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Scratch2, a Snail Superfamily
Member, Is Regulated by miR-125b

Carolina Purcell Goes'?, Felipe Monteleone Vieceli', Shirley Mirna De La Cruz’,
Marcos Simées-Costa? and Chao Yun Irene Yan'*

! Department of Cell and Developmental Biology, Institute of Biomedical Sciences, University of Sdo Paulo, Sdo Paulo, Brazi,
2 Department of Molecular Biology and Genetics, College of Agriculture and Life Sciences, Cornell University, Ithaca, NY,
United States

Scratch?2 is a transcription factor expressed in a very restricted population of vertebrate
embryonic neural cell precursors involved in their survival, differentiation, and migration.
The mechanisms that control its expression remain unknown and could contribute
towards our understanding of gene regulation during neural differentiation and evolution.
Here we investigate the role of microBNAs (miRNAs) in the Scrt2 post-transcriptional
regulatory mechanism. We identified binding sites for miR-125b and -200b in the
Scrt2 3'UTR in silico. We confirmed the repressive-mediated activity of the Scrt2
3'UTR through electroporation of luciferase constructs into chick embryos. Further,
both CRISPR/Cas9-mediated deletion of miR-125b/-200b responsive elements from
chicken Scrt2 3'UTR and expression of miBRNAs sponges increased Scrt2 expression
field, suggesting a role for these miRNAs as post-transcriptional regulators of Scrt2. The
biological effect of miR-125b titration was much more pronounced than that of miR-
200b. Therefore, we propose that, after transcription, miR-125b fine-tunes the Scrt2
expression domain.

Keywords: Scratch2, Snail superfamily, miRNA, neural tube, CRISPR/Cas9

INTRODUCTION

Neurodifferentiation in the embryonic neural tube is orchestrated by the spatially and temporally
restricted expression of transcription factors (TF). The Scratch family, part of the SNAIL
superfamily of zinc-finger TFs, has a conserved role in neural development. In the early stages of
neural differentiation of distant animal species, Scratch2 (Scrt2) is expressed in early post-mitotic
cells initiating neural differentiation and migration (Ellis and Horvitz, 1991; Roark et al., 1995;
Marin and Nieto, 2006; Dam et al., 2011; Rodriguez-Aznar and Nieto, 2011; Paul et al., 2012; Itoh
et al,, 2013; Vieceli et al., 2013). The precise boundaries of Scrt2 expression suggests the existence
of mechanisms for tight regulation of transcript expression and availability. Nevertheless, nothing
is known about elements with post-transcriptional regulation activity on Scrt2 expression.
MicroRNAs (miRNAs), a class of small non-coding RNAs, mediate a mechanism of post-
transcriptional regulation in which they interact with target sequences at the 3'UTR region of
mRNAs to inhibit translation or induct transcript degradation (reviewed by Bartel, 2004). There
is growing evidence of the importance of miRNAs in neural development, including cell survival,
proliferation and migration (Bak et al., 2008; Murphy et al., 2010; Renthal et al., 2010; Lim and
Thiery, 2012; Ding et al., 2013; Yao et al., 2013; Hong et al., 2017; Clark et al., 2018). Indeed, previous
studies have shown evidence of miRNAs directly repressing function of SNAIL superfamily
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members Snaill and Snail2/Slug during development, as well as
in several types of cancer (reviewed by Zhou et al.,, 2019). For
instance, miRNAs miR-1, miR-124, and of the miR-200b family
were all associated with reduction of metastasis aggressiveness
and epithelial to mesenchymal transition (EMT) impairment
through Snail2 repression (Ambs et al., 2008; Burk et al., 2008;
Davalos et al., 2012; Liang et al.,, 2013; Liu Y. N. et al.,, 2013;
Perdigao-Henriques et al., 2016). Also, miR-124a, miR-30, and
miR-206 were all shown to repress Snaill/2 during myoblast
differentiation and gastrulation in human embryoid bodies (Lee
et al., 2010; Soleimani et al., 2012).

Given the evidence for a role of miRNAs in repressing
expression of SNAIL TFs, we investigated how miRNAs control
Scrt2 expression in the neural tube of chick embryos. We first
looked for miRNA responsive elements (MRE) in Scrt2 orthologs
and identified miR-125b and -200b as putative candidates based
on evolutionary conservation. We also employed an in vivo
luciferase reporter assay to determine whether the presence
of MREs in cScrt2 3’UTR can mediate post-transcriptional
repression. Finally, we looked at the effect of ablating miR-
125b/-200b interaction with Scrt2 - using CRISPR/Cas9 and
miRNA sponges — on its final expression pattern in the posterior
neural tube.

MATERIALS AND METHODS

Identification of Candidate miRNAs

Responsive Elements

Conserved miRNA targets in the chicken Scrt2 3'UTR
(ENST00000246104.6) were searched using TargetScan v7.2
(Agarwal et al, 2015'. An overlapping site for miR-125b
and miR-200bc/-429 and another one for miR-204/-
211 were identified and the expression pattern of these
miRNAs was verified at GEISHA (Gallus Expression
in situ Hybridization Analysis, Darnell et al, 2006)%.
Only miR-125b and miR-200b were expressed in the
neural tube.

Corresponding regions of the chicken genome (galGal6)
miR-125/-200b overlapping site in other species were retrieved
from the UCSC Genome Browser multiple alignment of
77 vertebrates. The resulting alignment showed conservation
among amniotes only. To confirm the candidate homologous
elements in X. tropicalis and zebrafish Scrt2, their predicted
cDNA sequences were scanned for miR-125b/-200b sites and
sequences surrounding the candidates identified were aligned
to human, mouse, chicken and painted turtle REs obtained
previously. The zebrafish candidates were also identified
using TargetScan. The phylogenetic tree was constructed
based on multiple alignment using PhyloP (UCSC Genomics;
Siepel et al, 2005) and edited on iTOL v4 (Letunic and
Bork, 2019)* to propose the appearance of miR-125b and

'http://targetscan.org
Zhttp://www.geisha.arizona.edu
3https://itol.embl.de

200b responsive elements during the evolution of Scrt2
(Supplementary Figure S1).

Cloning

To clone the 3'UTR region of Scrt2 for the in vivo luciferase assay,
we designed primers based on a 521-bp region of the putative
chicken Scrt2 3’UTR generated by 3P-seq tags (Jan et al., 2011).
The region was amplified by PCR of cDNA from HH23 embryos.
The primers (F- 5 CTCGAGACCGGAGGCGGATCGCCGTGC
and R- 5 TCTAGATAGTGGCAGAAGTCCCTTTTATA)
contained Xhol and Xbal restriction sites at their 5 ends.
The product was cloned into pGEM-T Vector (Promega) and
subcloned downstream of the luciferase coding region in the
pmiR-Glo vector (Promega). The resulting plasmid was named
pmiR-GLO-cScrt2UTR.

