Developmental Biology 527 (2025) 297-307

Contents lists available at ScienceDirect

Developmental Biology

ELSEVIER journal homepage: www.elsevier.com/locate/developmentalbiology

Original research article ' :.) ‘
A modular enhancer mediates SCRT2 repression of ISLET1 in the

spinal cord

Vitéria S. Botezelli > ®, Tatiane Y. Kanno ™, Ee Shan Liau ™, Carolina P. Goes?,
Shirley de La Cruz Anticona”, Ana Paula Azambuja ", Marcos Simoes-Costa ", C.Y. Irene Yan
@ Department of Cell and Developmental Biology, Institute of Biomedical Sciences, University of Sao Paulo, Sao Paulo, SP, Brazil

Y Department of Systems Biology, Harvard Medical School, Boston, MA, United States
¢ Department of Pathology, Boston Children’s Hospital, Boston, MA, United States

ARTICLE INFO ABSTRACT

Keywords: How transcriptional programs coordinate the transition from neural progenitors to lineage-committed neurons in
SCRT2 the spinal cord remains poorly understood. While much is known about transcription factors acting in the
ISLET1

proliferative and differentiated zones, the role of intermediate zone (IZ) factors during lineage specification is
less clear. Here, we investigate the function of SCRATCH2 (SCRT2), expressed in the postmitotic cells of the IZ,
during dorsal interneuron differentiation. Overexpression of SCRT2 in vivo reduced the number of ISLET1+
dorsal interneurons. Chromatin profiling revealed that SCRT2 primarily binds to intergenic, transcriptionally
inactive regions near neurogenic genes. Among these, we identified a conserved regulatory element, ECR4,
located between ISLET1 and PARPS8. Functional assays showed that ECR4 drives neural transcription and is
composed of two subregions: ECR4B, an enhancer activated by ISLET1 and POU4F1, and ECR4A, which contains
SCRT2 binding motifs and mediates transcriptional repression. Mutation of the vCES-box, a predicted SCRT2-
binding motif within ECR4A, abolished repression, confirming a repressive regulatory interaction. Together,
these data support a model in which SCRT2 represses ISLET1 through ECR4 to modulate dI3 lineage specifica-
tion. These findings identify a novel regulatory mechanism linking intermediate zone transcriptional repression
to dorsal interneuron development in the spinal cord.

Gene regulation
Neural tube
Dorsal interneurons

establish broad interneuron domains (Frith et al., 2024). As cells migrate

1. Introduction into the IZ, they express NEUROD4, PROX1, MTGR1, and SCRT2—fac-
tors not limited to specific lineages (Aaker et al., 2009; Kaltezioti et al.,
The spinal cord links the brain to peripheral tissues, integrating 2014; Vieceli et al., 2013). Later, lineage-specific factors emerge, orga-
sensory input and generating motor output. It contains at least 35 nizing cells into defined domains and, eventually, spinal cord laminae
neuron types forming complex local networks (Yadav et al., 2023). (Lai et al., 2016). These transcriptional changes proceed in waves along
These are organized into ten laminae (I-X), where each of the dorsal the medial-lateral axis, reflecting sequential stages of neuronal
laminae processes specific sensory inputs—e.g., laminae I-1I receive differentiation.
nociceptive signals, while II-V process mechanosensation. This dorso- Current understanding of spinal cord differentiation has primarily
ventral laminar organization arises during embryonic neural tube focused on transcription factors in the ventricular and mantle zones,
patterning via spatial signaling gradients (Lai et al., 2016). During which regulate cell cycle progression and lineage specification, respec-
development, the spinal cord is organized mediolaterally into three tively. In contrast, the roles of IZ transcription factors remain less
layers: the ventricular zone (VZ), intermediate zone (IZ), and mantle explored. Positioned between these zones, IZ factors may bridge cell
zone (MZ), containing proliferative, postmitotic, and differentiating cycle control and lineage determination, but their role in shaping line-
neurons, respectively (Angevine et al., 1970). Each layer is defined by age identity in the mantle zone is still unclear (Aaker et al., 2009; Kal-
specific transcription factors that guide differentiation. Proneural fac- tezioti et al., 2014; Mishra et al., 2008). Furthermore, experimental
tors like Neurog2 and Ascll appear in ventricular progenitors and work on neural differentiation overwhelmingly —emphasizes
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transcriptional repressor SCRT2 in dorsal interneuron differentiation.
Abbreviation list SCRT2 is an evolutionarily conserved member of the SNAIL family of
transcription factors that contains an N-terminal SNAG repressor motif
dI dorsal Interneuron and DNA-binding zinc fingers (Nakakura et al., 2001). In the chick
VZ Ventricular Zone embryonic spinal cord, SCRT2 is confined to the intermediate zone
1Z Intermediate Zone (Vieceli et al., 2013), positioned between proliferating cells and mantle
MZ Mantle Zone zone markers, indicating a timely role in defining cell lineages. It acts
CUT&RUN Cleavage Under Targets and Release Using Nuclease mainly as a transcriptional repressor and antagonizes the effect of pro-
HCR-FISH Hybridization Chain Reaction Fluorescence In Situ neural basic helix-loop-helix proteins on shared target genes (Nakakura
Hybridization et al., 2001; Paul et al., 2012; Reece-Hoyes et al., 2009). Reduction or
GFP Green Fluorescent Protein loss of its function in multiple model systems shows that it is required for
RFP Red Fluorescent Protein the survival of newly differentiated neurons, maintaining cell-cycle exit,
4C Circular Chromosome Conformation Capture modulating neural commitment, and migration (Ramat et al., 2016;
Rodriguez-Aznar and Nieto, 2011; Paul et al., 2012; Rodriguez-Aznar

et al., 2013).

