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CTCF is an 11-zinc-finger DNA-binding protein that acts as a transcriptional repressor
and insulator as well as an architectural protein required for 3D genome folding'>. CTCF
mediates long-range chromatin looping and is enriched at the boundaries of
topologically associating domains, which are sub-megabase chromatin structures that
are believed to facilitate enhancer-promoter interactions within regulatory landscapes
612, Although CTCF is essential for cycling cells and developing embryos'314, its in vitro
removal has only modest effects over gene expression>'5, challenging the concept that
CTCF-mediated chromatin interactions and topologically associated domains are a
fundamental requirement for gene regulation'6-'8, Here we link the loss of chromatin
structure and gene regulation in an in vivo model and during animal development. We
generated a ctcf knockout mutant in zebrafish that allows us to monitor the effect of
CTCF loss of function during embryo patterning and organogenesis. CTCF absence
leads to loss of chromatin structure in zebrafish embryos and affects the expression of
thousands of genes, including many developmental genes. In addition, chromatin
accessibility, both at CTCF binding sites and cis-regulatory elements, is severely
compromised in ctcf mutants. Probing chromatin interactions from developmental
genes at high resolution, we further demonstrate that promoters fail to fully establish
long-range contacts with their associated regulatory landscapes, leading to altered
gene expression patterns and disruption of developmental programs. Our results
demonstrate that CTCF and topologically associating domains are essential to regulate
gene expression during embryonic development, providing the structural basis for the
establishment of developmental gene regulatory landscapes.

Vertebrate genomes are folded within the nucleus in a hierarchical manner leading to
different levels of chromatin structure that range from chromosome territories to
nucleosomes’-23. At the Kilo- to Megabases scale, chromatin is organized in topologically
associating domains (TADs)8°. According to the current theory, TADs emerge when the
cohesin complex, while extruding chromatin, is halted by the CTCF architectural protein2+25,
Indeed, acute depletion of CTCF or cohesin in cultured cells lead to a severe loss of TAD
insulation or the disappearance of all chromatin loops, respectively®26. Recent evidences have
suggested that TADs facilitate the contact of cis-regulatory elements (CREs) with promoters
located within them, while preventing interactions with promoters located in neighboring TADs.
In this sense, genomic structural variations that rearrange TAD boundaries lead to enhancer-
promoter rewiring, alterations in gene expression and congenital malformations?”-3'. However,
to what extent TADs are crucial for gene regulation is currently under debate. Depletion of

CTCF in mammalian in vitro systems causes only modest transcriptional alterations®1532 in
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agreement with some in vivo studies®334. However, targeted deletion of several CTCF sites
and quantitative gene expression analyses reveal loss of gene expression3%-%7. In fact, our
understanding of CTCF function in vivo is limited due to its essential function during the cell
cycle and the early embryonic lethality in mice'3'4. Here, we analyze the genome-wide effect
of CTCF knockout in developing zebrafish embryos, showing that chromatin structure is
essential for the precise regulation of developmental genes and thus provides a scaffold for

the establishment of developmental gene regulatory landscapes.

Generation of a zebrafish ctcf” zygotic mutant

In order to study the requirement of CTCF in an in vivo vertebrate model, we have generated
a ctcf zygotic knockout mutant in zebrafish. Using CRISPR/Cas9 with two single guide RNAs
(sgRNAs), we obtained heterozygous ctcf- adult individuals carrying a 260-bp deletion,
encompassing exons 3 and 4 of the ctcfgene that leads to a premature stop codon within exon
4. The expected truncated CTCF protein is depleted of all zinc finger domains, preventing
CTCF binding to chromatin. While Ctcf” zygotic knockout mice die at peri-implantation
stages', zebrafish mutants undergo gastrulation and organogenesis and develop normally
until pharyngula stages, around 24 hours-post-fertilization (hpf). At 24 hpf, ctcf mutants are
phenotypically indistinguishable from their heterozygous and wild-type siblings. However, at
48 hpf, ctcf~ embryos showed a clear phenotype that includes pigmentation defects, heart
edema and reduced size of head and eyes (Fig. 1a), dying shortly after this stage.
Immunofluorescence analysis of wild-type and ctcf~ mutant embryos showed that CTCF
protein was absent both at 24 and at 48 hpf (Fig. 1b), while maternal ctcf mMRNA is detected at
least until 75% of epiboly (8 hpf, gastrulation)38. This suggests that the late lethality of zebrafish
ctef- mutants compared to mice might be due to the presence of maternal CTCF protein for a
longer time during early embryonic development. Therefore, our ctcf” zebrafish mutant
provides a unique tool to examine the contribution of this protein in genome architecture, gene
expression and body plan formation in a vertebrate model system. We therefore exploited this
model using a combination of chromosome conformation capture, transcriptomic and

epigenomic techniques.
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Figure 1. Knockout of ctcf in zebrafish embryos disrupts chromatin structure. a, Pictures of wild-type (WT)
and ctcf’” zebrafish embryos at 48 hours post fertilization (hpf) showing mutant phenotypes, including reduced size
of head and eyes, heart edema and defective pigmentation. Scale bars represent 250 um. b, Whole-mount embryo
immunofluorescence of CTCF in WT and ctcf” zebrafish embryos at 24 and 48 hpf showing the absence of this
protein in the tail and fin fold in knockout mutants. Scale bars represent 100 um. ¢, HiC normalized contact maps
at 10 Kb resolution from WT and ctcf” zebrafish embryos, as well as the difference between them, at 48 hpf. A 3-
Mb genomic region is plotted, aligned with the insulation scores and the called topologically associating domain
(TAD) boundaries. d, Aggregate analysis of observed/expected HiC signal in WT and ctcf”- embryos at 48 hpf for
the 2,438 TADs called in WT embryos, rescaled and surrounded by windows of the same size. e, Average insulation
score profiles of WT and cfcf” zebrafish embryos at 48 hpf around the TAD borders called in the WT. f, Average
CTCF ChlP-seq signal in WT embryos at 48 hpf around TAD boundaries. g, CTCF peak count of those peaks
containing CTCF motifs located in the positive (CTCF +) or negative (CTCF -) strands around TAD boundaries,
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104 showing a clear preference for CTCF + motifs in the 3’ side of the boundary and for CTCF - motifs in the 5’ side of
105 the boundary. h, Aggregate peak analysis of chromatin loops called by HICCUPs with or without CTCF binding at
106 48 hpf.