For depleting miRNAs in wvivo, we designed and
ordered sponges sequences (GenScript, United States)*
containing seven MREs in tandem for each miRNA, flanked
by restriction sites for Xbal and Pmel for subsequent
subcloning into the pRNA-U6.1 vector (Addgene #
35664). The sponge sequence for miR-125b was 5'-
TCACAAGTTACCACTCAGGGACGATTCACAAGTTACCAC
TCAGGGAACCGGTTCACAAGTTACCACTCAGGGATCACT
CACAAGTTACCACTCAGGGATCACAAGTTACCACCGATT
CAGGGACGATTAG and for miR-200b was 5'-
TCACAAGTTACCACCAGTATTACGATTCACAAGTTACCAC
CAGTATTAACCGGTTCACAAGTTACCACCAGTATTATCAC
TCACAAGTTACCACCAGTATTATCACAAGTTACCACCGAT
CAGTATTACGATTAG.

For CRISPR/Cas9 genome editing, the sgRNA was
designed to target the miR-125b site within the cScrt2 3'-
UTR and annealed from single stranded oligos (sgRNA-F
5-  AGTCGTGCAATTCAGGGATATAAAA; sgRNA-R 5'-
AAACTTTTATATCCCTGAATTGCAC) designed to form
overhangs compatible with pcU6.3-sgRNA vector digested
with BsmBI (NEB, cat. R0580S). The oligos were cloned
into the pcU6.3-sgRNA vector as described (Williams et al,
2018). A scrambled control guide was generated using the
“RNA sequence scrambler” tool (GenScript, United States)’,
with the chicken genome as a base for the search of off-
targets, and cloned from the oligos sgRNA Scrambled-F
5-  AGTCGGCAGGAATCAATTAGATAAT and sgRNA
Scrambled-R 5'- AAACATTATCTAATTGATTCCTGCC). All
final clones were sequenced to ensure that the cloned guide had
no mismatches.

Chicken Embryos

Fertilized eggs from Gallus gallus Leghorn (Yamaguishi Farm, Sao
Paulo, Brazil) or White Leghorn hens (University of Connecticut,
Department of Animal Science - United States) were incubated
at 37.8°C and 50% humidity until the desired developmental
stages according to Hamburger and Hamilton (Hamburger
and Hamilton, 1992). All procedures were approved by our
institutional ethic committees (CEUA ICB/USP n° 025/2013).

“https://www.genscript.com/
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In ovo Electroporation

Electroporation procedures followed standard protocols (Harada
et al, 2017). The plasmids pmiR-GLO-cScrt2UTR, pmiR-
GLO, pRNA-6.1-125b-Sponge or pRNA-6.1-200b-Sponge (3
pg/nL) were mixed with pCDNA3.1-mGFP (2 pg/pnL), together
with 0.2% Fast Green dye (Sigma Aldrich, United States).
For CRISPR/Cas9 experiments, pCAG-Cas9-2A-Citrine was
mixed with pcU6.3-3UTR-sgRNA or pcU6.3-3'UTR-sgRNA-
Scrambled. Electroporation parameter were: 5 pulses of 20 V,
50 ms of duration and 100 ms of interval. Embryos were
reincubated, screened for successful transfection, collected at
stage HH23 and processed further accordingly.

Luciferase Assay

Forty-eight hours post-electroporation, the neural tube of
HH23 embryos were collected in Ringer’s solution. Three
control and three experimental halves were collected and
matched by electroporation extension and GFP intensity.
Each sample was lysed in 1x lysis buffer from Dual-
Luciferase Reporter Assay System kit (Promega, cat. #£1910)
and luciferase activity detection was performed according to
manufacturer’s instructions in a Synergy HT Iuminometer
(Biotek, United States). Three technical triplicates were read for
each biological sample.

Embryo Dissociation and Cell Sorting
(FACS)

Neural tube halves of HH23 embryos unilaterally electroporated
with CRISPR/Cas9 system were individually microdissected with
a tungsten needle (0,125 mm) and kept in Ringer’s solution
until dissociation in Accumax (Accutase cat. #SCR006) cell
dissociation solution for 40 min at room temperature under
mild agitation. After dissociation, cells were passed through a
40 pwm cell strainer (Pluriselect USA, Mini Cell Strainer II, 45-
09840-50) and centrifuged at 400 g for 10 min. The supernatant
was carefully discarded and cells were resuspended in 200 ml
of Hank’s Balanced Salt Solution (HBSS) with 50 mM EDTA,
100 mM HEPES, pH 8.0 and 0.5% BSA. At least 4000 Citrine-
positive or negative cells were sorted through fluorescence-
activated cell sorting (FACS) process from experimental or
control side, respectively, directly into 50 L of lysis buffer from
Power SYBR Green Cells-to-CT kit (Thermo Fisher Scientific,
4402953) using BD AriaFusion cell sorter. Control-side cells
were randomly selected to match the number of contralateral
citrine-positive cells.

RT-qPCR

For miRNAs absolute quantification, the truncal portions of
three neural tubes from HH22 embryos were microdissected
and pooled for lysis and RNA isolation with TRIzol (Invitrogen,
United States). For miRNA cDNA synthesis, we used the Tagman
miRNA Assay kit (Applied Biosystems, United States) with
sequence-specific primers for miR-125b and miR-200b and 24 ng
total RNA as input. For quantification, we used Tagman probes
(Tagman miRNA Assay; Applied Biosystems) to detect hsa-miR-
125b (ID 000449) and gga-miR-200b (ID 006005). We performed

the quantification in three technical replicates for each sample
with 6 ng cDNA per reaction. The mimics of both miRNAs
(miRVANA hsa-miR-125b-5p, cat. MC10148 and gga-miR-200b-
3p, cat MC1050 - Thermo Fisher Scientific, EUA) were used to
generate a standard curve with serial dilutions from 7.2 to 000.72
WM/ L.

For data acquisition and analysis, we used the QuantStudio
12K Flex Real-Time PCR System (Applied Biosystems,
United States) equipment. The absolute quantification was
analyzed by the QuantStudio 12K software (v1.4).

For Scrt2 quantification in CRISPR-edited neural tubes,
cDNA was synthesized from FACS-sorted samples with a cell-
to-cT kit (Invitrogen, United States). The quantification was
performed with SyBr Green (Applied Biosciences, cat. 4368577)
in technical triplicates on the ViiA 7 Real-Time PCR System
(Applied Biosystems, United States). The primers used were
cScrt2-F 5 CTGCTGCAGGGCCACATGCGTTCGCACA and
cScrt2-R 5 GCACTGCTTGCACTTGTAGTGCTT. HPRT was
used as an endogenous control and detected with the primers
cHPRT-F 5 TGGTGAAAGTGGCCAGTTTG and cHPRT-R 5’
TCATTGTAGTCGAGGGCGTATC.

