradual increase in expression levels after day
10. The results obtained in this section suggest that Scratch2 presents a dynamic
expression pattern during mESCs differentiation into cortical neurons, and that this
pattern is quite similar to what was found in the embryo. In the embryo, Scratch2 is
expressed in postmitotic cells present in the SVZ and IZ. Thus, it is possible that
Scratch2 also plays a role in postmitotic events in in vitro neurogenesis. Based on
that, our next step was to investigate Scratch2 function in cortical neural
differentiation of mESCs.
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4.4.2 The role of Scratch2 in cortical differentiation of mESCs

To analyze Scratch2 function in cortical neurogenesis of mESCs we
eliminated its expression by editing its genomic locus with the CRISPR/Cas9 system
(see material and methods). The efficacy of the CRISPR knockout was confirmed by
genomic PCR and sequencing. The selected clone was induced to generate cortical
neurons and the cells were collected at the same timepoints as mentioned in the
section above. As expected, there was no expression of Scratch2 during neural
differentiation confirming that Scratch2 expression was abolished (Figure 7D).

Figure 7 - Scratch2 controls the expression levels of early neurogenic markers.
qPCR for Scratch2 in different timepoints of mESCs cortical differentiation
confirm that Scratch2 expression is abolished in CRISPR/Cas9-Scratch2
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transgenic line (D). Sox1 starts to be downregulated at day 10 and the
decrease in the expression levels is maintained in the following days (G).
Pax6 is upregulated from day 6 to day 12 and its expression level is
downregulated at day 14 (H). Ngn1 is upregulated in the absence of
Scratch2 reaching a peak at day 10 of differentiation (F). Tbr2 is also
upregulated from day 12 (E). In contrast, Tbr1 is downregulated in the
whole process (C). Satb2 is upregulated from day 6 in the absence of
Scratch2 (A). Expression profile of beta III tubulin remans similar in the
wild type and transgenic line (B). Red arrow points the putative position of
Scratch2 in the neurogenic cascade. The data from the mESCs wild type
are the same data presented in figure 6.

To characterize Scratch2 function in mESCs cortical differentiation, we
quantified the expression of the neurogenic markers described previously. In the
absence of Scratch2, we observed a downregulation of Sox1 (Figure 7G) starting
from day 10 and an upregulation of Pax6 in its first wave and a temporal shift of its
second wave (Figure 7H). We also observed an upregulation of Tbr2 (Figure 7E) at
day 12 and 14 and of Ngn1 from day 8 (Figure 7F). In contrast, Tbr1 is
downregulated during the whole differentiation process (Figure 7C).
Finally, in the absence of Scratch2 we observed an early onset of
SATB2 expression (Figure 7A). This marker is present in most of the upper layer of
the cortical plate and usually appears by E13.5 (Britanova et al., 2005).
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4.5 DISCUSSION