Our results identify a direct regulatory relationship between SCRT2
transcriptional activation, particularly the induction of neurogenic and ISLET1 expression in the dorsal neural tube, mediated through the
genes, while mechanisms of repression receive far less attention and are ECR4 enhancer element. ISLET1, a LIM homeodomain transcription

required for proper modulation of neural differentiation genes (Mona

factor, is essential for the specification and maintenance of motoneurons
et al.,, 2017). Thus, here, we investigate the function of the IZ

and dI3 interneurons during spinal cord development (Avraham et al.,

A

C pMES ISLET1 C LEFT RIGHT

pCIG-MYC-SCRT2

E ISLET1+ cells

50

*kkk

40— i

HH12 ;‘ IF and cell count ) : A,
1/ s 30 i e

Cell count

20 AA
° = v
A 10 o
W\~ 0 T | | T
X s = + = +
pMES SCRT2

Fig. 1. SCRT2 represses ISLET1 expression in the dorsal domain. (A) Double HCR-FISH for SCRT2 and ISLET1 expression in the HH25 neural tube. The yellow
arrowhead indicates the region with lower levels of SCRT2 and higher levels of ISLET1. Insets at the lower right show a higher magnification of the dorsal region
where expression of SCRT2 and ISLET1 are complementary. Scale bars: 50 pm. (B) Scheme of the electroporation and cell count workflow. (C and D) Representative
image of the neural tubes at HH25 that were quantified for ISLET1 expression after electroporation in the right hemitube. GFP or MYC-SCRATCH2 expression was
detected by immunofluorescence, as indicators of electroporation efficiency (magenta). ISLET1 expression is in cyan. (C) pMES overexpression (control sample). (C")
Higher magnification insets of the dI3 population after pMES overexpression. (D) MYC-SCRT2 overexpression. (D') Higher magnification insets of the dI3 population
after SCRT2 overexpression. Scale bars: 50 pm. (E) Overexpression of SCRT2 reduces the number of ISLET1-positive cells in the dorsal domain. Control neural tubes
were electroporated with plasmids that express only GFP (pMES), and experimental samples with MYC-SCRT2 (SCRT2). Both samples were counted for ISLET1-
positive cells. (—) hemitube that did not receive plasmids, (+) hemitube that received plasmids. Sample number: pMES: 5 sections from 2 embryos; SCRT2: 14
sections from 4 embryos. One-way ANOVA, **** represents p-value <0,0001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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2010; Erb et al., 2017). We showed that ECR4 comprises two sub-
domains with distinct regulatory functions: a positive module, ECR4B,
activated by ISLET1 and POU4F1, and a negative module, ECR4A,
repressed by SCRT2 through a vCES-box-dependent mechanism. Over-
expression of SCRT2 in dorsal interneurons leads to reduced ISLET1
expression, supporting a model in which SCRT2 directly binds to ECR4A
to limit ISLET1 expression. Together, these findings highlight how the
ECR4 enhancer integrates activating and repressive signals, with SCRT2
acting through ECR4A to constrain ISLET1 expression and coordinate
dorsal interneuron lineage allocation.

2. Results
2.1. SCRT2 inhibits differentiation of ISLET1-positive dI3 interneurons

SCRT2 is a transcriptional repressor enriched in postmitotic neurons
of the IZ (Vieceli et al., 2013), while ISLET1 marks differentiating cells
progressing into the mantle zone (Hadas et al., 2013). To investigate
whether SCRT2 regulates ISLET1 expression, we first examined their
spatial relationship at Hamburger-Hamilton stage 25 (HH25). Multiplex
fluorescence hybridization chain reaction (HCR-FISH) revealed that
SCRT2 and ISLET1 occupy largely complementary expression domains
in the neural tube, with ISLET1-positive cells located more laterally
relative to the SCRT2-positive region (Fig. 1A, Supplementary Fig. 1).
Notably, the only areas of the neural tube where ISLET1 is expressed
near the ventricular zone correspond to areas with minimal SCRT2
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expression, such as in the developing dI3 interneurons and motor neuron
domains (arrowheads in Fig. 1A). This complementary arrangement led
us to postulate that SCRT2 regulates ISLET1 expression in IZ progenitors,
thereby restricting ISLET1 to the appropriate mantle zone domains.

To directly test whether SCRT2 represses ISLET1 expression in vivo,
we performed unilateral in ovo electroporation of a SCRT2 over-
expression construct into the right side of the neural tube at HH12.
Following electroporation, embryos were reincubated for 72 hours until
HH25. Transverse cryosections immunoassayed for ISLET1 showed a
significant reduction of ISLET1-positive dI3 interneurons on the side
overexpressing SCRT2 compared to the contralateral non-electroporated
side (Fig. 1B-E). Control samples eletroporated with pMES (that codes
only for GFP) showed no change in the number of ISLET1-positive cells
when compared to the non-electroporated side. These results support a
model in which SCRT2 constrains the emergence of ISLET1-expressing
cells from the IZ, consistent with its predicted function as a post-
mitotic transcriptional repressor acting during dorsal interneuron line-
age transitions (Bui et al., 2015; Ericson et al., 1992; Vieceli et al., 2013).

2.2. Genome-wide profiling confirms SCRT2 regulation of ISLET]1 in the
developing spinal cord

To investigate whether SCRT2 directly regulates ISLET]1 expression
during spinal cord development, we performed CUT&RUN (Skene and
Henikoff, 2017) profiling at HH25, when SCRT2 is robustly expressed in
IZ neurons. Chick neural tubes were electroporated at HH12 with a
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Fig. 2. SCRT2 CUT&RUN analysis in the HH25 chick neural tube. (A) Schematics of neural tube electroporation for CUT&RUN. Embryos at stage HH12 were
electroporated with the pCI-H2BRFP-FLAG-SCRT2 plasmid before neural tube dissection at HH25. The neural tubes used for H3K27ac CUT&RUN and ATAC-seq were
not electroporated. (B) Heatmaps for FLAG-SCRT2, H3K27ac, and ATAC-seq signals ordered relative to FLAG-SCRT2 peaks. (C) Genomic location of SCRT2 peaks. (D)
Gene Ontology classification of the genes closest to the SCRT2 peaks. (E) The genes neighboring SCRT2 peaks were ranked by the number of SCRT2 binding sites
contained in the peaks located in their coding and intergenic regions. (F) Genomic tracks for ATAC-seq of HH25 neural tube, Histone 3 acetylated at lysine 27
CUT&RUN (H3K27Ac), and SCRT2 CUT&RUN. All tracks overlap in a peak (grey area) upstream of the ISLETI1 coding region (~106 kb from the ISLET1 locus). This
genomic element (ECR4) is 720bp long and located at chrZ:15,037,554-15,038,273.
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FLAG-SCRT2 expression plasmid and collected three days later at HH25.
CUT&RUN was performed using an anti-FLAG antibody to target the
exogenously expressed SCRT2 protein, given the absence of reliable
antibodies against endogenous SCRT2. In parallel, we profiled H3K27ac
enrichment and performed ATAC-seq in the neural tube to define the
chromatin activity and accessibility landscape (Fig. 2A). Heatmaps
comparing FLAG-SCRT2 occupancy with H3K27ac and ATAC-seq signal
(Fig. 2B) revealed that SCRT2 binding occurred across a broad range of
genomic loci, including some regions with active chromatin marks.
However, the highest-intensity SCRT2 peaks corresponded to loci with
low H3K27ac and chromatin accessibility, suggesting that strong SCRT2
binding may contribute to repression of these elements. Peak annotation
showed that the majority of SCRT2 targets were in intergenic and
intronic regions rather than promoters (Fig. 2C).