Expression relative to loading controls was calculated using
the 2-A ACt method (Livak and Schmittgen, 2001).

CRISPR/Cas9 Editing Validation

After unilateral electroporation of Cas9 and UTR-sgRNA,
the electroporated side of three neural tubes were dissected
independently and dissociated as described above. We then
performed FACS to select at least 3000 Citrine-positive
cells from each neural tube. Genomic DNA (gDNA) was
extracted with TRIzol (Invitrogen, United States) and total RNA
with Arcturus PicoPure RNA Isolation Kit (Thermo Fisher
Scientific, United States). The gDNA edited region was PCR-
amplified (F - 5 ACCGGAGGCGGATCGCCGTGC and R -
5" CCACCGCCGCGTGCACAAACA, Figure 2A), gel-purified
and cloned into pGEM-T vector (Promega, United States).
Thirty-five positive clones were Sanger sequenced to verify
successful edition of the target region. The sequences were
aligned in UniPro uGene software (v1.29.0) (Supplementary
Figure S2). For evaluation of CRISPR-edited transcripts, the
total RNA was first converted into cDNA with SuperScript IV
RT (Invitrogen, United States, cat. 18090200) and a 250 bp
fragment including the sgRNA target region was PCR-amplified
with primers containing overhang adapter sequences (F - 5
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGGTC
ACTTTGAGCCCCGTG and R - 5 GTCTCGTGGGCTCGGA
GATGTGTATAAGAGACAGCTGGTAGTGGCAGAAGTCCCQ).
The products were gel-separated and purified using Wizard SV
Gel and PCR Clean-Up System (Promega, United States). The
libraries were prepared with Nextera XT Index kit v2 (Illumina,
United States) and deep-sequenced using paired-end reads
(2 x 250 bp) in Illumina MiSeq System equipment at the
Laboratory of Animal Biotechnology (ESALQ/University of Sao
Paulo, Brazil). FastQ reads were submitted to quality analysis
and mapped to the cScrt2 3’UTR in galGal5 reference genome
using BWA v. 0.7.17 (Burrows-Wheeler Aligner; Li and Durbin,
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2009). Transcript variants were determined using the R package
CrispRVariants v.1.16.0 (Lindsay et al., 2016).

In situ Hybridization and

Immunohistochemistry

In situ hybridization was performed on stage HH22-23 embryos
post-electroporation of miRNA sponges or CRISPR/Cas9
plasmids, as previously described (Acloque et al., 2008). The
whole mount embryos were imaged with Nikon SMZ1500
stereomicroscope and then processed for gelatin-sucrose
embedding (Bronner-Fraser et al., 1996). Cross sections with 25
pm of trunk neural tube were collected by cryosectioning (Fisher
Scientifics, Waltham, MA, United States).

For immunohistochemistry, we used a rabbit IgG anti-GFP
antibody (1:200, Molecular Probes, cat. A-6455) and Alexa
488 goat anti-rabbit IgG antibody (1:400, Molecular Probes,
cat. A-11008). The anti-GFP antibody was used to detect the
expression of citrine (Nagai et al., 2002). Stained sections were
mounted in FluoroShield Mounting (Abcam, United States) and
imaged with Zeiss Axio Imager.D2 coupled with an Axiocam
503 Color camera.

Statistics

We used GraphPad Prism v.7 for statistical calculations. For
3’-UTR luciferase reporter assay, three control and three
experimental embryos were assayed as technical triplicates and
analyzed with unpaired Student’s t-test where p < 0.05 was
considered as significant. For cScrt2 detection post-CRISPR/Cas9
editing, seven embryos were analyzed and the results were
statistically evaluated with Students ¢-test.

RESULTS

Scrt2 3'UTR Contains miRNA
Responsive Elements That Modulate

Transcript Availability in embrio

To identify functional MREs in Scrt2 genes, we searched
conserved responsive elements (REs) in the 3'UTRs of
vertebrates. Despite the 3'UTRs sequence variations, we
found an element containing overlapping REs for miR-125b and
miR-200b that was conserved among amniotes (Figure 1A).
The conservation of these overlapping sites in amniotes and
the presence of miR-200b sites in orthologs of other jawed
vertebrates suggests biological significance.

Most miRNAs repress gene function by binding to a specific
sequence at the 3’UTR of a target mRNA to cause transcript
degradation. Thus, we verified the ability of cScrt2 3’UTR
to mediate modulation of mRNA levels by electroporating
either a reporter chimera, where this portion of the UTR is
downstream of luciferase (pmiR-GLO-cScrt2UTR), or a control
plasmid (pmiR-GLO), into the neural tube of HH12 embryos.
Both plasmids were co-electroporated with membrane GFP
(pCDNA3.1-mGFP) to assess electroporation efficacy prior to
tissue lysis. As shown in Figure 1B, our results indicated that

cScrt2 3'UTR reduced luciferase production to 32% (a 3-fold
reduction; p < 0.05) of levels produced in control embryos.

Ablation of miRNA Activity Increases the

Levels and Expression Field of cScrt2

To investigate how miR-125b and -200b might affect endogenous
cScrt2 transcripts, we looked at the effect of deleting their
MRE:s in the cScrt2 3’UTR genomic region with CRISPR/Cas9
(Figure 2A). A scrambled sgRNA was used as control and
edition by our MRE-targeted guide was verified by sequencing
(Supplementary Figure S2). The transfected cells from the
experimental and control neural tube sides of single HH23
embryos were isolated by FACS and analyzed with RT-
qPCR. Six of seven embryos analyzed revealed a significant
increase in Scrt2 levels (Figure 2B), suggesting that the REs
for miR-125b and miR-200b can regulate cScrt2 levels post-
transcriptionally. Deletion of these MREs with CRISPR/Cas9
also expanded the cScrt2 expression field in the neural tube
(Figure 2C), phenotype observed both macroscopically (in
the whole embryo - Figure 2C) and in histological sections,
more pronouncedly in the dorsal domain. Electroporation of
scrambled sgRNA elicited no phenotype (Figure 2D). Moreover,
ablation of the MREs also disrupted the centrifugal movement
of the electroporated cells, which became distributed throughout
the center-peripheric layers of the neural tube. In control neural
tubes, the electroporated cells were located toward the outer
layers of the neural tube.

We also reduced miRNA availability with miRNA sponge
constructs. These constructs produce RNAs that contain
tandemly repeated MREs to miR-125b or miR-200b (Ebert and
Sharp, 2010), to sequester each endogenous miRNA specifically
and decrease their availability to act on endogenous targets,
including cScrt2.