Mouse embryonic cortical neurogenesis is marked by the sequentially
expression of several transcription factors that control neural progenitor generation,
proliferation and specification of neuronal identity. Previous studies suggested that
Pax6, Ngn, Tbr2 and Tbr1 are part of the transcription factor cascade associated with
the sequential formation of RGP to IP and finally to differentiating postmitotic cells
(Pax6 › Ngn › Tbr2 › Tbr1) (Englund et al., 2005; Hevner et al., 2006; Scardigli et al.,
2003). The switch from SOX1 to PAX6 drives the NECs to differentiate into RGP.
Pax6 is expressed in RGPs (Goetz et al., 1998) and directly activates transcription of
the Ngn2 gene (Scardigli et al., 2003).
NGN promotes the generation of IPs (Britz et al., 2006, Miyata et al.,
2004), which in turn specifically express TBR2 (Englund et al., 2005). The transition
from IP cells to posmitotic neurons is controlled by downregulation of TBR2 and
upregulation of TBR1 (Englund et al., 2005). TBR1 is expressed in early-born cortical
neurons and plays a role in the onset of IP cells differentiation.
Here, we have shown that using the neural differentiation protocol
established in the Brivanlou Lab, Scratch2 expression is gradually increased along
mESC conversion to cortical neurons. Scratch2 temporal expression pattern in this
scenario resembles to that of Tbr2 and is also similar to Tbr1. Likewise, in embryo,
Scratch2 is expressed in Tbr2-positive IPs located in the upper SVZ and also in
TBR1-positive differentiating/nascent neurons present the IZ (Paul et al., 2012). In
other words, the temporal dynamics of Scratch2 expression mirrors that of SVZ and
IZ markers both in the embryo and in mESC. Thus, the dynamic expression pattern
of Scratch2 during mESC differentiation into cortical neurons reproduces its spatial
pattern in embryo. Therefore, it is possible that Scratch2 plays the same role in
postmitotic events during in embryo and in in vitro neurogenesis.
The expression profile of the neurogenic transcription factor cascade
(Pax6 › Ngn › Tbr2 › Tbr1) changed significantly in the absence of Scratch2. As
previously mentioned, in the embryo, Pax6 is a key transcription factor that controls
and maintain the pool of RGP and the onset of neural specific markers expression
(Estivill-Torrus et al., 2002). Pax6 presents a double wave expression profile during
mESCs differentiation. This might suggest that in this context, Pax6 is required in two
different events of neurogenesis.
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Scratch2 removal uperegulated Pax6 (Figure 8). In mice, Pax6
expression in the brain is driven by enhancers located between P0 and P1
promoters. A putative E-box consensus is located between the P0 and P1 regions in
the mouse gene (Morgan et al., 2004). Since Scratch2 can bind to the consensus EBox site through its zinc-finger domain (Chiang, Ayyanathan 2013; Nieto, 2002), it is
possible that the expression of Pax6 is directly regulated by Scratch2. Interestingly,
Pax6 is required for Scratch2 expression. In the mouse neocortex, SCRATCH2 is
present in the dividing PAX6-positive RGP at VZ/SZ layer and Pax6/Small eye
mutant (Sey/Sey allele - Hill et al., 1991) lose a great portion of their cortical
expression of SCRATCH2 (Paul et al., 2012). Together, these data suggest that
Scratch2 is downstream of Pax6 in the corticogenesis cascade. Once Scratch2 is
induced by Pax6, it plays a role repressing Pax6 transcription.
The