To gain insight into the biological processes associated with these
peaks, we performed gene ontology enrichment on peak-associated loci
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(Fig. 2D). This analysis revealed strong enrichment for neurogenesis,
Wnt signaling, and cell adhesion pathways, suggesting that SCRT2-
regulated elements broadly coordinate key steps of neuronal matura-
tion and positioning. We next ranked genes according to the total
number of predicted SCRT2-binding motifs located within +100 kb of
each gene’s transcriptional unit (Fig. 2E). This analysis prioritized
candidate genes most susceptible to SCRT2 regulation based on motif
density and highlighted ISLET1 among the top-ranked loci. Finally,
genome browser inspection revealed a particularly strong and well-
defined SCRT2 peak overlapping an intergenic element upstream of
ISLET1 (Fig. 2F). This SCRT2-bound region overlapped with active
enhancer features such as H3K27ac deposition and high DNA accessi-
bility, demonstrated by CUT&RUN and ATAC-seq peaks, respectively.
Henceforth, we will refer to this region as ECR4.
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Fig. 3. ECR4 promotes transcription in the neural tube. (A) Workflow for the 4C assay that generated the map in 3B. (B) Interactions of the ISLET1 promoter with
other genomic in HH25 neural tubes. The graph represents the peak interactions in chrZ, around ISLET1 promoter. Dark grey peaks represent called peaks during the
analysis (#1, #2, #3, #4, and #5, from left to right), and the purple peak represents ECR4. Galgal6 genomic coordinates: #1: chrZ: 14,937,767-14,959,179, #2:
chrZ:15,378,869-15,397,253, #3: chrZ:15,542,341-15,569,188, #4: chrZ:15,687,532-15,693,830. #5:chrZ:15,707,538-15,724,677. The black dotted box repre-
sents the ISLET1 promoter. The location of CREST1/2 (Uemura et al., 2005) enhancers are represented in black bar underneath the graph. (C) The ECR4 contains
predicted binding regions for various neural transcription factors, including a shared site for POU4F1 and ISLET1 (dark/light purple bar). We also identified E-box
(dark grey) and one vCES-box site (cyan), both recognized by SCRT2. (D) Double electroporation procedure where one hemitube was first electroporated with
PTK-GFP(empty) + pCI-H2B-RFP. After 3 h, the other hemitube was electroporated with pTK-GFP-ECR4+pCI-H2B-RFP. The neural tubes were analyzed at stage
HH25. (E) ECR4 promotes transcription in the right hemitube. Scale bars: 50 pm. (F) SCRT2 represses ECR4-mediated luciferase transcription in the neural tube.
Different amounts of SCRT2 (0.5 pg, 1 pg, and 1.5 pg) were co-electroporated with a constant amount of pGL4-ECR4. One-way ANOVA, * represents p-value <0,05.
Sample size in number of neural tubes analyzed: pGL4 (2), pGL4-ECR4 (4), pGL4-ECR4+-0.5 pg (3), pGL4-ECR4+1 pug (2), pGL4-ECR4+1.5 pg (3). (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.3. SCRT2 binds to an ISLETI conserved cis-regulatory element

The ECR4 regulatory region is rated as highly conserved in the UCSC
Genome Browser conservation track. Importantly, in the mouse and
human genomes, the genomic position relative to Islet] and Parp8 is also
conserved. Furthermore, the human homologue of ECR4 has been shown
to drive neural tissue expression in the Vista Enhancer Browser project
(hs1321, https://enhancer.lbl.gov/). However, enhancers often regulate
distal genes, and thus, it is possible that ECR4 could modulate the neural
expression of another gene (Chen et al., 2024). Thus, we first verified if
ECR4 could interact with the ISLET1 promoter. We performed circular
chromosome conformation capture (4C-seq) on HH25 neural tubes.
Following tissue dissociation and cross-linking, chromatin was digested,
religated, and amplified with a viewpoint centered at the ISLET1 pro-
moter (Fig. 3A). This analysis revealed that the ISLET1 promoter has
strong interactions with five genomic regions (dark grey peaks con-
tained in the light grey region of Fig. 3B, chrZ: 14,600,000-16,000,000,
Supplementary Table S1). The resulting 4C profiles also confirmed
physical interactions between the ISLET1 promoter (dashed box) and
the ECR4 element (purple peak), though at a lower interaction fre-
quency compared to other contact regions (dark grey peaks) (Fig. 3B),
supporting its potential role as a distal enhancer. Next, we examined the
sequence features of ECR4. An in silico search for transcription factor

A ECR4A
(445bp)

A

Developmental Biology 527 (2025) 297-307

binding profiles revealed that ECR4 contains multiple potential binding
sites for neural transcription factors, including Scrt2 (E-box and
vCES-box sites), Islet] and Pou4fl (Fig. 3C). These motifs are also
conserved in the mouse ECR4 sequence (Supplementary Fig. 2).
Together, these findings suggest that ECR4 may function as a conserved
regulatory module that integrates inputs from multiple transcriptional
programs active during spinal cord development.

To test whether ECR4 can drive transcription, we cloned the region
upstream of a minimal promoter in the pTK-GFP reporter plasmid. This
vector requires the presence of an active regulatory element to drive GFP
expression (Uchikawa et al., 2003). To test enhancer activity under
matched conditions, we performed bilateral electroporation of chick
embryos at HH12 (Fig. 3D). The control side (left hemitube) received the
empty reporter construct (pTK-GFP). The experimental side (right
hemitube) received the enhancer-containing construct
(pTK-GFP-ECR4). Both sides were co-injected with pCI-H2B-RFP, a
plasmid that constitutively expresses a histone-RFP fusion protein, used
as a control for the extent and efficiency of electroporation. At HH25, we
observed robust GFP expression in the experimental (right) hemitube,
while the control side (left) showed minimal GFP signal (Fig. 3E). This
indicates that ECR4 can drive transcription in the neural tube when
exposed to endogenous regulatory inputs. ECR4-driven expression was
not confined to the endogenous ISLET1 domain. Instead, GFP was
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Fig. 4. ECR4 can be divided into two functional modules. (A) ECR4 was subdivided into two subregions based on the distribution of predicted transcription factor
binding sites: ECR4A (445 bp) and ECR4B (275 bp). (B) ECR4A does not promote transcription of GFP in the neural tube, whereas ECR4B does. The right hemitube
was co-electroporated with either pTK-GFP-ECR4A + pCI-H2B-RFP or pTK-GFP-ECRB + pCI-H2B-RFP. (C) Diagram showing the ISLET1 and POU4F1 binding site in
wild type and mutant ECR4B. The genomic element ECR4B has binding sites for ISLET1 and POU4F1, which were all eliminated in ECR4B-AIP. Black arrows point to
the mutated sites. (D) ECR4B-AIP did not promote transcription. The left side of the neural tube was electroporated with pTK-GFP-ECR4B + pCI-H2B-RFP, while the
right side was electroporated with pTK-GFP-ECR4B-AIP + pCI-H2B-RFP. (E) In neural tube luciferase assays, ECR4B activity increases with co-eletroporation of
exogenous ISLET1 or POU4F1. In contrast, ECR4B-AIP-driven luciferase activity is minimal, irrespective of the presence or not of exogenous ISLET1 or POU4F1. Scale
bars: 50 pm. One-way ANOVA, ** represents p-value <0,01, °