The miR-125b sponge caused a pronounced increase in the
cScrt2 expression field (Figure 3A), such that transcripts were
no longer restricted to the intermediate zone (IZ), and there was
an increase in expression levels in dorsal root ganglia (DRG).
The miR-200b sponge increased cScrt2 expression in the DRG
in a similar manner, but only slightly expanded the neural tube
expression field (Figure 3B). The efficiency of miRNA titration
depends on both the abundance of the target and the endogenous
miRNA levels (Mukherji et al., 2011). Thus, we hypothesized
that the difference in sponge-generated phenotype could be the
result of differences in miRNA levels. Our results show that the
absolute copy number for miR-125b was 10-fold higher (5.67 x
108) than miR-200b (5.44 x 107) in the neural tube of HH22
embryos (Figure 3C).

Due to the close proximity of miR-125b and -200b REs
(14 bp apart) and the unpredictable outcome associated with
CRISPR/Cas9-mediated NHE] (Williams et al., 2018), we could
not guarantee that one sgRNA would only target one of the REs
singly. Although our sgRNA target was centered at the miR-125b
binding site (Figure 2A), our gDNA sequencing results showed
that, in several events, both MREs were edited (Supplementary
Figure S2).
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Unpaired Student t-test, *p < 0.05, *p < 0.01, **p < 0.001. (C) Dorsal view and cross section of an electroporated embryo with Cas9-sgRNA in the right side of
the neural tube. The blue bracket indicates the increase in cScrt2 expression domain as compared to the control left neural tube (n = 15). (D) Dorsal view and cross
section of an embryo electroporated with scrambled Cas9-sgRNA in the right side of the neural tube (n = 3). Cas9-positive cells are identified as citrine-positive cells

through immunofluorescence. The inset is a higher magnification of the white dashed line region.

To investigate if the same bias was observed in the edited
transcripts, we used deep-sequencing to analyze the variations in
the 3'UTR sequence of cScrt2 transcripts from CRISPR-edited
embryos. From the 32.405 reads that were analyzed, 29.962
(92.4%) counts were non-variants and 2.443 (7.5%) were edited
transcripts (Figure 4). Considering only the modified reads,
the miR-125b RE was edited in 62% of them and the miR-
200b RE was edited in 3.6%. Thus, these data indicate that
most of the edited transcripts lacked the miR-125b target site.
Further, it suggests that our data on CRISPR-mediated variation

of Scrt2 expression is due to reduction of miR-125b action on
Scrt2 transcripts.

DISCUSSION

Here we show evidence for the control of Scrt2 expression,
during posterior neural tube development, by miRNAs
miR-125b and -200b. We detected REs for these miRNAs
in the 3'UTR of Scrt2 across vertebrates (zebrafish,
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FIGURE 4 | cScrt2 3'UTR CRISPR-Cas9-mediated edition often inactivates the miR-125b RE. The deep-sequencing data obtained from three neural tubes were
combined after alignment and sorted by their edition profile from single nucleotide variants (SNV) to InDels (I for insertion and D for deletion). The geometric symbols
indicate the position and the nucleotide sequence inserted. The most prevalent edition was the deletion of 11 nucleotides upstream (-9:11D) of the cut site (black
vertical line). Nine variants representing 0.27% of all reads presented indels only in the miR-200b RE. Eight variants (0.26% of all reads) presented edition of both
miR-125b and -200b RE. The miR-125b target site was solely edited in 50 variants (4.7% of all reads).

chicken and 13 mammal species) and verified that their
sites modulate expression, using a reporter assay in
chick embryos. Moreover, the spatial expression pattern
described for miR-125b and miR-200b (Darnell et al,
2006) is complementary to that of Scrt2, further supporting
a possible modulation by miR-125b and -200b. Finally,

ablating REs for both miRNAs with CRISPR/Cas9 or
specifically inhibiting each miRNA activity with miRNA-
125b sponge increased overall levels of cScrt2 and altered its
expression pattern.

Although miRNAs can, rarely, act through the 5UTR
(Lytle et al., 2007), they typically effect post-transcriptional
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modulation through sites in the 3UTR. We then transfected
a chimera containing a luciferase reporter gene and the
cScrt2 3'UTR region into chicken embryos (Miguez et al,
2013). The result was 68% less luciferase activity than the
empty luciferase reporter, which indicates that the cScrt2
3'UTR region is indeed able to regulate expression, likely
through miRNA action.

To test whether the reporter result was indeed due to
the action of miR-125b or -200b (rather than through
other miRNAs REs not identified in our analysis), and to
ensure that miRNAs can modulate expression of cScrt2,
we employed CRISPR/Cas9 to disrupt the miR-125b/-200b
REs in the cScrt2 locus (Bhattacharya et al, 2018). This
resulted in an increase of cScrt2 expression, detected with
both RT-qPCR and in situ hybridization. This approach
demonstrated a direct effect of miR-125b/-200b on cScrt2,
in contrast with previous approaches, relying on miRNA
inhibitors (reviewed by Zhang et al., 2013), which cannot
rule out indirect effects, as the same miRNA may have
several targets.

Because electroporating a two-parts system (Cas9 and

sgRNA) resulted in a mosaic effect, with some cells
receiving only one of the plasmids (Supplementary
Figure S2), we FACS-selected Cas9-positive cells to
quantify cScrt2 expression with RT-qPCR, in addition
to in  situ  hybridization. Both  methods showed
increased cScrt2 expression, due to the disruption of

miR-125b/-200b REs.

miR-125b REs ablation with CRISPR/Cas9 resulted in
displacement of the cScrt2 expression pattern, with cScrt2-
positive cells appearing in the proliferative zone (an inner
layer of the neural tube) in addition to the IZ, which is the
endogenous cScrt2 pattern (Vieceli et al., 2013). As cells move
to more peripheral positions in the neural tube as they mature
(Ashwell, 2009), the altered expression pattern suggests that
cScrt2 transcription starts before what has been previously
reported, but the mRNAs do not persist due to miR-125b/-
200b action. In our CRISPR-edited gDNA we identified large
deleted sequences and, as the 3'UTR is essential to the regulation
of mRNA stability and translation efficiency (Barrett et al.,
2012), large deletions in this portion could generate non-
functional mRNAs, leading to degradation. The analysis of
Scrt2 mRNA demonstrated the absence of large deletions at
the 3’UTR and miR-125b-site changes in 62% of RE-edited
transcripts. In other words, the majority of edited transcripts were
lacking the miR-125b target site, suggesting that the phenotype
generated was mostly due to decrease in miR-125b interference
on Scrt2.

Further, the effect of the miR-125b sponge was stronger
than that of miR-200b sponge, with a greater increase and
displacement of cScrt2 expression in the neural tube. Considering
that the absolute levels of miR-200b are lower than miR-
125b, their titration by its sponge may have been more
efficient than that of miR-125b. Together with the phenotypes
generated by CRISPR-editing, these results suggest that miR-
125b may be more relevant in controlling availability of
cScrt2 transcripts.