107

108 CTCEF is required for chromatin organization in zebrafish embryos

109  We first analyzed whether the absence of CTCF in zebrafish embryos caused loss of chromatin
110  structure, as previously reported in in vitro models®15. For this, we performed HiC experiments
111 in wild-type and ctcf- whole embryos at 48 hpf and visualized the data at 10-Kb resolution.
112 Figure 1c shows that chromatin structure was established at this stage in wild-type embryos,
113  similar to previous reports®, detecting 2,438 TADs based on insulation scores*. Other 3D
114  chromatin features commonly detected at this scale, such as loops and stripes, were also
115  observed. In contrast, we found a general loss of chromatin structure in ctcf~ embryos, leading
116  to the detection of only 1,178 TADs and to a reduction of intra-TAD contacts and insulation in
117  wild-type TADs (Fig. 1c-e; Extended Data Fig. 1a-d). These data confirmed that CTCF is
118 essential for 3D chromosome organization in zebrafish embryos, as described for other
119  vertebrates including mammals and frogs®'54!. Next, we analyzed A and B compartments in
120  wild-type and ctcf”- embryos and, although we found a similar distribution of AB compartments,
121  we detected increased AB interactions and decreased compartmentalization strength in the
122 mutants (Extended Data Fig. 1e-g). This contrasts with previous data in cultured cells® and
123 suggests that CTCF may be required for higher order chromatin structure at least in this in vivo
124  context.

125 We then profiled CTCF binding to chromatin in zebrafish embryos using ChIPmentation
126  and found that wild-type TAD boundaries were enriched for CTCF binding, 97% of them
127  containing CTCEF sites (Fig. 1f; Extended Data Fig. 2a-b). In addition, the consensus motifs of
128 CTCF at these binding sites around TAD boundaries were preferentially located in a
129  convergent orientation (Fig. 1g), consistent with previous observations®10.394243 Next, we
130 called chromatin loops in wild-type embryos and detected 1,297 loops, 90% of which contained
131  CTCF binding sites at least at one of the anchors (Extended Data Fig. 2). Interestingly,
132  aggregate peak analysis of CTCF-containing chromatin loops showed a marked decrease in
133 intensity in ctcf mutants, while 10% of loops without CTCF remained largely unaffected by
134  CTCF loss (Fig. 1h), suggesting that they may be formed by CTCF-independent mechanisms.
135  Therefore, we conclude that CTCF is essential for the establishment of most chromatin loops
136  in zebrafish embryos, similarly to other vertebrates®4!.

137

138 Developmental gene expression requires CTCF

139  To analyze the effects of CTCF absence over gene expression in vivo, we performed RNA-
140 seq on whole embryos at 24 and 48 hpf. At 24 hpf, we detected 260 up- and 458 down-
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141 regulated genes (Fig. 2a). However, at 48 hpf, we detected as much as 2,730 up- and 3,324
142  down-regulated genes (Fig. 2b). Strikingly, while differentially expressed genes (DEGs) at 24
143  hpf were enriched only in biological functions related to immune and DNA damage responses,
144  DEGs at 48 hpf were enriched, among other general functions, in transcription regulation and
145 developmental processes including skeletal muscle development or nervous system
146  development (Fig. 2c-d). This indicates that CTCF is required for the expression of thousands
147  of genes during zebrafish development, an impacting result that contrasts to previous
148  observations in in vitro experimental setups showing alteration of a few hundred genes upon
149  CTCF removal®>32, Next, we analyzed gene expression changes in the transition from 24 to 48
150 hpf in wild-type embryos and found that genes that get activated in this period tend to be down-
151 regulated in ctcf” embryos, and vice versa, indicating that many developmental genes fail to
152  acquire their normal expression level during this developmental period (Extended Data Fig. 3).
153 We then explored the possible function of CTCF to directly regulate DEGs by analyzing
154  its binding to their transcription start sites (TSSs). At 24 hpf, we found a clear bias of CTCF
155  binding towards the TSS of down-regulated genes (83.8%) as compared to up-regulated genes
156  (28.1%) (Fig. 2e-f). This confirms previous observations®'®> and suggests distinct mechanisms
157  of CTCF function at activated and repressed genes. By contrast, only 50.1% of down-regulated
158 and 37.0% of up-regulated genes at 48 hpf showed CTCF binding at their TSSs (Fig. 2e-f).
159 Interestingly, we observed that down-regulated genes that are enriched in developmental
160 functions were mainly those without CTCF bound at their TSSs (Extended Data Fig. 4), raising
161 the possibility that developmental genes could be de-regulated indirectly due to defects in
162 chromatin folding. Altogether, these data show that CTCF absence leads to altered
163 developmental gene expression that may account for the observed developmental
164  abnormalities.

165
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167 Figure 2. CTCF absence in zebrafish embryos leads to altered developmental gene expression. a-b,
168 Differential analyses of gene expression between WT and cicf” embryos at 24 (a) and 48 hpf (b) from RNA-seq
169 data (n = 2 biological replicates per condition). The log2 normalized read counts of WT transcripts versus the logz
170 fold-change of expression are plotted. Transcripts showing a statistically significant differential expression (adjusted
171 P-value <0.01) are highlighted in blue (up-regulated) or red (down-regulated). The number of genes that correspond
172 to the up- and down-regulated transcripts are shown inside the boxes. c-d, Gene Ontology (GO) enrichment
173 analyses of biological processes for up- and down-regulated genes in cfcf- embryos at 24 (c) and 48 hpf (d). Terms
174 with a false discovery rate (FDR) < 0.05 are shown and considered as enriched. e, Number of differentially
175 expressed genes (DEGs) at 24 and 48 hpf showing (green) or not (grey) CTCF binding at their transcription start
176 sites (TSSs). f, Heatmaps showing CTCF ChlP-seq signal around the TSS of DEGs at 24 and 48 hpf.
177
178 CTCF is required for chromatin accessibility at developmental CREs
179  The expression of developmental genes is often regulated by multiple tissue-specific CREs,
180 on which combinations of transcription factors (TFs) are bound, giving rise to precise spatial
181 and temporal expression patterns. Since CTCF absence affects the expression of
182  developmental genes mostly without binding to their promoters, we reasoned that this could
183  be due to alterations in the function of their associated CREs. To test this, we performed ATAC-
184  seq in wild-type and ctcf” embryos at 24 and 48 hpf. At 24 hpf, we only found 56 differentially
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185 accessible regions (DARs), 21 with increased (up-regulated) and 35 with decreased
186  accessibility (down-regulated) (Fig. 3a). However, at 48 hpf we found a total of 18,744 DARSs,
187 most of them down-regulated (18,138 sites vs. 606 up-regulated) (Fig. 3b), temporally
188 coinciding with the detected altered expression of developmental genes (Fig. 2b). Indeed,
189  when we analyzed CREs gaining or losing accessibility in wild-type embryos from 24 to 48 hpf,
190 we found that these sites failed to gain or lose accessibility in ctcf”- embryos (Extended Data
191  Fig. 5), indicating that loss of CTCF impacts chromatin accessibility of thousands of CREs.
192  Motif enrichment analysis showed that the CTCF consensus binding sequence was specifically
193  enriched in down-regulated peaks, both at 24 and 48 hpf (Fig. 3c-d). We confirmed this by
194  analyzing CTCF binding to DARs at 48 hpf and found that 17.5% of up-regulated but 53.5% of
195 down-regulated peaks were bound by CTCF (Fig. 3e). In contrast, up-regulated peaks were
196 enriched for the p53 family motif at 48 hpf. At this stage we also found increased expression
197  of tp53 and well-known p53 target genes (Fig. 3d; Extended Data Fig. 6), pointing towards an
198 increased apoptotic response in ctcf- mutants'. To test a possible contribution of p53 to the
199  mutant phenotypes, we injected one-cell stage embryos with a morpholino to knock-down {p53
200 expression. Despite reduced p53-target gene expression and loss of p53-target motif in
201  morpholino-injected mutants, differential accessibility remained unaffected (Extended Data
202  Fig. 6). Furthermore, the p53 knockdown did not change the mutant phenotype at 48 hpf,
203 indicating that the phenotypic response is not driven by pro-apoptotic processes.