represents p-value <0,0001. (#) represents statistically significant difference (****) between
ECR4B + ISLET1 vs. ECR4B-AIP + ISLET1 and ECR4B + POU4F1 vs. ECR4B-AIP + POU4F1. Sample number in number of neural tubes collected: pGL4 (3), pGL4-
ECR4B (3), pGL4-ECR4B + ISLET1 (3), pGL4-ECR4B + POU4F1 (4), pGL4-ECR4B-AIP (4), pGL4-ECR4B-AIP + ISLET1 (4), and pGL4-ECR4B-AIP + POU4F1 (3).
ECRA4A chick genome position: chrZ:15,037,554-15,037,998. ECR4B chick genome position: chrZ:15,037,999-15,038,273.
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broadly distributed along the dorsal-ventral axis, including in regions
that do not express ISLET1 (Supplementary Fig. 3). This suggests that
while ECR4 is an active regulatory element, it is insufficient on its own to
restrict expression to the dI3 lineage. Additional cis-regulatory elements
are likely required to refine ISLET1 expression and restrict it to its
appropriate spatial domain. Consistent with the GFP reporter assays,
wild-type ECR4 drove robust luciferase expression in the neural tube.
Further, co-electroporation with SCRT2 significantly reduced ECR4--
driven transcription across all tested concentrations of plasmid, indi-
cating that SCRT2 functions as a potent repressor of ECR4 activity
(Fig. 3F).

2.4. ECR4 contains two regulatory sub-domains

To better understand the regulatory architecture of ECR4, we sub-
divided the element into two regions according to the distribution of
transcription factor binding sites: ECR4A (445 bp) and ECR4B (275 bp)
(Fig. 4A). The former contains four E-box sites and a single vCES-box,
whereas the latter contains four E-box sites and no vCES-box. The
presence of the vCES-box in ECR4A is notable because this motif is
predicted to recruit SCRT2. We thus tested the activity of each subregion
using enhancer-reporter assays in the neural tube (Fig. 4B). We found
that ECR4B was sufficient to drive GFP expression, indicating it contains
transcriptional activation elements. In contrast, ECR4A failed to activate
transcription, suggesting it may either lack activating inputs or be
repressed by endogenous factors such as SCRT2. Next, we addressed the
possible mechanism underlying ECR4B-mediated activation. ECR4B
harbors target sites for ISLET1 and POU4F1, both of which are expressed
in the neural tube at the developmental stage of our experiments. To test
whether these sites are required for ECR4B-driven transcription, we
generated the ECR4B-AIP construct, in which both motifs were mutated
(Fig. 4C). Removal of these sites significantly decreased ECR4B-driven
GFP expression in the neural tube (Fig. 4D). To quantify these
changes, we performed a luciferase assay on dissected neural tubes. As
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expected, wild-type ECR4B drove robust luciferase expression, which
was significantly enhanced by co-electroporation of ISLET1 or POU4F1,
whereas the mutant construct ECR4B-AIP failed to activate luciferase
expression and was unresponsive to ISLET1 or POU4F1 overexpression
(Fig. 4E). These results indicate that ECR4B requires ISLET1 and/or
POU4F1 binding to promote transcription in the developing neural tube.
Given that ECR4A includes a vCES-box, we hypothesized that this
motif may be bound by SCRT2, leading to repression of the element. To
directly test whether the vCES-box mediates SCRT2-dependent repres-
sion, we generated a mutant version of ECR4A lacking this motif, termed
ECR4A-AvCES-box (Fig. 5A). Enhancer-reporter assays revealed that
deletion of the vCES-box was sufficient to restore transcriptional activity
to ECR4A in the neural tube (Fig. 5B), supporting the idea that the vCES-
box mediates repression. To further confirm that SCRT2 binds to ECR4A
in a vCES-box-dependent manner, we performed an enhancer pull-down
assay. Biotinylated DNA fragments corresponding to wild-type ECR4A,
the ECR4A-AvCES-box mutant, and a GFP negative control were incu-
bated with nuclear extracts from HH10 embryos electroporated with
FLAG-tagged SCRT2 (Fig. 5C). Protein-DNA complexes were recovered
with streptavidin beads and analyzed by anti-FLAG Western blot. SCRT2
robustly bound to the wild-type ECR4A fragment, whereas binding was
greatly reduced in the AvCES-box mutant, and no interaction was
observed with the GFP control. Thus, SCRT2 directly associates with
ECR4A through the vCES-box. Collectively, these results support a
model in which ISL1 expression is controlled by opposing regulatory
inputs within the ECR4 element: ECR4A is actively repressed by SCRT2
through a vCES-box-dependent mechanism, limiting inappropriate
activation, while ECR4B functions as a positive regulatory module that
responds to ISLET1 and POU4F1 to promote transcription. These two
sub-domains integrate repressive and activating signals to ensure precise
expression of ISLET1 in the developing neural tube (Fig. 5D).
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3. Discussion

In this study, we identified SCRT2 as a regulator of a conserved
intergenic enhancer, ECR4, located near the ISLETI locus. ECR4 drives
transcription in the developing neural tube, is activated by ISLET1 and
POU4F1, and is repressed by SCRT2 in a motif-dependent manner. In
addition to ECR4, we identified five other candidate regulatory regions
that interact with the ISLET1 promoter in the neural tube. Isletl
expression in the embryonic spinal cord is highly dynamic. Its expres-
sion is rapidly induced in ventral neural cells shortly after their final
mitotic division, before other defining characteristics of motor neurons
emerge. In the ventral domain, Islet] expression becomes increasingly
restricted to distinct motor neuron subpopulations (e.g., lateral and
medial motor columns, Liang et al., 2011). In the dorsal spinal cord,
Islet1 expression in dI3 neurons is detected soon after they transition into
postmitotic progenitors (Delile et al., 2019). These cells are commonly
identified by the co-expression of Isletl and TIx3, alongside other
markers such as Pou4f1, and by exclusion of Lbx1, which helps distin-
guish them from neighboring dorsal interneuron populations (reviewed
in Lu et al., 2015).