absence

of

Scratch2

upregulated

Ngn1

and

Tbr2,

and

downregulated Tbr1 (Figure 8). This suggests that Scratch2 might play a role
regulating and modulating the expression of genes involved in IP cells generation,
and in their early differentiation. This effect could be indirect, through Pax6. Ngn and
Tbr2 cannot be directly regulated by Scratch2. Overexpression of Scratch2 does not
affect the amount of Ngn and Tbr2 mRNAs in neocortical primary cultures neither in
cortical VZ cells in vivo (Itoh et al., 2013). Moreover, in chick embryo neural tube,
overexpression of truncated form of cSCRATCH2 and a fusion protein with the
activator domain of VP16 also did not alter NGN expression (Vieceli et al., 2013). In
vivo, SCRATCH2 competes with NGN for the E-box binding sites preventing the
transcription of downstream target genes. Since Ngn2 is a direct target of Pax6
(Scardigli et al., 2003) it is possible that Ngn1 regulation might also be through Pax6.
Tbr2 is also a direct target of Pax6, (Holm et al., 2007), then the expression of these
two genes might be indirectly regulated by SCRATCH2 via Pax6.
TBR2 is transiently expressed during cortical neurogenesis reaching
the highest expression level between E12 and E16 in IPs. This embryonic period
coincides with the peak of mouse cortical neurogenesis (Englund et al. 2005;
Molyneaux et al. 2007).
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Figure 8 - Schematic representation of Scratch2 -KO effect in the expression of
neurogenic markers. Scratch2 removal upregulates Pax6, Ngn1, Tbr2
and Satb2. Sox1 and Tbr1 are downregulated in the absence of Scratch2,
while Tubb3 does not change its expression levels.
The majority of neurons populating the upper layer in the cortex
originate from TBR2-positive cells (Sessa et al., 2008). In Tbr2 mutants, the number
of SVZ progenitor cells is reduced and the differentiation of upper cortical layer
neurons is disturbed (Arnold et al., 2008; Sessa et al., 2008). IPs undergo a limited
number of mitotic divisions to increase the pool of cells that will generate neurons
(Pontious et al., 2008). TBR2 is reduced to undetectable levels in postmitotic
projection neurons, which instead start to express TBR1 (Englund et al., 2005). TBR1
is specifically expressed in early-born neurons and coordinately regulates regional
and laminar identity of postmitotic cortical neuron (Bedogni et al., 2010). As Tbr2
maintains high levels of expression in the absence of Scratch2, the decrease in Tbr1
levels that we observe is as expected.
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Finally, Scratch2 removal expedited the onset of Satb2 expression.
Satb2 is a transcription factor directly regulated by Pax6 (Holm et al., 2007) and is
required for the specification of upper-layer neurons (Britanova et al., 2008). In
mouse developing cortex, SATB2-positive cells were detected in the IZ and CP.
PAX6 signal is restricted to the VZ, while SATB2 signal was detected in the SVZ, IZ
and CP (Britanova et al., 2005).
Satb2 is considerably downregulated in Pax6/Small eye mutant and the
overexpression of Pax6 in the mouse developing cortex leads to an upregulation of
Satb2 (Britanova et al., 2005; Holm et al., 2007). Therefore, the increase in Satb2 in
the absence of Scratch2 might also be via Pax6.
Taken together, we propose that removal of Scratch2 increased the
level of Pax6, which in turn leads to an increase of Ngn1 and Tbr2 (Figure 9).

Figure 9 - The proposed model of Scratch2 function in mESC cortical neuron
differentiation. The model indicates that Scratch2 plays a role in the
establishment and maintenance of intermediate progenitors (IPs) acting
via Pax6, thereby regulating the onset of neural differentiation. Satb2
expressed in IPs is upregulated as a consequence of Pax6 increase,
since Satb2 is a direct target of Pax6. a - Itoh et al., 2013, b - Pinson et
al., 2006 , c - Scardigli et al., 2003, d - Paul et al., 2012, e and f - Holm et
al., 2009.
However, although Satb2 increases in the Scratch2 knockouts, the
expression of tubulin beta III is not altered. For this, we propose another model in
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which Scratch2 acts as a "gate keeper" promoting the transition from proliferating
SVZ cells to IZ differentiation. In the absence of Scratch2, the transition between
SVZ profile (Pax6/Ngn1/Tbr2-positive cells) to IZ profile (Tbr1-positive cells) is greatly
reduced.

Thus, there is an accumulation of Pax6/Ngn1/Tbr2-positive cells that

mature at a rate slower than normal. However, since Scratch2 might not be required
for the steps involved in upper cortical layer differentiation, the Tbr1-positive cells
progress normally to express tubulin beta III. In this model, the absence of Scratch2
creates a bottleneck that decreases the supply of Tbr1-positive cells, but does not
alter the speed of transition toward tubulin beta III-positive stages. As a
consequence, there is a reduction in the population of TBR1-positive. Since the
progression towards expression of tubulin beta III is not affected, the levels of tubulin
beta III are unaltered.
Because this second model does not explain the increase in Satb2
expression, it is an alternative to the previous one. However, if we postulate that the
increase in Satb2 expression observed in the knockouts reflects the upregulation of
Pax6 and not the state of the differentiation that the cells are in, we can conciliate the
two models in a third one, where Scratch2 is a gatekeeper that reduces Pax6
expression and its absence generates two parallel consequences: creation of a
bottleneck that slows progression towards IZ fate thus increasing the number of
Pax6/Ngn1/Tbr2-positive cells; increase of Satb2 as a direct consequence of Pax6
increase (Figure 9).
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5 CONCLUSION