204 Next, we associated DARs to nearby DEGs and found that the average change in gene
205 expression was consistent with the tendency of changes in chromatin accessibility and
206 independent of CTCF binding (Fig. 3f). Interestingly, only down-regulated peaks without CTCF
207 binding were associated with genes enriched in developmental functions, such as hindbrain
208 development or heart formation (Fig. 3g). This indicates that loss of CTCF affects indirectly the
209  accessibility of developmental CREs. We also noted that down-regulated ATAC peaks without
210 CTCF binding sites were highly clustered within the regulatory landscapes of developmental
211  genes, many of them strongly down-regulated in the mutant (Extended Data Fig. 7a-c). This is
212  consistent with the view that developmental genes frequently locate within large gene deserts
213  containing many CREs. Indeed, we found that TADs containing miss-regulated developmental
214  genes were larger and had more associated CREs than those containing non-developmental
215 genes (Fig. 3h-i). Several examples illustrate this tendency. The sallia gene, encoding a
216 transcriptional repressor involved in organogenesis, is in a TAD whose structure was lost in
217  ctef” embryos (Fig. 3j). The expression of sallia was reduced in the absence of CTCF and
218 several CREs exhibited reduced accessibility with most of them not binding CTCF. Other

219 examples included the lhx1a and sox11b genes, both encoding developmental transcription
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220 factors (Extended Data Fig. 7d-e). Altogether, these data show that CTCF is required for the
221  accessibility of thousands of CREs, many of which are associated with developmental genes.
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Figure 3. CTCF promotes chromatin accessibility at developmental cis-regulatory elements. a-b, Differential
analyses of chromatin accessibility between WT and ctcf” embryos at 24 (a) and 48 hpf (b) from ATAC-seq data
(n = 2 biological replicates per condition). The log= normalized read counts of WT ATAC peaks versus the logz fold-
change of accessibility are plotted. Regions showing a statistically significant differential accessibility (adjusted P-
value < 0.01) are highlighted in blue (up-regulated) or red (down-regulated). The number of peaks that correspond
to the up- and down-regulated sites are shown inside the boxes. ¢-d, Motif enrichment analyses for the up- and
down-regulated ATAC peaks in ctcf- embryos at 24 (c) and 48 hpf (d). The 3 motifs with the lowest p-values are
shown for each case. e, Heatmaps plotting normalized ATAC-seq signal in WT and ctcf* embryos at 48 hpf (red),
as well as CTCF ChlP-seq signal (green), for the differentially accessible regions (DARs) from (b) overlapping or
not with CTCF peaks. f, Box plots showing the expression fold-change in ctcf- embryos at 48 hpf of all DEGs or
only those associated with up-regulated or down-regulated DARs, overlapping or not with CTCF sites. Center line,
median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; notches, 95% confidence interval
of the median. Statistical significance was assessed using the Wilcoxon’s rank sum test. g, GO enrichment analyses
of biological processes for the genes associated with down-regulated DARs in ctcf”- embryos at 48 hpf, overlapping
or not with CTCF sites. GO terms showing an FDR < 0.05 are considered as enriched. h-i, Box plots showing the
TAD sizes (h) and the number of down-regulated DARs per TAD (i) for TADs containing developmental miss-
regulated genes, TADs not containing developmental miss-regulated genes and TADs containing only non-
developmental miss-regulated genes. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x
interquartile range. Statistical significance was assessed using the Wilcoxon’s rank sum test. j, Top, heatmaps
showing HiC signal in WT and ctcf embryos at 48 hpf in a 1.5-Mb region of chromosome 7. Bottom, zoom within
the sall1ia TAD showing UCSC Genome Browser tracks with CTCF ChlP-seq, ATAC-seq at 48 hpf in WT and ctcf
~ embryos, ATAC-seq down-regulated peaks and RNA-seq at 48 hpf in WT and ctcf” embryos. The sall1a gene is
shown in red because it is down-regulated.
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247

248 CTCEF is required for the spatiotemporal expression patterns of developmental genes
249  We have shown so far that CTCF is not only required for chromosome folding during zebrafish
250 development, but also for the robust expression levels of many developmental genes and
251  chromatin accessibility at their regulatory landscapes. To better assess gene miss-expression
252  inrelation to the loss of chromatin structure, we first investigated chromatin interactions at the
253  enhancer-promoter level with high resolution by performing UMI-4C experiments. We used
254  developmental gene promoters as viewpoints to analyze their regulatory landscapes in wild-
255  type and ctcf” embryos at 48 hpf, such as the ptch2 promoter. Ptch2 is a patterning gene that
256  encodes a cell receptor binding the Shh morphogen and whose expression was detected as
257  up-regulated by RNA-seq in ctcf mutants (Fig. 4a). We found that contacts from the ptch2
258  promoter spanned a region of about 500 kb in wild-type embryos, establishing contacts with
259  many genomic regions that included ATAC peaks (potential CREs) with and without CTCF
260 binding (Fig. 4a). However, the ptch2 regulatory landscape was drastically reduced in ctcf”
261 embryos. The interaction profile was generally characterized by a loss of long-range contacts
262  but retaining some contacts at shorter ranges (Fig. 4a), consistent with observations in
263 mammalian cells®244, Genomic regions showing a reduced contact frequency with the ptch2
264  promoter included CTCF-binding sites as well as ATAC peaks with reduced accessibility in the
265 mutant and others not affected by CTCF absence. These results indicate that enhancer-
266  promoter contacts were severely affected by the absence of CTCF, and in particular, long-
267 range interactions.