The tissue-specificity and dynamics of ISLET1 expression in embry-
onic neural tissues are a prime example of gene expression regulation by
the combined activity of multiple enhancers, each functioning as an
independent modular unit that drives expression in a highly specific
subset of cells. Two enhancers located near the ISLET1 locus have been
identified as highly conserved across vertebrates, both in sequence and
regulatory function. Gene reporter assays have shown that the two en-
hancers drive expression in distinct subsets of spinal cord neurons (Kim
etal., 2015; Uemura et al., 2005). Specifically, CREST1 (NCBI accession
# AB167735.1) directs expression in all motor neurons, while CREST2
(NCBI accession # AB167736.1) is active in lateral motor columns and
dI3 neurons. These studies were conducted before the existence of
chromatin conformation assays and genome editing technologies.
Nevertheless, although there is no direct evidence confirming that
ISLET1 expression is regulated by CREST1/2, the findings strongly
suggest that the ISLET] intergenic region contains regulatory elements
essential for its tissue-specific gene expression or maintenance of dI3
identity in neural development.

Here, we mapped the genomic regions that interact with the ISLET1
promoter in the chick HH25 neural tube. While the five strongest
interaction peaks did not include any of the previously characterized
enhancers, all known enhancers were located within a broader region of
elevated interaction probability that encompasses these major peaks and
CREST1/2 (Fig. 3B). Notably, although ECR4 physically contacts the
ISLET1 promoter, it does not fully recapitulate the sharp, tissue-specific
expression pattern of the gene. One possible explanation is that in our
assays, ECR4 was tested outside its native genomic context and deliv-
ered episomally, meaning it was not integrated into chromatin and
therefore not subject to endogenous epigenomic regulation. Chromatin
accessibility, histone modifications, and higher-order chromatin archi-
tecture could further restrict or fine-tune ECR4 activity in vivo,
contributing to the precise tissue specificity observed for ISLET1.

In addition, many neural enhancers function within a broader cis-
regulatory landscape rather than acting in isolation. Our 4C data
(Fig. 3) indicate that multiple additional elements physically interact
with the ISLET1 promoter, suggesting that other enhancers in the region
may cooperate with ECR4 to achieve precise spatiotemporal control.
These additional elements could provide lineage-specific or stage-
specific regulatory inputs that ECR4 alone cannot deliver. Together,
these considerations highlight that while ECR4 contributes to ISLET1
regulation, its activity is likely refined by both chromatin-based mech-
anisms and cooperative interactions with other cis-regulatory elements
operating in the developing spinal cord. For instance, at the OLIG2 locus,
multiple distal enhancers regulate its expression through the transcrip-
tion factors GLI3 and PAX6. Their accessibility varies with the neural
lineage, further supporting a functional specialization of transcriptional
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control through enhancer module switching (Bonev et al., 2017; Liang
et al., 2024).

ECR4 harbors multiple transcription factor target sites. Here, we
show that ECR4-promoted transcription depends on ISLET1/POU4F1
binding sites, while SCRT2 can repress transcription through vCES-box.
A repression-induction balance mechanism has also been proposed
before for CREST1-mediated control of ISLET1 expression in motoneu-
rons. CRESTI-promoted transcription depends on its ISLET1/LHX3
target sites that respond to joint overexpression of ISLET1/LHX3. LHX3
alone, but not ISLET1, increases CREST1-driven transcription. Of note,
LHX3 expression precedes that of ISLET1 during motoneuron specifi-
cation. OLIG2, which is expressed in the neural progenitors of the ven-
tricular zone, counteracts the positive effect of LHX3 and inhibits
CREST1-promoted transcription (Christou et al., 2013; Kim et al., 2015).
This repression requires the presence of an E-box site in CRESTI.
Together, these data suggest CRESTI activity in motoneurons is modu-
lated by a balance between LHX3-mediated activation and
OLIG2-mediated repression. When OLIG2 levels decrease and ISLET1
starts to be transcribed, the positive feedback loop generated by
ISLET1/LHX3 heterodimers accelerates the increase in ISLET1 expres-
sion (Erb et al., 2017).

We propose that in the dorsal embryonic spinal cord, a similar
temporal-spatial order of transcription factors occurs. OLIG3 and ASCL1
are expressed in the ventricular zone, SCRT2 in the intermediate zone, in
cells that have just exited the cell cycle, while POU4F1 is in dI1-3 and
dI5, and ISLET1 in the dI3 domain. Thus, OLIG3 and ASCL1 bias cells
towards the dI3 lineage in the ventricular zone (Miiller et al., 2005), but
in the intermediate zone, the presence of SCRT2 bound to ECR4 re-
presses ISLET1 expression; as the dI3 lineage proceeds with its specifi-
cation and migrates towards the outer layers of the neural tube, SCRT2
expression ceases, and the expression of both POU4F1 and ISLET1 in-
creases to maintain dI3 fate. Here, ISLET1 could also benefit from the
autoregulatory positive feedback loop to increase expression quickly.
But, unlike CREST] in the motoneurons, both POU4F1 or ISLET1 alone
promoted ECR4-driven transcription.

In conclusion, our findings add a new element to the dynamic,
context-dependent regulation of ISLET1 expression orchestrated by the
interplay of activating and repressing transcription factors. These factors
modulate both ventral and dorsal domains of the developing spinal cord
through enhancers such as ECR4 and CREST1. The emergence of ISLET1
expression in both contexts appears to depend on the sequential with-
drawal of repressive influences (OLIG2 or SCRT2) and the initiation of
positive feedback loops driven by ISLET1 in combination with LHX3 or
POUA4F1. Together, these mechanisms ensure precise spatiotemporal
control of ISLET1.

4. Material and methods
4.1. Incubation and staging of chicken embryos

Fertilized Leghorn chicken eggs were obtained from Globoaves (Sao
Paulo), AF Ovos Galados (Minas Gerais), and the Department of Animal
Science (University of Connecticut, United States of America). The eggs
were incubated at 37 °C and approximately 50 % of relative humidity at
appropriate times to obtain embryos in the desired stages (Hamburger
and Hamilton, 1951). All procedures were approved by the institutional
ethics committee (CEUA ICB/USP n° 9506131021) from the University
of Sao Paulo.