Our findings highlight the role of distinct conserved domains relevant to
SCRATCH2 subcellular localization and function. We demonstrated that SCRATCH2
nuclear retention is controlled by its zinc-finger domain, present in the C-terminal
region. In the SCRATCH2 branch of the SCRATCH family, the SNAG domain role as
a repressor domain was lost. Here, we show that the transcriptional repression
function of SCRATCH2 is mediated by the SCRATCH domain. In addition, our study
identified two phosphorylatable amino acids present in a conserved sequence at the
N-terminal portion, Y77 and S78. Single mutations in these residues reduced the
repressor capacity of SCRATCH2 while double mutation rescued its function. Thus,
we suggest that the residues identity is important for SCRATCH2 normal activity.
In this study, we also investigated SCRATCH2 function during mESC
differentiation into cortical neurons. First, we compared Scratch2 temporal expression
profile with known markers of cortical development. Our results point that Scratch2
expression profile is similar to Tbr2, an intermediate progenitor marker. Then, to
better understand its role in mESC cortical differentiation, we removed Scratch2
expression by editing its genomic locus with the CRISPR/Cas9 system. We observed
that the elimination of Scratch2 expression leads to an upregulation of the early
neurogenic markers Pax6, Tbr2 and Ngn1. In contrast, the levels of the postmitotic
neurons marker, Tbr1, is downregulated. Therefore, we suggest that Scratch2 plays
a role maintaining the intermediate progenitos pool, acting via Pax6, thereby
regulating the onset of neural differentiation.
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A - Xenotransplantation of human embryonic stem-cell (hESC) and hESCderived cortical neurons into the chicken embryo
The data that will be presented in this section are the preliminary results
from a side project developed during our collaboration with Dr. Ali H. Brivanlou at the
Stem Cell Biology and Molecular Embryology laboratory in The Rockefeller University
in New York City.

ABSTRACT

Human embryonic stem cells (hESC) are pluripotent self-renewable
cells derived from early blastocyst embryos (Thomson et al., 1998). In response to
defined exogenous patterning signals, embryonic stem (ES) cells can differentiate
into several cell types. Thus, under appropriate culture conditions, hESC can
generate a variety of neurons (Carpenter et al., 2001; Hong et al., 2008; Keirstead et
al., 2005; Shin et al., 2006). However, the ability of these hESC-derived neurons to
functionally integrate into neural networks of other species is not well characterized.
The chicken embryo is a classical animal model used to study normal embryonic
development and for xenotransplantation experiments. Xenotranplantations into
chicken embryos allows the study of a variety of cells in a in vivo environment. The
key advantages of the chicken embryo includes low cost, easy handling, the control
of developmental stages through incubations, high accessibility for a variety of
surgical implantation procedures, and the lack of a developed immune system and
thus no rejection of xenotypic grafts (Glover et al., 2010). Here, to test the ability of
hESC-derived neurons to survive and integrate into the developing nervous system,
we xenotranplanted hESC-derived cortical neurons into the chick embryonic neural
tube. Additionally, we also xenotransplanted undifferentiated hESC into the chicken
blastodisc to investigate their cellular plasticity and potential of integration.
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MATERIAL AND METHODS