Both miRNAs sponges in the DRG promoted an
enhanced expression of cScrt2. This suggests that, similar
to the neural tube, in the DRG these miRNAs could
be controlling cScrt2 levels directly. Alternatively, since
miR-125b/-200b  represses genes related to EMT in
neural crest cells (e.g, Snaill/2) (Gessert et al, 2010;
Gradus et al, 2011; Shin et al., 2012), the ablation of
miR-125b/-200b activity could result in an early or
increased migration to form the DRGs, thus indirectly
increasing the cScrt2-positive population in this tissue
(del Barrio and Nieto, 2002).

The Scratch family modulates the expression of genes
involved in cell adhesion and migration (Barrallo-Gimeno and
Nieto, 2005; Paul et al., 2012; Itoh et al., 2013), and other
members of the Snail superfamily, Snaill and Snail2/Slug, are
also involved in EMT and migration, through modulation of
E-cadherin (Liu Y. N. et al, 2013; Villarejo et al, 2014).
However, previous reports of miRNA-mediated modulation of
Snaill and Snail2/Slug are concentrated on metastatic EMT
and embryonic stem cells. In various cancer cell lines, miR-
200b reduces EMT through direct repression of Snaill and
Snail2/Slug (Burk et al., 2008; Gregory et al., 2008; Korpal
and Kang, 2008; Gill et al., 2011; Kurashige et al, 2012;
Liu Y. N. et al, 2013) and, in breast cancer, miR-125b
promotes EMT through modulation of Snail and E-cadherin
levels (Liu Z. et al, 2013; Nie et al., 2019). The IZ of
the neural tube lacks Snail2 and Slug. Instead, Scratch2
is the member of the SNAIL superfamily that modulates
EMT and cell migration in the anterior neural tube. In the
cortex, Scrtl/2 promotes radial migration through repression
of E-cadherin transcription (Itoh et al, 2013). The role of
Scrt2 in cell migration at the posterior neural tube has
not been shown yet. However, if Scrt2 does modulate cell
migration, then miR-125b/-200b would also modulate EMT
in this setting. Our data now shows that, in the posterior
neural tube, miR-125b directly targets Scrt2, and thus could
indirectly regulate the expression of Scrt2-target genes involved
in EMT. Accordingly, the presence of miR-125b in the
ventricular zone and outer layers (Darnell et al, 2006),
indicate that they could suppress cell migration, whereas,
in the IZ, where miR-125b levels are low, Scrt2 levels
increase and centrifugal migration occurs. Together, these
data suggest that miR-125b might control the cell migration
through availability of Scrt2 transcripts. The evolutionary
conservation of miR-125b and -200b REs at Scrt2 3'UTRs
further suggests that this regulatory mechanism is conserved
amongst vertebrates, and it may have arisen as a double-insurance
mechanism during the evolution of Scratch2 gene in amniotes
(Supplementary Figure S1). The miR-200b RE in Scrt2 is present
in vertebrates but not lamprey whilst the miR-125b appears
latter in amniotes.

The present work adds a new layer of knowledge concerning
molecular neurogenesis, prompting the need for more research
on the role of miRNAs during this process, and shedding
light on the mechanisms behind the tight control of gene
expression involved in the generation of cell diversity in
the nervous system.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

August 2020 | Volume 8 | Article 769


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Goes et al.

Micro RNAs Controlling Scratch2 Expression

ETHICS STATEMENT

The animal study was reviewed and approved by the
Comissdo de Etica no Uso de Animais (CEUA ICB/USP no.
025/2013).

AUTHOR CONTRIBUTIONS

FV conceived the study. CG performed the experiments
and analyzed the results. CG, MS-C, and CY designed the
experiments. SD and FV contributed with additional experiments
and analysis. CG and CY wrote the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the Fundagio de Amparo
a Pesquisa do Estado de Sdo Paulo (FAPESP), Grant n°
2017/07405-7 to CY. CG was supported by a fellowship from
Comissdao de Aperfeicoamento de Pessoal do Nivel Superior
(CAPES) and PDSE/CAPES n° 47/2017 for the internship at
Cornell University.

REFERENCES

Acloque, H., Wilkinson, D. G., and Nieto, M. A. (2008). In situ
hybridization analysis of chick embryos in whole-mount and tissue
sections. Methods Cell Biol. 87, 169-185. doi: 10.1016/S0091-679X(08)0
0209-4

Agarwal, V., Bell, G. W., Nam, J. W., and Bartel, D. P. (2015). Predicting effective
microRNA target sites in mammalian mRNAs. eLife 4, 1-38. doi: 10.7554/eLife.
05005

Ambs, S., Prueitt, R. L., Yi, M., Hudson, R. S., Howe, T. M., Petrocca, F.,
et al. (2008). Genomic profiling of MicroRNA and messenger RNA reveals
deregulated MicroRNA expression in prostate cancer. Cancer Res. 68, 6162
6170. doi: 10.1158/0008-5472.CAN-08-0144

Ashwell, K. W. (2009). “Development of the Spinal Cord,” in The Spinal Cord, eds
C. Watson, G. Paxinos, and G. Kayalioglu (Amsterdam: Elsevier), 8-16.

Bak, M., Silahtaroglu, A., Moller, M. Christensen, M., Rath, M. F,
Skryabin, B., et al. (2008). MicroRNA expression in the adult mouse
central RNA 14, 432-444. doi: 10.1261/rna.78
3108

Barrallo-Gimeno, A., and Nieto, M. A. (2005). The Snail genes as inducers of cell
movement and survival: implications in development and cancer. Development
132, 3151-3161. doi: 10.1242/dev.01907

Barrett, L. W., Fletcher, S., and Wilton, S. D. (2012). Regulation of eukaryotic
gene expression by the untranslated gene regions and other non-coding
elements. Cell. Mol. Life Sci. 69, 3613-3634. doi: 10.1007/s00018-012-
0990-9

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 116, 281-297. doi: 10.1016/S0092-8674(04)00045- 5

Bhattacharya, D., Rothstein, M., Azambuja, A. P., and Simoes-Costa, M. (2018).
Control of neural crest multipotency by wnt signaling and the Lin28/let-7 axis.
eLife 7, 1-24. doi: 10.7554/eLife.40556

Bronner-Fraser, M., Wilson, L., and Matsudaira, P. (1996). Methods in Cell Biology:
Methods in Avian Embryology. 51st ed. San Diego, CA: Academic Press Inc.