4.2. Enhancers cloning

The chicken regulatory regions ECR4, ECR4A, and ECR4B (Galgal6
chrZ:15,037,554-15,038,273, chrZ:15,037,554-15,037,998, and
chrZ:15,037,999-15,038,273, respectively) were cloned through PCR
amplification and ligated into the pCR2.1 plasmid (Thermo Fischer
Scientific - K202020). Primers specific for each region (Table 52) were
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designed and the genomic elements were subcloned through restriction
enzyme digestion into the pGL4-minP vector for luciferase activity assay
in vitro and in embryo, and into the pTK-GFP for transcriptional activity
analysis in the chick neural tube. Mutant constructs (Table S3) were also
cloned into pGL4-minP or pTK-GFP. The vCESbox mutation in pTK-GFP-
ECR4A-AvCES-box was made through Gibson assembly, as well as its
cloning into pTK-GFP. The ECR4B-AIP mutation was synthesized and
then, through restriction enzyme digestion, subcloned into pGL4-minP
and pTK-GFP. The vCESbox mutation in ECR4 followed the same
pattern as pTK-GFP-ECR4A-AvCES-box.

4.3. In ovo electroporation

Single-sided electroporation at stage HH12 embryos followed stan-
dard procedures (Neumann et al., 1982). For pCIG-MYC-SCRT2 and
PMES-GFP, the plasmids were diluted in Fast Green 0,2 % (Sigma, St.
Louis, MI, United States of America) to a final concentration of 1,5-2
pg/pL. The plasmids containing the genomic elements (pTK-GFP) were
mixed in a 1:1 proportion with the electroporation control pCI-H2B-RFP
to a final concentration of 1,5 pg/pL of each plasmid. The electropora-
tion parameters were: 3 pulses of 18.5V, a duration of 30ms, and an
interval of 100ms. The platinum electrode distance was 4 mm. After the
electroporation, embryos were re-incubated, screened for positive
electroporation with the epifluorescence stereomicroscope (Zeiss Color
506), collected at HH24-25, and processed.

For double-sided electroporation, HH12 embryos were first co-
electroporated on one side with one of the plasmids containing the
genomic elements (pTK-GFP) and pCI-H2B-RFP (containing or not
SCRT2), and after 3 h, the other side of the neural tube was electro-
porated with another combination of plasmids. In these experiments, we
used the same electroporation parameters as used for one-sided elec-
troporation. Again, the electroporated embryos were re-incubated,
screened for positive electroporation, collected at HH24-25, and
processed.

4.4. Immunofluorescence

Electroporated embryos were collected at HH24-25 and fixed in 4 %
paraformaldehyde in PBS-DEPC, washed, and cryoprotected in 20 %
sucrose DEPC overnight at 4 °C. Then, the embryos were embedded in
20 % sucrose DEPC:TissueTek OCT (Sakura, Alphen aan den Rijn, South
Holland, Netherlands), sectioned in a cryostat (Leica, CM1850 UV), and
collected on Superfrost Plus slides (Fischer Scientifics, Waltham, MA,
United States). The sections were dried at 37 °C, washed in PBS-Triton X-
100 (0,5 %), and blocked with 1 % Normal Goat Serum + 1 % Bovine
Serum Albumin in the washing solution for 1 h at room temperature. The
primary antibodies were diluted in a blocking solution and incubated
overnight at 4 °C. The primary antibodies used were mouse anti-ISLET1
(1:10, DSHB, 40.2D6), mouse anti-DsRed2 (1:200, Santa Cruz Biotech-
nology, A-6455), and rabbit anti-GFP (1:200; Thermo Fisher Scientifics,
G10362). Next, the slides were washed in PBS and incubated with the
secondary antibodies for 3 h at room temperature with DAPI (1:1000,
Fischer Scientific, OB010020). The secondary antibodies used were goat
anti-mouse IgG Alexa 568 (1:200, Thermo Fisher Scientifics, A-11004)
and goat anti-rabbit IgG Alexa 488 (1:200, Thermo Fisher Scientifics, A-
11008). The slides were mounted in 50 % glycerol or antifade, and the
coverslips were sealed with transparent nail polish. The images were
acquired in a single Z using the microscope Axio Observer 7 with Apo-
tome 2. For the ISLET1+ cell count, we manually counted all the positive
cells in the dorsal domain of the neural tube. We counted both sides of
the neural tube in control embryos (electroporated with pMES) and
experimental embryos (electroporated with pCIG-MYC-SCRT2).

4.5. HCR-FISH on tissue sections

HCR probes were designed from Gallus gallus SCRT2
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(NM_001173522.2) and ISLET1 (NM_205414.2) coding sequences using
the custom software created by (')zpolat Lab (Kuehn et al., 2021). These
probes were purchased from IDT (Integrated DNA Technologies). Em-
bryos at stage HH25 were cryosectioned, and sections were collected in
Superfrost Plus slides (Fischer Scientifics, Waltham, MA, United States).
For the HCR assay, we followed the HCR RNA-FISH protocol for fresh
frozen or fixed frozen tissue sections, developed by Molecular In-
struments. Imaging was conducted at the Core for Imaging Technology
& Education (CITE) at Harvard Medical School, using a Nikon AX R
point scanning confocal microscope, equipped with a 20x objective lens.

4.6. Genome analysis

We manually searched for non-coding evolutionary conserved re-
gions (ECR) recognized by SCRT2 through CUT&RUN tracks in inter-
genic regions of ISLET1 (NM_205414.2) using the online platform UCSC
Genome Browser. First, we searched for ECRs in the mouse genome
(mm10) that were highly conserved (>75 %) in the chicken genome
(GalGal6). Next, the ECRs selected in the mouse genome were identified
in the chicken genome with the alignment tool BLAT. We used the re-
gions conserved between mouse and chicken to analyze the SCRT2
CUT&RUN tracks. After the search for ECRs homologous to the mouse in
the chicken genome, we overlaid them with SCRT2 CUT&RUN tracks.
With this analysis, we identified an intergenic region near ISLETI
(~106 kb of distance) recognized by SCRT2, named ECR4 (720bp).
Next, we used the JASPAR2022 track from the UCSC Genome Browser to
search for transcription factor binding sites (TFBS) in Ecr4 in the mouse
genome (mm10), as this track is not available for chicken. We limited
our research to transcription factors expressed in the intermediate zone
(Scrt2, Neurog2, Neurod4) and dorsal interneuron markers (Islet1, Lhx1,
Lhx5, Pou4f1). All the TFBS mapped in the mouse Ecr4 are conserved in
the chick ECR4 (Fig. S3).