Egg incubation and preparation for xenotransplantation of hESC-derived cortical
neurons
Fertilized eggs (Charles River's Laboratories) were incubated at 37 °C
and 40 - 60% of humidity until they reached stages HH12 - 13 (Hamburger, Hamilton,
1951). 3 ml of albumin were removed using a 18G syringe needle. The hole created
by the syringe needle was sealed with conventional adhesive tape (3M). Then,
another piece of tape was placed on top of the egg. A small window was cut within
the borders of the tape. The embryos were contrasted with 10% China Ink diluted in
Howard Ringer's salt solution using a 25G syringe needle. The ink was injected
between the embryo and the yolk allowing the visualization of the neural tube. The
human neurons were collected and washed with PBS. Then, they were re-suspended
in Howard Ringer's salt solution to a final concentration of 5000 cells/µl. 1 µl of this
solution was injected in the lumen of the neural tube by using a sharp glass needle
micropipette coupled to a pico-injector (Harvard Instruments). The pressure used to
inject the cells was 16 PSI. The micropipette was made from a 1 x 0.75 capillary
glass using a P-97 pipette puller. The setting used were: Heat - Ramp, Pull - 30,
Velocity - 120, Time - 200 and pressure 200 - 300. 1ml of PBS containing 0,1%
penicillin/streptomycin were dropped on top of the embryo after the procedure.
Xenotransplanted embryos were re-sealed with adhesive tape and re-incubated until
they reached stage HH30 (5 days after surgery). Next, the embryos were collected
and fixed 30 minutes in PBS/paraformaldehyde 4%. Embryos were washed 3 times
in PBS and then they submitted to iDISCO protocol (http://idisco.info/idisco-protocol/
- Appendix 2) (Renier et al., 2014). The antibodies used were anti-GFP (AbCAM 1:250), anti-hNCAM (Santa Cruz Biotechnologies - 1:250 and anti-TrkA (R&D system
- 1:250).

Subgerminal cavity injection of hESC

Fertilized eggs (Charles River's Laboratories) were incubated at 37 °C
and 40 - 60% of humidity for 30 minutes and then they were cooled down to room
temperature. Then, the eggs were prepared to the injection as previously describe
above. The undifferentiated hESC were collected and washed with PBS. Next, they
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were re-suspended in Howard Ringer's salt solution to a final concentration of 1000
cells/µl. 1 µl of this solution was injected in the subgerminal cavity by using a sharp
glass needle pipette coupled to a pico-injector with the same parameters mentioned
above. The pressure used to inject the cells was 16 PSI. 1 ml of PBS containing
0,1% penicillin/streptomycin were dropped on top of the embryo after the procedure.
Xenotransplanted embryos were re-sealed with conventional tape and were reincubated for 4 days reaching stage HH25. Next, the embryos were collected and
fixed 30 minutes in PBS/paraformaldehyde 4%. Embryos were washed 3 times in
PBS 1 x and then they were submitted to iDISCO protocol (http://idisco.info/idiscoprotocol/) using anti-GFP antibody (AbCAM - 1:250).

RESULTS

Xenotransplantation of hESC-derived cortical neurons into the developing chick
neural tube.

We perfomed xenotransplantation of hESC-derived cortical neurons in
the chick developing neural tube at stage HH12 - 13 (Figure 1). The human cortical
neurons were GFP or RFP-positive lines derived in Dr. Brivalnou's Lab. Cells were
injected into the lumen of the neural tube using a sharp glass needle pipette. Five of
the twenty surviving embryos were collected and submitted to iDISCO protocol.
Briefly, iDISCO optimizes techniques for deep tissue immunolabeling and combines
them with technological innovations in tissue clearing and light sheet microscopy to
allow deep labeling and imaging of molecular structures in embryos and tissues
(Renier et al., 2014). Using this technique, we tracked the human cells injected into
chicken embryos by labeling them with anti-GFP and anti-human NCAM (Neural cell
adhesion molecule). We also labeled sensory neurons using anti-TrkA (Tyrosin
receptor kinase A) (Guan et al., 2003). The images acquired allowed us to visualize if
ESC cells were forming neural circuits in the host embryos.
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Figure 1 - Xenotransplantation of hESC-derived cortical neurons in the chick
developing neural tube. Cells were injected in the lumen of neural tube
(D - arrow) at stage HH12 (A and C) and HH13 (B and D) with a sharp
glass needle pipette.
The embryo's head presented a speckled GFP expression and some of
those green points co-localized with human NCAM expression (Figure 2A, B and D).
NCAM is an adhesion molecule expressed on all neurons since early development
and regulates axonal growth and pathfinding (Cremer et al., 1997). Anti-human
NCAM

specifically recognizes the human NCAM sequence. TrkA expression is

fuzzy, but it is possible to identify some innervations around the beak (Figure 2C -
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arrow). In the forebrain area we observed a structure similar to a projection (Figure
2B - arrow). This structure co-localize with GFP (Figure 2D). See movie 1.