268 Next, we investigated whether this loss of contacts altered the expression pattern of
269  ptch2 by performing whole-embryo in situ hybridization. Ptch2 mRNA was detected in the
270 brain, pharyngeal arches and pectoral fin buds of wild-type embryos, but we found that this
271  pattern was severely altered in ctcf”- embryos (Fig. 4b). Consistent with the upregulation in our
272  bulk RNA-seq data, ptch2 expression in mutant embryos was extended to broader regions of
273  the brain, pharyngeal arches, neural tube and a prominent expansion of expression was
274  observed in the somites; however, expression in the pectoral fin buds was lost (Fig. 4b),
275 illustrating the limitation of bulk RNA-seq to detect complex changes in gene expression
276  patterns. Consistently, a similar effect was found for expression of shhain the pectoral fin buds
277  (Fig. 4b). These results indicate that loss of CTCF and promoter contacts alters the expression
278 patterns of developmental genes, including loss and gain of expression domains, likely
279  disrupting developmental programs. Similar changes in the chromatin interactions of regulatory
280 landscapes and gene expression patterns were observed at the HoxD cluster. Viewpoints from

281 the promoters of hoxd4a and hoxd13a showed reduced interactions within their regulatory
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landscapes in ctcf~ embryos, especially long-range contacts (Extended Data Fig. 8a).
Although we could not detect mis-regulation of hoxd4a and hoxd13a by RNA-seq, in situ
hybridization experiments showed a clear reduction of their expression levels (Extended Data
Fig. 8b). However, other hox genes showed consistent mis-regulation detected by both
techniques (Extended Data Fig. 8c). Altogether, our data indicate that CTCF is required to
establish chromatin contacts of gene promoters with their associated regulatory landscape and

to ensure the accurate spatiotemporal expression patterns of developmental genes.
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290 Figure 4. CTCF is required to sustain the regulatory landscapes and complex expression patterns of
291 developmental genes. a, Top, UMI-4C assays in WT and ctcf”- embryos at 48 hpf using the ptch2 gene promoter
292 as a viewpoint. Black lines and grey shadows represent the average normalized UMI counts and their standard
293 deviation, respectively. Domainograms below UMI counts represent contact frequency between pairs of genomic
294 regions. Bottom, UCSC Genome Browser tracks with CTCF ChlIP-seq, ATAC-seq at 48 hpf in WT and ctcf”
295 embryos, ATAC-seq down-regulated peaks and RNA-seq at 48 hpf in WT and ctcf embryos. The pich2 gene is
296 shown in blue because it is up-regulated. A dotted-line square represents the restriction fragment containing the
297 ptch2 gene promoter that is used as a viewpoint; green shadows highlight CTCF sites and grey shadows highlight
298  down-regulated ATAC-peaks without CTCF binding. b, Whole-mount in situ hybridization of the ptch2 and shha
299 genes in WT and cfcf- embryos at 48 hpf. Left, lateral view; right, dorsal view. Scale bars represent 500 ym, unless
300 indicated.

301

302 Discussion

303 In this work, we have established a new in vivo model to study the loss of CTCF in zebrafish
304 and demonstrate that chromatin structure is required to maintain developmental gene
305 regulatory landscapes during body plan formation. In the last years, the function of CTCF in
306 chromosome folding has been clearly demonstrated in mammalian in vitro systems, including
307 mouse embryonic stem cells, neural progenitor cells as well as human morula embryos515:32,
308 These studies showed by different depletion mechanisms that CTCF knock-down severely
309 reduces TAD formation and insulation. Accordingly, we show here that CTCF is also required
310 for chromatin structure in zebrafish embryos (Fig. 1), extending these conclusions to
311  vertebrates and in agreement with a recent report showing that CTCF knockdown in Xenopus
312 embryos altered chromatin structure*!.

313 Despite this well-known function of CTCF, its requirement for the regulation of gene
314  expression has remained controversial. The studies mentioned above showed modest effects
315 of CTCF depletion in gene expression, suggesting that steady-state transcription is mostly
316 resistant to genome-wide alteration of chromatin structure. This contrasts with the observation
317 that CTCF is essential for embryonic development'4, but suggests that CTCF-mediated
318 chromatin structure could be essential for processes in which cells respond to multiple signals
319 and where transcriptional control is highly dynamic. However, the early embryonic lethality of
320 CTCF knockout in animal models, has impeded the analysis of CTCF function for
321 transcriptional regulation beyond pluripotency. Our ctcf mutant zebrafish model overcame this
322 limitation due to the prolonged maternal contribution that lasts, at least, until gastrulation. This
323  allows ctcf” embryos to develop until stages in which patterning and organogenesis take place.
324  Using this model, we observe for the first time in developing embryos the miss-regulation of
325 thousands of genes (Fig. 2), among which many lineage-specific genes that are dynamically
326  regulated during development. These observations are consistent with recent reports, showing
327 that CTCF is required for the expression of a subset of lineage-specific genes during cell

328 differentiation32 and for fast transcriptional responses to external stimuli*®.
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329 The expression of developmental genes is characterized by a tight spatiotemporal
330 control by CREs that constitute their regulatory landscapes. These have been shown to largely
331 coincide with TADs and to be constrained by TAD boundaries*6. Here, we show that chromatin
332  accessibility at CTCF sites but also at thousands of CREs is compromised in ctcf mutants (Fig.
333  3). Specifically, clusters of CREs within large TADs of developmental genes show highly
334  reduced accessibility, most of them without direct CTCF binding, suggesting an indirect effect
335 due to the loss of chromatin structure. This may arise because of reduced TF accumulation at
336 CREs either due to their decreased expression levels or decreased enhancer-promoter
337 interactions. High-resolution analyses of the ptch2, hoxd4a and hoxd13a gene regulatory
338 landscapes show that CREs with reduced accessibility lose contacts with their promoters,
339  mainly long-range and many of them without CTCF binding (Fig. 4 and Extended Data Fig. 8).
340 While it is unlikely that CTCF directly mediates those enhancer-promoter interactions, it may
341  favor their establishment by promoting contacts within the involved TADs. This is in agreement
342  with recent observations showing that CTCF is required for long-range enhancer-promoter
343  contacts®>#4. Consequently, the complex expression patterns of these genes are altered in a
344  tissue-specific manner, showing up- and down-regulation in different embryonic domains (Fig.
345  4). This whole-embryo in situ hybridization approach allows the detection of transcriptional
346  alterations not detected by bulk RNA-seq, highlighting the potential of using animal models
347  versus in vitro systems.