4.7. ATAC-seq

Fresh HH25 neural tubes were dissected and incubated in Accumax
(Accutase SCR006) cell dissociation solution for 20 min at room tem-
perature (RT) under mild agitation. We count the number of cells using
the Countess 3 Automated Cell Counter (Thermo Fischer). Cell suspen-
sions were washed and processed using the OMNI-ATAC-Seq protocol
(Corces et al., 2017). Briefly, 12k dissociated cells. were brought to 500
pL in ice-cold ATAC-RSBbuffer and transferred to a tube containing 1 mL
of ATAC-RSB. Cells were centrifuged at 500 rcf for 5 min at 4 °C, the
supernatant was discarded, and cells were lysed in 50 pL of
ATAC-RSB-Lysis buffer for 3 min on ice. Lysis was followed by washing
with 1 mL ATAC-RSB-Wash, centrifugation, and resuspension in 50 pL of
OMNI-ATAC mix. Transposition was performed at 37 °C for 1 h with
shaking at 500 rpm. DNA cleanup was carried out using Qiagen MinE-
lute PCR purification columns (cat. #28004). Libraries were amplified
with NEBNext Ultra Q5 Master Mix (cat. #M0544). PCR products were
size selected using Ampure XP beads (Beckman and Coulter cat.
#NC9933872). Beads were washed twice with 80 % ethanol, air-dried,
and DNA was eluted in EB buffer. Final libraries were quantified by
Qubit, and fragment analysis was performed with Agilent Tapestation
4200 to evaluate quality control of the libraries. The libraries were
stored at —20 °C until sequencing. Equimolar concentrations of the li-
braries were pooled and sequenced with 50bp paired-end reads on the
NextSeq1000 instrument (Illumina, United States).

4.8. CUT&RUN

Truncal neural tube hemitube of two biological replicates (with 3
embryos each) of HH25 embryos unilaterally electroporated with pCI-
H2B-RFP-FLAG-SCRT2 were microdissected and kept in Ringer’s solu-
tion until dissociation in Accumax cell dissociation solution (Accutase
cat. #SCR006) for 20 min at room temperature under mild agitation.
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After dissociation, cells were passed through a 40 mm cell strainer
(Pluriselect USA, Mini Cell Strainer II, 45-09840-50). We count the
number of cells using the Countess 3 Automated Cell Counter (Thermo
Fischer). CUT&RUN experiments were carried out as previously
described (Rothstein and Simoes-Costa, 2020). ~200k cells for each
sample. Cells were immobilized on BioMag Plus Concanavalin A mag-
netic beads (Bangs Laboratories, BP531) and incubated with rabbit
anti-FLAG (Sigma Aldrich, cat. #F7425) antibody (1:50) overnight at
4 °C. After washing away unbound antibody, protein A-MNase was
added to a final concentration of 700 ng/mL and incubated for 1h at
4 °C. Cells were cooled to 0 °C, and CaCl2 was added to a final con-
centration of 2 mM to activate the MNase enzyme. MNase digestion was
performed for 45 min and terminated by the addition of 2XSTOP buffer.
The protein-DNA complexes were released by centrifugation and
digested with proteinase K for 10 min at 70 °C. DNA fragments were
isolated via phenol-chloroform extraction and ethanol precipitation. For
the H2K27ac, the embryos were not electroporated. The wild-type
neural tubes were dissected, and samples were processed following
the protocol previously described using as antibody rabbit anti-H3K27ac
(Cell Signaling Technologies, #8173S).

The libraries were prepared with the NEBNext Ultra II DNA Library
kit (NEB, cat. #E7645S). Fragment analysis was performed with Agilent
Tapestationc 4200 to evaluate quality control of the libraries. Equimolar
concentrations of the libraries were pooled and sequenced with 50bp
paired-end reads on the NextSeq1000 instrument (Illumina, United
States).

4.9. CUT&RUN data analysis

Paired-end sequencing reads from the CUT&RUN libraries were
trimmed using Cutadapt (Martin, 2010). Reads were filtered for those
with a minimum length of 25bp or longer and aligned to the reference
chicken Galgal6 assembly using Bowtie2 (Langmead and Salzberg,
2012). Picard MarkDuplicates tool was used to mark duplicate reads,
and BAM files were filtered with SAMtools to discard unmapped reads
(those that were not the primary alignment, reads failing platform/-
vendor quality checks, and PCR/optical duplicates (-f 2 -F 1804)). Peak
calling was performed using MACS version 2.1 with a g-value cutoff of
0.05). After peak calling, we did an intersection between FLAG-SCRT2
replicates to obtain only the peaks that were common between the
two samples using Bedtools (Quinlan and Hall, 2010). Representative
tornado plots showing the FLAG-SCRT2, H3K27ac, and ATAC-seq at
SCRT2-bound peaks were generated using the deepTools2 package
(Ramirez et al., 2016).

4.9.1. Genomic distribution of FLAG-SCRT2 peaks

Peaks obtained from a FLAG-SCRT2 intersected were annotated
using the ChIPseeker package in R. A gene annotation database was built
from a GTF file corresponding to the Gallus gallus genome (GRCg6a.106)
using makeTxDbFromGFF. Peaks were imported and converted into
genomic ranges, and chromosome naming conventions were matched to
the annotation database. Using annotatePeak, each peak was classified
based on its genomic location relative to annotated features (e.g., pro-
moter, exon, intron). The annotations were grouped into five categories:
Promoter, Exon, Intron, Distal Intergenic, and Other.

4.9.2. Gene ontology enrichment analysis (biological process)

GO enrichment analysis was performed using genes identified from
peak annotation (FLAG-SCRT2 intersected file). Gene identifiers
(Ensembl IDs) were extracted from the annotated peaks and converted
to Entrez IDs using the Ensembl BioMart archive (April 2020) compat-
ible with the GRCgb6a assembly (Gallus gallus). Enrichment was con-
ducted with the enrichGO function from the clusterProfiler package,
focusing on the Biological Process (BP) ontology. The analysis used the
org.Gg.eg.db database, with an adjusted p-value cutoff of 0.05 and a q-
value cutoff of 0.2. The barplot was created to display the top six

305

Developmental Biology 527 (2025) 297-307

enriched terms.