Figure 2 - Chicken chimera phenotype after human ES cells-derived cortical
neurons xenotransplantation. Human GFP-neurons are observed in a
punctate pattern in the chicken head five days after xenotransplantation,
at stage HH30 embryos. GFP cells (green) co-localize with hNCAM
(purple) labeling. Red arrows point to a structure in the forebrain similar
to a projection. TrkA (blue) shows the sensory innervation around the
beak (arrow).
The embryo's body also presented a speckled GFP expression
concentrated at the ventral side (Figure 3). Most of the GFP co-localize with human
NCAM (Figure 3D, K and L). The human neurons were injected in the lumen of the
neural tube, but we observe labeling around the abdominal cavity. At stage HH12-13,

103

the posterior neural tube is still closing, so one possible explanation is that the cells
overflowed from the injection site and are extending projections in the ventral side
(see movie 2).
The co-localization of GFP and human NCAM suggests that the human
neurons were incorporated in the regions of the chicken brain and also in the ventral
region of the body. However, the GFP-positive cells do not seem to form many
projections. Most of them are detected in a pattern that could represent cell
degradation. Moreover, it is possible that we are seeing an immunolabeling artifact.
Therefore, an analysis of a control embryo without injection and other human neural
markers are necessary to confirm the extent of hESC integration.

Figure 3 - Human ES cells-derived cortical neurons are localized after
xenotransplantation. GFP neurons are concentrated in the ventral
side of the embryo's body five days after xenotransplantation (HH30)
and present a punctate pattern. GFP (green) co-localized with hNCAM
in some regions (purple). Top row shows the right side of the embryo,
middle row shows a ventral view and bottom row shows a left view.
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Xenotransplantation of hESC into the subgerminal cavity of chicken embryo
blastocist

To investigate cellular plasticity of undifferentiated hESC and their
potential of integration in the chicken embryo, we xenotransplanted hESCs at the
subgerminal cavity of unincubated chick embryos (Figure 4, movie 3).

Figure 4 - Cellular organization of an unincubated chick embryo. On top is
shown the dorsal view of a chicken embryo after laying. Contrasted
chicken embryos is at early stage of gastrulation, as we can see the
primitive streak primordia (arrow). Bottom scheme is a sagittal view of
an unincubated chick embryo showing the subgerminal cavity and the
yolk cell. ap - area pellucida; mz - marginal zone; ao - area opaca.
Adapted figure from Alev et al., 2013.

The subgerminal cavity can hold up to 5 µl of volume and the 1000 or
3000 hESCs were injected underneath the epiblast. The embryos were re-incubated
to allow development to proceed. Most of the embryos died after the injection
procedure, the ones that survived presented abnormalities (Figure 5).
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Figure 5 - Chicken embryos 4 days after injection of 3000 hESC into the
subgerminal cavity. (A) schematic representation of a normal embryo
at stage HH24 (around 4 days of development). Injected embryos
present abnormalities in the head (B), body (C) or both (D).
After many attempts, one normal embryo survived 4 days after injection
of 1000 hESC. When this embryo reached stage HH25 (Figure 6), it was collected
and submitted it to iDISCO protocol.
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Figure 6 - Chicken embryo 4 days after injection of 1000 hESC. The embryo
reached stage HH25 and was normal.
The hESCs injected were GFP-positives, so again we used an anti-GFP
antibody to track the human cells. The whole embryo was imaged and analyzed.
GFP expression was detected at the end of the hindbrain and in dorsal part of spinal
cord as well as in the forebrain (Figure 7). A detailed view in longitudinal sections
confirm the expression of GFP in the spinal cord and in a region of the forebrain
(Figure 7 A' - D' - arrows, movie 4).