348 In summary, our data demonstrate that CTCF is essential to sustain large regulatory
349 landscapes of developmental genes during embryonic development. This would favor the
350 proper interaction of multiple CREs with their target genes, leading to the complex
351 spatiotemporal expression patterns of developmental genes. It has been suggested that TADs
352 may have evolved as conserved scaffolds for developmental gene regulatory landscapes*’.
353  Our observations support this view by linking chromatin structure at regulatory landscapes with

354  gene function.
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480 Methods

481

482  Animal experimentation

483  Wild-type AB/Tubingen zebrafish strains were maintained and bred under standard conditions.
484  All experiments involving animals conform national and European Community standards for
485 the use of animals in experimentation and were approved by the Ethical Committees from the
486  University Pablo de Olavide, CSIC and the Andalusian government.

487

488 CRISPR-Cas9 genome editing

489 CRISPR target sites to mutate the cfcf gene were identified using the CRISPRscan online
490 tool*8. Two single guide RNAs (sgRNAs) targeting the exons 4 and 5 of the ctcf gene were
491 used with the following target sequences: 5-GGA GTT ACA CTT GCC CAC GC-3’ and 5-
492 GGC ATG GCC TTT GTC ACC AG-3. The template DNA for sgRNA transcription was
493  generated by PCR using CTCFexon4, CTCFexon5 and sgRNA_universal primers (Extended
494  Data Table 1) and Phusion DNA polymerase (Thermo Fisher Scientific). sgRNAs were in vitro
495  transcribed using the HiScribe T7 Quick High Yield RNA synthesis kit (NEB) using 75 ng of
496 template, treated with DNase | (NEB) and purified using the RNA Clean and Concentrator kit
497  (Zymo Research).

498 One-cell stage zebrafish embryos were injected with 2-3 nl of a solution containing 140
499  ng/ul of Cas9 mRNA and 25 ng/ul of each sgRNA. The CRISPR-Cas9 approach generated a
500 deletion of 260 bp encompassing exons 4 and 5 and resulting in a premature STOP codon in
501 exon 5. The predicted truncated protein had 343 amino acids instead of 798, lacking ten and
502 a half of the eleven zinc finger domains of the CTCF protein. For genotyping, genomic DNA
503 was obtained by incubating the samples (whole embryos or adult caudal fin fragments) in TE
504  buffer supplemented with 5% Chelex-100 (BioRad) and 10 pyg/ml Proteinase K (Roche) for 1h
505 (embryos) or 4h (fins) at 55°C and 10 min at 95°C, and then stored at 4°C. One microliter of
506 the supernatant was used as a template for standard 20 ul PCR reactions using CTCFpF and
507 CTCFpR primers (Extended Data Table 1), resulting in 842- or 582-bp amplicons for wild type
508 or mutant alleles, respectively. The mutant allele was stably maintained in heterozygosis with
509 no apparent phenotypes but homozygous mutants are embryonic lethal (<3 days).

510

511 Whole-mount embryo immunofluorescence

512  For immunofluorescence, embryos were fixed overnight at 4°C with 4% paraformaldehyde,
513 washed in PBT (PBS supplemented with 0.2% Triton-X100) and blocked in this solution with
514 2% goat serum and 2 mg/ml BSA for 1 h at RT. Then, they were incubated overnight at 4°C

17


https://doi.org/10.1101/2020.09.08.282707

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.282707; this version posted September 8, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

515 with primary antibody specific for zebrafish CTCF4 (used in 1:500 dilution). After extensive
516  washings with PBT, embryos were incubated overnight at 4°C with goat anti-rabbit Alexa Fluor
517 488 secondary antibody (used 1:800 dilution, A27034 Invitrogen). Finally, embryos were flat-
518 mounted and imaged under an SP confocal microscope (Leica).

519

520 Whole-mount embryo in situ hybridization

521  Antisense RNA probes were prepared from cDNA using digoxigenin (Boehringer Mannheim)
522  as label and the primers listed in Extended Data Table 1, except those for shha and hoxd13a
523  that were previously described®0. Zebrafish embryos were prepared, hybridized and stained
524  using standard protocols®'. Embryos at 48 hpf stage were fixed in 4% paraformaldehyde
525  overnight, dehydrated in methanol and stored at -20°C. All solutions and reagents used were
526 RNAse-free. The embryos were hydrated using decreasing amounts of methanol and finally in
527 PBS-0.1% Tween. Then, they were treated with 10 pyg/ml proteinase K for 10 min at room
528 temperature and gently washed with PBS-0.1% Tween. In the pre-hybridization step, embryos
529  were kept at 70°C in the hybridization buffer for at least 1 hour. Then, the probe was diluted to
530 2 ng/ul in hybridization buffer and incubated overnight at 70°C while moving. Pre-heated
531 buffers with decreasing amounts of hybridization buffer (75%, 50%, 25% and 0%) in 2x SSC
532  solution were used to wash embryos for 10 min, plus a 30 min wash at 70°C with 0.05x SSC.
533  Then, they were incubated with Blocking Buffer (PBS-0.1% Tween, 2% normal goat serum, 2
534  mg/ml bovine serum albumin [BSA]) for 1 hour, and with an anti-digoxigenin antibody (1:5,000
535 in Blocking Buffer) for at least 2 hours at room temperature. After this, embryos were washed
536 six times with PBS-0.1% Tween at room temperature and then overnight at 4°C. Next day,
537 embryos were washed once more with PBS-0.1% Tween and three times with fresh AP buffer
538 (100 mM Tris-HCI pH 9.5, 50mM MgCl;, 100mM NaCl, 0.1% Tween), followed by signal
539  development with NBT/BCIP solution (225 pg/ml NBT, 175 pg/ml BCIP) in multi-well plates in
540 the dark. Signal development was stopped by washing with PBS-0.1% Tween and fixing with
541 4% paraformaldehyde. Imaging of the in situ hybridization signal was performed in MZ-12
542  dissecting scope (Leica).