4.9.3. Association of SCRT2 motifs with nearest genes

Motif analysis was performed to evaluate the enrichment and dis-
tribution of specific binding sequences within genomic regions bound by
SCRT2. First, the distribution of individual motif types was quantified
based on their occurrence in all sequences. Three motifs were searched:
the E-box motif (CANNTG), the iCESbox (CAACAGGT), and the vCESbox
(CAGCTTG). To link detected SCRT2 binding motifs with their nearest
genes, a multi-step pipeline was implemented. First, motif coordinates
(in chr:start-end format) were parsed from the previously generated
motif match file. These were converted into a BED format file, where
each motif was represented by its chromosomal location and matched
sequence. Next, bedtools closest (Quinlan and Hall, 2010) was used to
identify the nearest gene for each motif. This analysis was performed
using a preprocessed gene annotation file (genes_chr_fixed.bed) and
generated a BED output containing the motif-gene pairs along with the
genomic distance between them. The results were parsed and organized
using pandas, and a final table—containing motif coordinates, associ-
ated gene names, and distances-was generated (Table S4).

4.10. Luciferase assay

Embryos at HH12 were electroporated with the simultaneous inser-
tion of three different plasmids: one containing the gene encoding a
transcription factor (pCI-H2B-RFP-ISLET1 or pCI-H2B-RFP-FLAG-
POU4F1 or pCIG-MYC-SCRT2), one with the firefly luciferase gene
under the control of the experimental sequence (pGL4-minP-ECR4B or
pGL4-minP-ECR4B-AIP or pGL4-minP-ECR4 or pGL4-minP-empty), and
one with the Renilla luciferase gene (pRL), which acts as a normalization
factor for the assay, as previously published (Goes et al., 2023).
Co-electroporation was performed with fixed 1.5 pg of the tested tran-
scription factors ISLET1 or POU4F1, and variable amounts of
SCRT2-encoding plasmid (0.5 pg, 1 pg, or 1.5 pg), 500 ng of pRL, and
2pug/well of pGL4-minP (with or without the genomic elements). Each
embryo was used as one sample, and the electroporated neural tubes
were lysed in 1X Lysis Buffer (Dual-Luciferase Reporter Assay System,
Promega, E1910). Luciferase activity detection was performed accord-
ing to the manufacturer’s instructions in a GloMax® 20/20 Lumin-
ometer (Promega).

4.11. 4C (Circular Chromosome Conformation Capture sequencing)

Truncal neural tubes (n = 11) of HH25 embryos were dissected and
dissociated in Accumax cell dissociation solution (Accutase -cat.
#SCRO06) for 20 min at room temperature under mild agitation. After
dissociation, the cells were split into 4 tubes (~1M cells each) and
processed separately. The 4C experiment was designed for the ISLET1
promoter. In this way, we selected a 1 kb region upstream of ISLET1 TSS
(Galgal6 chrZ:15682653) to choose the restriction enzymes. Briefly,
cells were crosslinked using 2 % final concentration formaldehyde to
preserve chromatin interactions, followed by quenching with 0.13M
final concentration glycine. Nuclei were isolated, and chromatin was
digested with a first restriction enzyme (Mbol). After the first digestion,
the digested chromatin was subjected to a first ligation step to favor
intramolecular ligation, resulting in the formation of crosslinked DNA
circles containing interacting fragments. After the reverse crosslink, the
template DNA was purified, and a second restriction digestion was
performed (Csp6l) to further trim the interacting fragments. A second
ligation was carried out to create small circular DNA molecules. The
product of the second ligation was purified and used as the template for
inverse PCR. A two-step PCR approach was used, the first one using
primers specific to the viewpoint of interest with small 5’ overhang of
sequences for the second PCR step (FW: GAGAGAGTAAGAAA-
GAAAGGAAAGG and RV: CGCCTCGCCCTTATCTCTTAC), and the sec-
ond one to add the Illumina sequencing primer hybridization sites, index
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and adapter to generate the final library for sequencing. The qualities of
libraries were evaluated with the Agilent Tapestation 4200. Each library
was sequenced up to at least 2 million reads with 52bp read length on
the NextSeq1000 instrument (Illumina, United States).

4C-seq analysis was processed using custom pipelines on the chick
Galgal6 genome assembly. Peaks were called using the peakC algorithm
(parameters: vpRegion = 2e6, wSize = 21, alphaFDR = 0.2, qWd = 1.5,
qWr = 1, minDist = 15e3, min.gapwidth = 4e3), allowing the detection
of regulatory elements in close spatial proximity to the selected view-
point (Krijger et al., 2020; Geeven et al., 2018).

4.12. Enhancer pulldown

For enhancer pulldown experiments, HH4 embryos were electro-
porated with a FLAG-tagged SCRT2 construct cloned in a pCI-H2B-RFP
backbone. Embryos were incubated until stage HH10. After electropo-
ration, efficiency was confirmed, and embryos were dissected in
Ringer’s solution (~10 embryos per sample). Nuclear protein extracts
were obtained as previously described (Simoes-Costa et al., 2015).
Wild-type and mutant forms of ECR4A were PCR amplified from
PTK-GFP  vectors using a biotinylated forward primer
(5'-AAAATAGGCTGTCCCCAGTG-3) and an untagged reverse primer
(5-ATATTTCTTCCGGGGACACC-3"). For the GFP control, we amplified
the GFP also with a  forward untagged  primer
(5-GCAAGCTGACCCTGAAGTTC-3") and an biotinylated reverse primer
(5-TGCTCAGGTAGTGGTTGTCG-3"). Immobilization of nucleic acids
was performed using Dynabeads MyOne Streptavidin T1 (Invitrogen,
#2023-11-30) following the manufacturer’s protocol. For enhancer
pulldown, nuclear protein extracts were diluted in 10 mM Tris-HCI, 1
mM EDTA, 0.5 mM EGTA,10 % Glycerol, 0.25 % NP-40, supplemented
with 10 pg Poly(dI-dC) and incubated with biotinylated DNA-coated
Dynabeads for 90 min in rotation at 4 °C. Magnetics beads were
washed four times in with Washing Buffer (10 mM Tris-HCl, 1 mM
EDTA,0.5 mM EGTA, 100 mM NaCl, 10 % Glycerol, 0.25 % NP-40), and
proteins eluted in RIPA modified buffer containing 1x SampleReducing
Agent and 1x LDS Sample Buffer (Invitrogen, #B0009 and #B0007) for
15 min at 80 °C and 1400 rpm. Proteins were separated by electro-
phoresis on Bolt 4-12 % Bis-Tris Plus mini gels (Invitrogen,
#NWO04120B0OX), followed by immunoblotting on nitrocellulose mem-
branes using a monoclonal anti-FLAG antibody (Sigma, #A8592).

4.13. Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.0
software, which checked data normality and applied a specific test for
each data set. This information can be found in each figure legend.
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