Burk, U., Schubert, J., Wellner, U., Schmalhofer, O., Vincan, E., Spaderna, S., et al.
(2008). A reciprocal repression between ZEB1 and members of the miR-200
family promotes EMT and invasion in cancer cells. EMBO Rep. 9, 582-589.
doi: 10.1038/embor.2008.74

nervous  system.

ACKNOWLEDGMENTS

We thank Dr. Tatjana Sauka-Splenger (Oxford University,
United Kingdom) for donating the plasmids pCAG-Cas9-
2A-Citrine and pcU6.3 for CRISPR/Cas9 genome editing
(Addgene #92358 and #92359), Dr. Luiz Lehmann Coutinho
(ESALQ/University of Sao Paulo, Brazil) for sharing lab
and equipment during the COVID-19 pandemic, Marcela
Paduan for generating the NGS data, Dr. Edna Teruko
Kimura and Kelly Cristina Saito (ICB/University of Sio
Paulo, Brazil) for donation of reagents and Dr. Cristovdo
de Albuquerque for critically reading and reviewing this
manuscript. We thank Marley Janudrio dos Santos for
excellent technical support and Austin Hovland help
with FACS.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2020.00769/
full#supplementary- material

Clark, R. J., Craig, M. P., Agrawal, S., and Kadakia, M. (2018). microRNA
involvement in the onset and progression of Barrett&#x2019;s esophagus:
a systematic review. Oncotarget 9, 8179-8196. doi: 10.18632/oncotarget.
24145

Dam, T. M. T., Kim, H. T., Moon, H. Y., Hwang, K. S., Jeong, Y. M., You,
K. H., et al. (2011). Neuron-specific expression of scratch genes during
early zebrafish development. Mol. Cells 31, 471-475. doi: 10.1007/s10059-011-
0052-4

Darnell, D. K., Kaur, S., Stanislaw, S., Konieczka, J. H., Konieczka, J. K.,
Yatskievych, T. A. et al. (2006). MicroRNA expression during chick
embryo development. Dev. Dyn. 235, 3156-3165. doi: 10.1002/dvdy.
20956

Davalos, V., Moutinho, C., Villanueva, A., Boque, R., Silva, P., Carneiro, F., et al.
(2012). Dynamic epigenetic regulation of the microRNA-200 family mediates
epithelial and mesenchymal transitions in human tumorigenesis. Oncogene 31,
2062-2074. doi: 10.1038/0nc.2011.383

del Barrio, M. G., and Nieto, M. A. (2002). Overexpression of Snail family members
highlights their ability to promote chick neural crest formation. Development
129, 1583-1593.

Ding, X., Park, S. I, McCauley, L. K., and Wang, C.-Y. (2013). Signaling
between transforming growth factor B (TGF-B) and transcription factor
SNAI2 represses expression of MicroRNA miR-203 to promote epithelial-
mesenchymal transition and tumor metastasis. J. Biol. Chem. 288, 10241-10253.
doi: 10.1074/jbc.M112.443655

Ebert, M. S, and Sharp, P. A.
and  possibilities. ~RNA 16,
14110

Ellis, R. E.,, and Horvitz, H. R. (1991). Two C. elegans genes control the
programmed deaths of specific cells in the pharynx. Development 112, 591-603.

Gessert, S., Bugner, V., Tecza, A., Pinker, M., and Kiihl, M. (2010). FMR1/FXR1
and the miRNA pathway are required for eye and neural crest development.
Dev. Biol. 341, 222-235. doi: 10.1016/j.ydbi0.2010.02.031

Gill, J. G, Langer, E. M., Lindsley, R. C., Cai, M. Murphy, T. L,
Kyba, M., et al. (2011). Snail and the microRNA-200 family act in
opposition to regulate epithelial-to-mesenchymal transition and germ layer fate
restriction in differentiating ESCs. Stem Cells 29, 764-776. doi: 10.1002/stem.
628

(2010). MicroRNA sponges: progress
2043-2050. doi: 10.1261/rna.24

Frontiers in Cell and Developmental Biology | www.frontiersin.org

August 2020 | Volume 8 | Article 769


https://www.frontiersin.org/articles/10.3389/fcell.2020.00769/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2020.00769/full#supplementary-material
https://doi.org/10.1016/S0091-679X(08)00209-4
https://doi.org/10.1016/S0091-679X(08)00209-4
https://doi.org/10.7554/eLife.05005
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1158/0008-5472.CAN-08-0144
https://doi.org/10.1261/rna.783108
https://doi.org/10.1261/rna.783108
https://doi.org/10.1242/dev.01907
https://doi.org/10.1007/s00018-012-0990-9
https://doi.org/10.1007/s00018-012-0990-9
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.7554/eLife.40556
https://doi.org/10.1038/embor.2008.74
https://doi.org/10.18632/oncotarget.24145
https://doi.org/10.18632/oncotarget.24145
https://doi.org/10.1007/s10059-011-0052-4
https://doi.org/10.1007/s10059-011-0052-4
https://doi.org/10.1002/dvdy.20956
https://doi.org/10.1002/dvdy.20956
https://doi.org/10.1038/onc.2011.383
https://doi.org/10.1074/jbc.M112.443655
https://doi.org/10.1261/rna.2414110
https://doi.org/10.1261/rna.2414110
https://doi.org/10.1016/j.ydbio.2010.02.031
https://doi.org/10.1002/stem.628
https://doi.org/10.1002/stem.628
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Goes et al.

Micro RNAs Controlling Scratch2 Expression

Gradus, B., Alon, I, and Hornstein, E. (2011). miRNAs control tracheal
chondrocyte differentiation. Dev. Biol. 360, 58-65. doi: 10.1016/j.ydbio.2011.09.
002

Gregory, P. A,, Bert, A. G,, Paterson, E. L., Barry, S. C., Tsykin, A., Farshid, G., et al.
(2008). The miR-200 family and miR-205 regulate epithelial to mesenchymal
transition by targeting ZEB1 and SIP1. Nat. Cell Biol. 10, 593-601. doi: 10.1038/
ncb1722

Hamburger, V., and Hamilton, H. L. (1992). A series of normal stages in the
development of the chick embryo. Dev. Dyn. 195, 231-272.

Harada, H., Omi, M., and Nakamura, H. (2017). “In ovo electroporation methods
in chick embryos,” in Avian and Reptilian Developmental Biology. Methods in
Molecular Biology, ed. G. Sheng (New York, NY: Humana Press), 167-176.