543

544  RNA-seq

545  For total RNA extraction, wild-type and ctcf” single embryos at 24 or 48 hpf were collected,
546  manually de-chorionated and suspended in TRIsure (Bioline) with chloroform. DNA was used
547  for genotyping and single wild-type and ctcf” individuals were selected for RNA-seq
548  experiments. Precipitated RNA was then treated with TURBO DNA free kit (Invitrogen). Two

549  biological replicates were used for each analyzed genotype and stage.
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550 lllumina libraries were constructed and sequenced in a BGISEQ-500 single-end lane
551  producing around 50 million (M) of 50-bp reads. Reads were aligned to the GRCz10
552  (danRer10) zebrafish genome assembly using STAR 2.5.3a%2 and counted using the htseq-
553  count tool from the HTSeq 0.8.0 toolkit>3. Differential gene expression analysis was performed
554  using the DESeq2 1.18.1 package in R 3.4.3%, setting a corrected P value < 0.01 as the cutoff
555  for statistical significance of the differential expression. Enrichment of GO Biological Process
556 terms was calculated using David®5, with a false discovery rate (FDR)-corrected P value <0.05
557  as statistical cutoff.

558

559 ATAC-seq

560 ATAC-seq assays were performed using standard protocols®6:57, with minor modifications.
561  Briefly, single WT or ctcf” mutant embryos at 24 or 48 hpf coming from ctcf+- crosses were
562  manually de-chorionated. Yolk was dissolved with Ginzburg Ring Finger (55 mM NacCl, 1.8 mM
563 KCI, 1.15 mM NaHCOQO:s) by pipetting and shaking 5 min at 1100 rpm. Deyolked embryos were
564  collected by centrifugation for 5 min at 500g 4°C. Supernatant was removed and embryos
565 washed with PBS. Then, embryos were lysed in 50 pl of Lysis Buffer (10 mM Tris-HCI pH 7.4,
566 10 mM NaCl, 3 mM MgCl,, 0.1% NP-40, 1x Roche Complete protease inhibitors cocktail) by
567 pipetting up and down. The whole cell lysate was used for TAGmentation, which were
568 centrifuged for 10 min at 500g 4°C and resuspended in 50 pl of the Transposition Reaction,
569 containing 1.25 pl of Tn5 enzyme and TAGmentation Buffer (10 mM Tris-HCI pH 8.0, 5 mM
570 MgCI2, 10 % w/v dimethylformamide), and incubated for 30 min at 37°C. Immediately after
571 TAGmentation, DNA was purified using the Minelute PCR Purification Kit (Qiagen) and eluted
572  in 20 pl. Before library amplification, purified DNA was used to genotype 24-hpf embryos (see
573 above) and wild-type or ctcf” mutants were selected for deep sequencing. Libraries were
574  generated by PCR amplification using NEBNext High-Fidelity 2X PCR Master Mix (NEB). The
575  resulting libraries were multiplexed and sequenced in a HiSeq 4000 pair-end lane producing
576  100M of 49-bp pair end reads per sample.

577

578  ChIPmentation

579 ChIP-seq of CTCF was performed by ChlIPmentation, which incorporates Tn5-mediated
580 TAGmentation of immunoprecipitated DNA, as previously described?8.59, Briefly, 100 zebrafish
581 embryos at 24 hpf were dechorionated with 300 pg/ml pronase, fixed for 10 min in 1%
582  paraformaldehyde (in 200 mM phosphate buffer) at room temperature, quenched for 5 min
583  with 0.125 M glycine, washed in PBS and frozen at -80°C. Fixed embryos were homogenized
584  in 2 ml cell lysis buffer (10 mM Tris-HCI pH 7.5, 10 mM NaCl, 0.3% NP-40, 1x Roche Complete
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585  protease inhibitors cocktail) with a Dounce Homogenizer on ice and centrifuged 5 min 2,300g
586 at 4°C. Pelleted nuclei were resuspended in 333 ul of nuclear lysis buffer (50 mM Tris-HCI pH
587 7.5,10 mM EDTA, 1% SDS, 1x Roche Complete protease inhibitors cocktail), kept 5 min on
588 ice and diluted with 667 ul of ChIP dilution buffer (16.7 mM Tris-HCI pH 7.5, 1.2 mM EDTA,
589 167 mM NaCl, 0.01% SDS, 1.1% Triton-X100). Then, chromatin was sonicated in a Covaris
590 M220 sonicator (duty cycle 10%, PIP 75W, 100 cycles/burst, 10 min) and centrifuged 5 min
591 18,0009 at 4°C. The recovered supernatant, which contained soluble chromatin, was used for
592  ChIP orfrozen at -80°C after checking the size of the sonicated chromatin. Four 250 pl aliquots
593  of sonicated chromatin were used for each independent ChIP experiment, and each aliquot
594  incubated with 2 ug of anti-CTCF antibody*® and rotated overnight at 4°C. Next day, 20 ul of
595 protein G Dynabeads (Invitrogen) per aliquot were washed twice with ChlIP dilution buffer and
596 resuspended in 50 pl/aliquot of the same solution. Immunoprecipitated chromatin was then
597 incubated with washed beads for 1 hour rotating at 4°C and washed twice sequentially with
598  wash buffer 1 (20 mM Tris-HCI pH 7.5, 2 mM EDTA, 150 mM NaCl, 1% SDS, 1% Triton-X100),
599  wash buffer 2 (20 mM Tris-HCI pH 7.5, 2 mM EDTA, 500 mM NaCl, 0.1% SDS, 1% Triton-
600  X100), wash buffer 3 (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 250 mM LiCl, 1% NP-40, 1% Na-
601  deoxycholate) and 10 mM Tris-HCI pH 8.0, using a cold magnet (Invitrogen). Then, beads were
602  resuspended in 25 pl of TAGmentation reaction mix (10 mM Tris-HCI pH 8.0, 5 mM MgClI2, 10
603 % w/v dimethylformamide), added 1 pyl of Tn5 enzyme and incubated 1 min at 37°C.
604  TAGmentation reaction was put in the cold magnet and the supernatant discarded. Beads were
605 washed twice again with wash buffer 1 and 1x TE and eluted twice for 15 min in 100 pl of
606 elution buffer (50 mM NaHCOS3 pH 8.8, 1% SDS). The 200 pl of eluted chromatin per aliquot
607  were then decrosslinked by adding 10 ul of 4M NaCl and 1 ul of 10 mg/ml proteinase K and
608 incubating at 65°C for 6 hours. DNA was purified using Minelute PCR Purification Kit (Qiagen),
609  pooling all aliquots in a single column, and eluted in 20 ul. Library preparation was
610 performed as previously described for ATAC-seq (see above). Libraries were multiplexed and
611 sequenced in a HiSeq 4000 pair-end lane producing around 20M of 49-bp paired-end reads
612  per sample.

613

614  ChiPmentation and ATAC-seq data analyses

615 ChlIPmentation and ATAC-seq reads were aligned to the GRCz10 (danRer10) zebrafish
616 genome assembly using Bowtie2%® and those pairs separated by more than 2 Kb were
617 removed. For ATAC-seq, the Tn5 cutting site was determined as the position -4 (minus strand)
618  or +5 (plus strand) from each read start, and this position was extended 5 bp in both directions.