Figure 7 - Chicken embryo injected with hESC. (A) Embryo's autofluorescence
allowing its whole visualization. (B) Anti-GFP used to track the GFP-
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hESCs shows expression of GFP in the hindbrain, spinal cord and
forebrain. (C) Longitudinal sections areas in the embryo analyzed in A'D'. GFP is present in the spinal cord (A'-B') and in the forebrain (C'-D').
The preliminary data obtained in this experiment does not allow any
conclusion about the efficiency of hESC integration in the chicken embryo. We don't
have a specific human cell marker to assure that the GFP is indeed labeling the
injected cells. Moreover, since the chicken embryo is very autofluorescent, it is also
possible that the signal detected was an immunofluorescence artifact. To eliminate
the artifact issue, a control embryo with no injected cells should be submitted to
iDISCO protocol with the antibodies used. Further experiments are necessary to
confirm if the hESCs can integrate and be part of the chicken embryo.
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A - iDISCO protocol

Workflow

110

Recommendations for sample handling
Times and volumes are given for as a general guideline and could be
slightly shorter or longer for specific applications. We recommend trimming the
sample to a size most relevant for the specific biological question to insure the best
staining and imaging conditions.

Antibody validation
To assess the methanol compatibility of untested antibodies, we
recommend doing the following:
1. Collect 20 µm frozen sections of the PFA fixed tissue of interest on superfrost
slides.
2. Incubate the slides for 3h in 100% methanol
3. Rehydrate in PBS directly and proceed with the immunostaining normally. Use
non methanol treated slides as a positive control.
1. If the antibody yields a good signal to noise ratio, the antibody is then
compatible with the methanol treatment and should work well in whole-mount.
If the signal is strongly diminished after the methanol treatment, one can use
the non-methanol protocol, or test alternative antibodies against the target
protein.
Protocol
Sample Collection
1. Collect E10.5-E16.5 mouse embryos in ice-cold L15 or PBS.
2. Keep on ice for 5min to drain blood from umbilical cord.
1. Or: for adult mouse brains or organs: anesthetize the mouse, and perfuse the
animal with 1xPBS/4%PFA. Dissect the brain/organ and trim to the
appropriate size
2. Fix in 1xPBS/4%PFA at 4 °C, o/n with shaking, then RT 1h (optional).
3. Wash in PBS with shaking: RT 30min x 3times.
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Sample Pretreatment with Methanol
1. Dehydrate in methanol/PBS series (freshly prepared): 20%, 40%, 60%, 80%,
100%; 30min at RT.
2. Wash further with 100% methanol for 1h, and then over the rest of the day.
1. {Samples can be stored in methanol at 4°.}
2. Chill the sample over ice; bleach in 5%H2O2 in methanol o/n at 4 °C.
3. {1 volume 30%H2O2/5 volume methanol, ice cold}
4. Wash with 80% methanol/PBS for 30 min at RT.
5. Rehydrate with methanol series in PBS/0.2%TritonX-100 (fresh prepared):
80%, 60%, 40%, 20%, 0%; 30min each at RT.
6. Wash in 1xPBS/0.2%TritonX-100, RT 1h x2.
Sample Pretreatment without Methanol (for antibodies incompatible with MeOH only)
1. Wash fixed samples in 1xPBS/0.2%TritonX-100, RT 1h x2.
2. Incubate in 1xPBS/0.2%TritonX-100/20%DMSO, 37 °C o/n.
3. Incubate in 1xPBS / 0.1%Tween-20 / 0.1%TritonX-100 / 0.1%Deoxycholate /
0.1%NP40 / 20%DMSO, 37 °C o/n.
4. Wash in 1xPBS/0.2%TritonX-100, RT 1h x 2.
Immunolabeling
1. Incubate pre-treated samples in 1xPBS / 0.2%TritonX-100 / 20%DMSO /
0.3Mglycine, 37 °C n/2 days.
2. Block in 1xPBS/0.2%TritonX-100/10%DMSO/6% Donkey Serum, 37°, n days.
See attached table for recommended times.
3. Wash in 1xPBS/0.2%Tween-20 with 10ug/ml heparin (PTwH), RT 1h x 2.
4. Incubate with primary antibody in PTwH/5%DMSO/3% Donkey Serum, 37°, n
days.
5. Wash in PTwH for 10min, 15min, 30min, 1h… then 2h or longer to the next
day.
6. Incubate with secondary antibody in PTwH/3% Donkey Serum, 37°, n days.
Use a concentration within the same range as the one used for the primary
antibody.
7. Wash in PTwH for 10min, 15min, 30min, 1h each; then 2h or longer for 2d.
Clearing (adapted from the 3DISCO protocol, Erturk A et al, Nat Protoc 2012)
1. Incubate the sample overnight in 50% Tetrahydrofuran/H2O (THF, Sigma
186562-12X100ML) in a glass vial with a silicon coated cap (Thermo Scientific
C326-0020). For each step, use between 5 and 10mL per tube.
2. Incubate 1h in 80% THF
3. Incubate 2x1h in 100% THF
4. Incubate in Dichloromethane (DCM, Sigma 270997-12X100ML) until the
sample sinks at the bottom (5min to 1h max). The sample may not sink if air
bubbles are trapped inside. DCM improves the clearing in adult tissues, but
can increases the shrinkage of soft tissues in embryos (such as the brain), so
short incubations for embryos and early post-natal brains are recommended
(less than 10min).
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5. Incubate in DiBenzyl Ether (Sigma 108014-1KG) until the sample is clear
(20min to 2h). The vial containing DBE should be filled almost completely with
DBE to prevent the air inside the vial from oxidizing the sample.
1. Read attentively the material safety data sheets (MSDS) for the use of THF,
DCM and DBE. Work under a hood, collect waste, use glass and not plastics.