Hong, H., Li, Y., and Su, B. (2017). Identification of circulating miR-
125b as a potential biomarker of Alzheimers disease in APP/PS1
transgenic mouse. J. Alzheimers Dis. 59, 1449-1458. doi: 10.3233/JAD-170
156

Itoh, Y., Moriyama, Y., Hasegawa, T., Endo, T. A., Toyoda, T., and Gotoh,
Y. (2013). Scratch regulates neuronal migration onset via an epithelial-
mesenchymal transition-like mechanism. Nat. Neurosci. 16, 416-425. doi: 10.
1038/nn.3336

Jan, C. H., Friedman, R. C., Ruby, J. G., and Bartel, D. P. (2011). Formation,
regulation and evolution of Caenorhabditis elegans 3’UTRs. Nature 469, 97-101.
doi: 10.1038/nature09616

Korpal, M., and Kang, Y. (2008). The emerging role of miR-200 family of
MicroRNAs in epithelial-mesenchymal transition and cancer metastasis. RNA
Biol. 5,115-119. doi: 10.4161/rna.5.3.6558

Kurashige, J., Kamohara, H., Watanabe, M., Hiyoshi, Y., Iwatsuki, M., Tanaka,
Y., et al. (2012). MicroRNA-200b regulates cell proliferation, invasion, and
migration by directly targeting ZEB2 in gastric carcinoma. Ann. Surg. Oncol.
19, 656-664. doi: 10.1245/s10434-012-2217-6

Lee, M. R, Kim, J. S., and Kim, K. (2010). miR-124a is important for migratory cell
fate transition during gastrulation of human embryonic stem cells. Stem Cells
28, 1550-1559. doi: 10.1002/stem.490

Letunic, L, and Bork, P. (2019). Interactive Tree Of Life (iTOL) v4: recent updates
and new developments. Nucleic Acids Res. 47, W256-W259. doi: 10.1093/nar/
gkz239

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics 25, 1754-1760. doi: 10.1093/bioinformatics/
btp324

Liang, Y.-J., Wang, Q.-Y., Zhou, C.-X,, Yin, Q.-Q., He, M., Yu, X.-T,, et al.
(2013). MiR-124 targets Slug to regulate epithelial-mesenchymal transition and
metastasis of breast cancer. Carcinogenesis 34, 713-722. doi: 10.1093/carcin/
bgs383

Lim, J., and Thiery, J. P. (2012). Epithelial-mesenchymal transitions: insights
from development. Development 139, 3471-3486. doi: 10.1242/dev.07
1209

Lindsay, H., Burger, A., Biyong, B., Felker, A., Hess, C., Zaugg, J., et al
(2016). CrispRVariants charts the mutation spectrum of genome engineering
experiments. Nat. Biotechnol. 34, 701-702. doi: 10.1038/nbt.3628

Liu, Y. N,, Yin, J. J., Abou-Kheir, W., Hynes, P. G., Casey, O. M., Fang, L., et al.
(2013). MiR-1 and miR-200 inhibit EMT via Slug-dependent and tumorigenesis
via Slug-independent mechanisms. Oncogene 32, 296-306. doi: 10.1038/onc.
2012.58

Liu, Z., Liu, H., Desai, S., Schmitt, D. C., Zhou, M., Khong, H. T., et al. (2013).
miR-125b functions as a key mediator for snail-induced stem cell propagation
and chemoresistance. J. Biol. Chem. 288, 4334-4345. doi: 10.1074/jbc.M112.41
9168

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2-A ACT method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Lytle, J. R., Yario, T. A., and Steitz, J. A. (2007). Target mRNAs are repressed
as efficiently by microRNA-binding sites in the 5 UTR as in the 3
UTR. Proc. Natl. Acad. Sci. U.S.A. 104, 9667-9672. doi: 10.1073/pnas.07038
20104

Marin, F.,, and Nieto, M. A. (2006). The expression of Scratch genes in the
developing and adult brain. Dev. Dyn. 235, 2586-2591. doi: 10.1002/dvdy.
20869

Miguez, D. G., Gil-Guinon, E., Pons, S., and Marti, E. (2013). Smad2 and Smad3
cooperate and antagonize simultaneously in vertebrate neurogenesis. J. Cell Sci.
126, 5335-5343. doi: 10.1242/jcs.130435

Mukherji, S., Ebert, M. S., Zheng, G. X. Y., Tsang, J. S., Sharp, P. A,
and van Oudenaarden, A. (2011). MicroRNAs can generate thresholds
in target gene expression. Nat. Genet. 43, 854-859. doi: 10.1038/
ng.905

Murphy, A. J., Guyre, P. M., and Pioli, P. A. (2010). Estradiol suppresses NF-kB
activation through coordinated regulation of let-7a and miR-125b in primary
human macrophages. J. Immunol. 184, 5029-5037. doi: 10.4049/jimmunol.
0903463

Nagai, T., Ibata, K., Park, E. S., Kubota, M., Mikoshiba, K., and Miyawaki, A. (2002).
A variant of yellow fluorescent protein with fast and efficient maturation for
cell-biological applications. Nat. Biotechnol. 20, 87-90. doi: 10.1038/nbt0102-
87

Nie, J., Jiang, H.-C., Zhou, Y.-C,, Jiang, B., He, W.-]., Wang, Y.-F,, et al.
(2019). MiR-125b regulates the proliferation and metastasis of triple
negative breast cancer cells via the Wnt/B-catenin pathway and EMT.
Biosci. Biotechnol. Biochem. 83, 1062-1071. doi: 10.1080/09168451.2019.
1584521

Paul, V., Tonchev, A. B. Henningfeld, K. A., Pavlakis, E., Rust, B.,
Pieler, T. et al. (2012). Scratch2 modulates neurogenesis and
cell migration through antagonism of bHLH proteins in the
developing neocortex. Cereb. Cortex 24, 754-772. doi: 10.1093/cercor/
bhs356

Perdigao-Henriques, R., Petrocca, F., Altschuler, G., Thomas, M. P., Le,
M. T. N,, Tan, S. M,, et al. (2016). miR-200 promotes the mesenchymal to
epithelial transition by suppressing multiple members of the Zeb2 and Snaill
transcriptional repressor complexes. Oncogene 35, 158-172. doi: 10.1038/onc.
2015.69

Renthal, N. E., Chen, C.-C., Williams, K. C., Gerard, R. D., Prange-Kiel, J.,
and Mendelson, C. R. (2010). miR-200 family and targets, ZEB1 and ZEB2,
modulate uterine quiescence and contractility during pregnancy and labor.
Proc. Natl. Acad. Sci. U.S.A. 107, 20828-20833. doi: 10.1073/pnas.10083
01107

Roark, M., Sturtevant, M. A., Emery, J., Vaessin, H., Grell, E., and Bier, E. (1995).
Scratch, a pan-neural gene encoding a zinc finger protein related to snail,
promotes neuronal development. Genes Dev. 9, 2384-2398. doi: 10.1101/gad.
9.19.2384

Rodriguez-Aznar, E., and Nieto, M. A.
by Scratch2 is required for neuronal
development. Cell Death Differ. 18,
10.190