619  Conversion of SAM alignment files to BAM was performed using Samtools®!. Conversion of
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620 BAM to BED files, and peak analyses, such as overlaps or merges, were carried out using the
621  Bedtools suite®2. Conversion of BED to BigWig files was performed using the genomecov tool
622  from Bedtools and the wigToBigWig utility from UCSCS®3. For ATAC-seq, peaks were called
623  using MACS2 algorithm®* with an FDR < 0.05 for each replicate and merged in a single pool
624  of peaks that was used to calculate differentially accessible sites with DESeg2 1.18.1 package
625 in R 3.4.3%, setting a corrected P value < 0.01 as the cutoff for statistical significance of the
626  differential accessibility. For ChlPmentation, peaks with an FDR < 0.001 were called with
627 MACS2. For visualization purposes, reads were extended 100 bp for ATAC-seq and 300 bp
628 for ChlIPmentation. For data comparison, all ATAC-seq experiments used were normalized
629 using reads falling into peaks to counteract differences in background levels between
630 experiments and replicates, as previously described?®.

631 Heatmaps and average profiles of ChIPmentation and ATAC-seq data were generated
632  using computeMatrix, plotHeatmap and plotProfile tools from the Deeptools 2.0 toolkitts. TF
633  motif enrichment and peak annotation to genomic features were calculated using the scripts
634  FindMotifsGenome.pl and AnnotatePeaks.pl from Homer software®é, with standard
635 parameters. For gene assignment to ChIP and ATAC peaks, coordinates were converted to
636 Zv9 (danRer7) genome using the Liftover tool of the UCSC Genome Browsert3 and assigned
637 to genes using the GREAT tool®, with the basal plus extension association rule with standard
638 parameters (5 Kb upstream, 1 Kb downstream, 1 Mb maximum extension). Peak clustering
639  was calculated using the mergeBed tool from Bedtools®?, considering as clustered those peaks
640 located less than 30 Kb from each other.

641

642 HiC

643  HiC library preparation was performed as previously described'® with minor modifications.
644  Experiments were performed for at least two biological replicates in wild-type and ctcf- mutant
645  embryos at 48 hpf, using one to three million cells as input material.

646  Embryo fixation and nuclei extraction: Pools of 50 zebrafish embryos were dechorionated with
647 300 pg/ml pronase, followed by fixation for 10 min in 1% paraformaldehyde (in 200 mM
648 phosphate buffer) at room temperature. The reaction was quenched by adding glycine to a
649 final concentration of 0.125 M and incubation at room temperature for 5 min. Embryos were
650 washed on ice twice with 1x PBS and either snap frozen in liquid nitrogen or processed for
651 nuclei extraction. For nuclei extraction, fixed embryos were homogenized in 2-5 ml freshly
652  prepared lysis buffer (50 mM Tris pH7.5; 150 mM NaCl; 5 mM EDTA; 0.5 % NP-40; 1.15 %

653  Triton X-100; 1x Roche Complete protease inhibitors) with a Dounce Homogenizer on ice.

21


https://doi.org/10.1101/2020.09.08.282707

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.282707; this version posted September 8, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

654  Nuclei were pelleted by centrifugation for 5 min, 7509 at 4°C and washed with 1x PBS. Pelleted
655  nuclei were either snap-frozen in liquid nitrogen or further processed.

656  Chromatin digestion: Nuclei pellets were resuspended in 100 pl 0.5% SDS and incubated for
657 10 min at 62°C, without shaking. 292 ul water and 50 ul 10% Triton X-100 were added to each
658 sample, mixed, and incubated for 15 min at 37°C to quench remaining SDS. 50 ul of 10x
659 restriction enzyme buffer and a total of 400 units of Dpnll (NEB, R0543) were added to the
660 sample, mixed and incubated overnight at 37°C with 900 rpm shaking.

661  Biotin fill-in and proximity ligation: Restriction enzyme was heat inactivated. Nuclei were
662 pelleted at 600 g for 10 min at 4°C and resuspended in 445 ul 1x ice-cold NEB buffer 2. For
663  biotin fill-in reaction, 5 ul of 10x NEB buffer 2, 1.5 yl 10 mM (each) dNTP-dATP-mix, 37.5 ul of
664 0.4 mM biotin-14-dATP and 10 ul of 5 U/ ul Klenow (NEB, M0210L) were added and mixed by
665  pipetting. Samples were incubated at 25°C for 4 h and 800 rpm shaking. To ligate restriction
666 fragment ends, 500 ul of 2x ligation mix (100ul of 10x ligation buffer (NEB), 100 ul of 10%
667  Triton-X-100, 10 ul of 10 mg/ml BSA, 6.5 ul of T4 DNA ligase (NEB, M0202L), 283.5 ul water)

668  were added to each sample and incubated overnight at 16°C and 800 rpm shaking .

669  Cross-link reversal and DNA purification: Nuclei were pelleted by centrifugation for 10 min, 600
670 g at 4°C and sample volume was reduced to a total of 200 pl. 230 pl of 10 mM Tris HCL pH
671 7.5, 20 ul of Proteinase K (10mg/ml) and 50 ul of 10% SDS were added, mixed by pipetting
672  andincubated 30 min at 55°C. Subsequently, 40 ul of 4 M NaCl were added and samples were
673 incubated overnight at 65°C with 700 rpm shaking. Next, 5 yl of RNAse A (10 mg/ml) were
674  added, followed by incubation at 37°C for 30 min at 700 rpm. 20 pl Proteinase K (10 mg/ml)
675 were added to the sample and incubated at 55°C for 1-2 h at 700 rpm. DNA was purified by
676  phenol-chloroform extraction. Following DNA precipitation, dried DNA pellet was reconstituted
677 in 100 yl 10 mM Tris-HCI pH 7.5.

678  Removing biotin from un-ligated fragments and DNA shearing: 5-7 pg of HiC library in a total
679  volume of 100 ul (1x NEB buffer 2.1, 0.025 mM dNTPs, 0.12 U/ ul T4 DNA polymerase (NEB,

680 MO0203) was incubated at 20°C for 4 h to remove biotin from unligated ends. Reaction was

681  stopped by adding EDTA to a final concentration of 10 mM and heat inactivation for 20 min at
682  75°C. DNA was sheared, using Covaris M220 sonicator with the following setup: 130 ul sample
683  volume, Peak Incident Power (W): 50, Duty Factor: 20%, Cycles per Burst: 200, Treatment
684  Time (s): 65, cooling at 7°C. Samples were subsequently size selected for fragments between
685 150 and 600 bp using AMPure XP beads (Agencourt, A63881) as follows: 0.575x volume of
686 AMPure beads were added to the sample, mixed by pipetting, and incubated for 10 min at
687  room temperature. Beads were separated on a magnet, and clear supernatant was transferred

688  to a fresh tube. 0.395x volume of fresh AMPure beads were added to the supernatant, mixed,
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689  and incubated for 10 min at room temperature. Beads were separated on a magnet, and clear
690  supernatant was discarded. Beads were washed twice with 70% EtOH, air dried for 5 min and
691 DNA was eluted in 300 ul water.