Imaging
• Light sheet microscope
The use of a light sheet microscope (e.g. LaVision Biotec) is recommended. The
sample is ready to be directly imaged in the microscope chamber filled with DBE.
Light sheet allows fast imaging of a large field of view, with very deep penetration in
the sample and very limited light damage.
• Scanning microscope (confocal or 2-photon)
Upright confocal and 2-photon microscopes can image the sample with a depth up to
the working distance of the objective. A chamber has to be built to confine the DBE
and protect the microscope (see attached image). Two methods are suggested to
build the chamber:
1) 3D printed imaging chamber, with the provided Script:








The chamber can be printed with the Visijet M3 Clear resin, which is resistant
to DBE.
Secure the chamber to the microscope slide with Kwik-sil epoxy (VWR). This
epoxy is compatible with DBE, cures instantaneously and has no permanent
bond, so the sample and spacers can be recovered after imaging. Check the
epoxy covers the whole bottom of the chamber with no holes (DBE will leak
otherwise).
Put your sample in the chamber. You can secure the sample with a drop of
epoxy.
Close the chamber by gluing a coverslip to the spacer with the epoxy. Make
sure the epoxy is distributed along the whole surface of the spacer.
Fill the chamber with DBE through the filling inlet with a pipet
Once filled, plug the hole with the epoxy

2) To build an imaging chamber with dental cement:
 Dental cement is resistant to DBE and can be used to built spacers for the
slide and coverslip. Mix the powder and liquid and build a ring spacer of the
desired height. Leave a small hole on a side to accommodate a pipet tip
(equivalent to the chamber’s filling inlet).
 Once the spacer has cured, stick the spacer to a microscope slide with Kwiksil epoxy (VWR).
 Use the same procedure to assemble the chamber than with the 3D printed
chamber (see above).
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Chamber for two photon or confocal microscope.
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B - pX330 plasmid map