Shin, J. O., Lee, J. M., Cho, K. W., Kwak, S., Kwon, H. J., Lee, M. J., et al.
(2012). MiR-200b is involved in Tgf-B signaling to regulate mammalian
palate development. Histochem. Cell Biol. 137, 67-78. doi: 10.1007/s00418-011-
0876-1

Siepel, A., Bejerano, G., Pedersen, J. S., Hinrichs, A. S., Hou, M., Rosenbloom,
K., et al. (2005). Evolutionarily conserved elements in vertebrate, insect,
worm, and yeast genomes. Genome Res. 15, 1034-1050. doi: 10.1101/gr.371
5005

Soleimani, V. D., Yin, H., Jahani-Asl, A., Ming, H. Kockx, C. E. M,
van Ijcken, W. F. ], et al. (2012). Snail regulates MyoD binding-
site occupancy to direct enhancer switching and differentiation-specific
transcription in myogenesis. Mol. Cell 47, 457-468. doi: 10.1016/j.molcel.2012.
05.046

Vieceli, F. M., Simdes-Costa, M., Turri, J. A., Kanno, T., Bronner, M., and Yan,
C. Y. I. (2013). The transcription factor chicken Scratch2 is expressed in a
subset of early postmitotic neural progenitors. Gene Expr. Patterns 13, 189-196.
doi: 10.1016/j.gep.2013.03.004

Villarejo, A., Cortés-Cabrera, A, Molina-Ortiz, P., Portillo, F., and Cano, A. (2014).
Differential role of Snaill and Snail2 zinc fingers in E-cadherin repression and
epithelial to mesenchymal transition. J. Biol. Chem. 289, 930-941. doi: 10.1074/
jbc.M113.528026

Williams, R. M., Senanayake, U., Artibani, M., Taylor, G., Wells, D., Ahmed,
A. A, et al. (2018). Genome and epigenome engineering CRISPR toolkit
for in vivo modulation of cis -regulatory interactions and gene expression

(2011). Repression of Puma
survival during embryonic
1196-1207. doi: 10.1038/cdd.20

Frontiers in Cell and Developmental Biology | www.frontiersin.org

August 2020 | Volume 8 | Article 769


https://doi.org/10.1016/j.ydbio.2011.09.002
https://doi.org/10.1016/j.ydbio.2011.09.002
https://doi.org/10.1038/ncb1722
https://doi.org/10.1038/ncb1722
https://doi.org/10.3233/JAD-170156
https://doi.org/10.3233/JAD-170156
https://doi.org/10.1038/nn.3336
https://doi.org/10.1038/nn.3336
https://doi.org/10.1038/nature09616
https://doi.org/10.4161/rna.5.3.6558
https://doi.org/10.1245/s10434-012-2217-6
https://doi.org/10.1002/stem.490
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/carcin/bgs383
https://doi.org/10.1093/carcin/bgs383
https://doi.org/10.1242/dev.071209
https://doi.org/10.1242/dev.071209
https://doi.org/10.1038/nbt.3628
https://doi.org/10.1038/onc.2012.58
https://doi.org/10.1038/onc.2012.58
https://doi.org/10.1074/jbc.M112.419168
https://doi.org/10.1074/jbc.M112.419168
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1073/pnas.0703820104
https://doi.org/10.1073/pnas.0703820104
https://doi.org/10.1002/dvdy.20869
https://doi.org/10.1002/dvdy.20869
https://doi.org/10.1242/jcs.130435
https://doi.org/10.1038/ng.905
https://doi.org/10.1038/ng.905
https://doi.org/10.4049/jimmunol.0903463
https://doi.org/10.4049/jimmunol.0903463
https://doi.org/10.1038/nbt0102-87
https://doi.org/10.1038/nbt0102-87
https://doi.org/10.1080/09168451.2019.1584521
https://doi.org/10.1080/09168451.2019.1584521
https://doi.org/10.1093/cercor/bhs356
https://doi.org/10.1093/cercor/bhs356
https://doi.org/10.1038/onc.2015.69
https://doi.org/10.1038/onc.2015.69
https://doi.org/10.1073/pnas.1008301107
https://doi.org/10.1073/pnas.1008301107
https://doi.org/10.1101/gad.9.19.2384
https://doi.org/10.1101/gad.9.19.2384
https://doi.org/10.1038/cdd.2010.190
https://doi.org/10.1038/cdd.2010.190
https://doi.org/10.1007/s00418-011-0876-1
https://doi.org/10.1007/s00418-011-0876-1
https://doi.org/10.1101/gr.3715005
https://doi.org/10.1101/gr.3715005
https://doi.org/10.1016/j.molcel.2012.05.046
https://doi.org/10.1016/j.molcel.2012.05.046
https://doi.org/10.1016/j.gep.2013.03.004
https://doi.org/10.1074/jbc.M113.528026
https://doi.org/10.1074/jbc.M113.528026
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Goes et al.

Micro RNAs Controlling Scratch2 Expression

in the chicken embryo. Development 145:dev160333. doi: 10.1242/dev.160
333

Yao, C.-X., Wei, Q.-X., Zhang, Y.-Y., Wang, W.-P., Xue, L.-X,, Yang, F., et al. (2013).
miR-200b targets GATA-4 during cell growth and differentiation. RNA Biol. 10,
465-480. doi: 10.4161/rna.24370

Zhang, H., Shykind, B., and Sun, T. (2013). Approaches to manipulating
microRNAs in neurogenesis. Front. Neurosci. 6:196. doi: 10.3389/fnins.2012.
00196

Zhou, W., Gross, K. M., and Kuperwasser, C. (2019). Molecular regulation of
Snai2 in development and disease. J. Cell Sci. 132:jcs235127. doi: 10.1242/jcs.
235127

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Goes, Vieceli, De La Cruz, Simdes-Costa and Yan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10

August 2020 | Volume 8 | Article 769


https://doi.org/10.1242/dev.160333
https://doi.org/10.1242/dev.160333
https://doi.org/10.4161/rna.24370
https://doi.org/10.3389/fnins.2012.00196
https://doi.org/10.3389/fnins.2012.00196
https://doi.org/10.1242/jcs.235127
https://doi.org/10.1242/jcs.235127
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Scratch2, a Snail Superfamily Member, Is Regulated by miR-125b
	Introduction
	Materials and Methods
	Identification of Candidate miRNAs Responsive Elements
	Cloning
	Chicken Embryos
	In ovo Electroporation
	Luciferase Assay
	Embryo Dissociation and Cell Sorting (FACS)
	RT-qPCR
	CRISPR/Cas9 Editing Validation
	In situ Hybridization and Immunohistochemistry
	Statistics

	Results
	Scrt2 3'UTR Contains miRNA Responsive Elements That Modulate Transcript Availability in embrio
	Ablation of miRNA Activity Increases the Levels and Expression Field of cScrt2

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