692  Biotin pull down: Biotin-labelled DNA was bound to Dynabeads My One C1 Streptavidin beads,
693 using 5 ul of beads per 1 yg DNA and following manufacturer's instructions. Beads were
694  washed twice with 1x tween-washing-buffer (5 mM Tris HCI pH 7.5, 0.5 mM EDTA, 1 M NaCl,
695 0.05% Tween 20) and finally resuspended in 1x sample volume 2x binding buffer (10 mM Tris
696 HCIpH 7.5, 1 mM EDTA, 2 M NaCl). Beads were mixed with the DNA sample and incubated
697 for 20 min at room temperature while rotating. Beads were separated on a magnet, twice
698 washed with 1x tween-washing-buffer at 55°C and 700 rpm shaking for 2 min. Reclaimed
699  beads were resuspended in 50 ul water.

700  Sequencing library preparation: To repair DNA ends, DNA-bound beads were incubated in 100
701  pl end-repair mix containing 1x T4 Ligase Buffer (NEB), 0.5 mM dNTP mix, 0.5 U/ ul T4
702  Polynucleotide Kinase (NEB, M0201), 0.12 U/ ul T4 DNA Polymerase (NEB, M0203) and 0.05
703 U/ pl Klenow (NEB, M0210). Samples were incubated for 30 min at 20°C. Beads were
704  separated on a magnet, twice washed with 1x tween-washing-buffer at 55°C and 700 rpm
705  shaking for 2 min. Reclaimed beads were resuspended in 50 yl water. Next, dA-tail was added
706 by incubating DNA-bound beads in 100 ul A-tailing mix, containing 1x NEB buffer, 0.5 uM
707  dATP, and 0.25 U/ ul Klenow, exo- (NEB, M0212). Samples were incubated for 30 min at 37°C.
708 Beads were separated on a magnet, twice washed with 1x tween-washing-buffer at 55°C and
709 700 rpm shaking for 2 min. Reclaimed beads were resuspended in 20 ul water. Subsequently,
710 samples were indexed by ligating TruSeq lllumina adaptors by incubating DNA-bound beads
711  in 50 pl adapter ligation mix, containing 1x T4 Ligation buffer, 5% PEG-4000, 0.3 U/ yl T4 DNA
712  Ligase (ThermoFisher, ELO011), 1.5 pyl TruSeq index adapter. The reaction was incubated at
713 22°C for 2 hours with occasionally mixing. Beads were separated on a magnet, twice washed
714  with 1x tween-washing-buffer at 55°C and 700 rpm shaking for 2 min. Reclaimed beads were
715 resuspended in 50 yl water. Final library for paired-end sequencing was prepared using
716  NEBNext High-Fidelity 2X PCR Master Mix (NEB). PCR reaction: 50 pl reaction, containing 1x
717  NEBNext High-Fidelity PCR Master Mix, 0.3 uM TruSeq Primer 1.0 (P5) and TruSeq Primer
718 2.0 (P7), 3 ul DNA-bound beads. PCR cycler setup: 1. 98°C for 60 seconds, 2. 98°C for 10
719  seconds, 3. 65°C for 30 seconds, 4. 72°C for 30 seconds, 5. Go to step 2 for up to 10 cycles,
720 6. 72°C for 5 min. Optimal cycle number was determined for each sample by analysing a 5 pl
721  aliquot on an agarose gel after 4, 6, 8, 10 and 12 cycles. For each sample, at least 8
722  independent PCR reactions were performed to maintain initial library complexity and then

723  pooled for AMPure beads purification. 1.2x volume of AMPure beads were added to the
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724  sample, mixed by pipetting, and incubated for 10 min at room temperature. Beads were
725  separated on a magnet, and clear supernatant was discarded. Beads were washed twice with
726  70% EtOH, and air dried for 5 min. DNA was eluted in 50 pl water. Libraries were multiplexed
727 and sequenced using DNBseq technology to produce 50 bp paired-end reads and
728  approximately 400 million raw sequencing read pairs for each genotype.

729

730 HiC data analyses

731  Mapping, filtering, normalization and visualization: HiC paired-end reads were mapped to the
732 zebrafish genome assembly GRCz10 (danRer10) using BWA®8, Reads from biological
733  replicates were pooled before mapping. Then, ligation events (HiC pairs) were detected and
734 sorted, and PCR duplicates were removed, wusing the pairtools package

735  (https://github.com/mirnylab/pairtools). Unligated and self-ligated events (dangling and extra-

736  dangling ends, respectively) were filtered out by removing contacts mapping to the same or
737  adjacent restriction fragments. The resulting filtered pairs file was converted to a tsv file that
738  was used as input for Juicer Tools Pre®?, which generated multiresolution hic files. HiC matrices
739 at 10 and 500 Kb resolution, normalized with the Knight-Ruiz (KR) method”®, were extracted
740 for downstream analysis using the FAN-C toolkit”". Visualization of normalized HiC matrices
741  and other values described below, such as insulation scores, TAD boundaries, aggregate TAD
742  and loop analysis, Pearson’s correlation matrices and eigenvectors, were calculated and
743  visualized using FAN-C.

744  TADs, chromatin loops and compartmentalization: TAD boundaries were called using the
745  insulation score method, as previously described*0. Insulation scores were calculated for 10-
746 Kb binned HiC matrices using FAN-C7'. Briefly, the average number of interactions of each bin
747  were calculated in 500-Kb square sliding windows (50 x 50 bins); then, these values were
748 normalized as the logzratio of each bin’s value and the mean of all bins to obtain the insulation
749  score for each bin; next, minima along the insulation score vector were calculated using a delta
750  vector of +/-100 Kb (+/-10 bins) around the central bin; finally, boundaries with scores lower
751 than 0.5 were filtered out. The genomic regions located between adjacent boundaries were
752  considered as TADs.

753 For determination of A and B compartments, 500-Kb binned HiC matrices were used.
754  Pearson’s correlation matrices were calculated as previously described”?, using FAN-C”'. A/B
755 compartments and their strength were determined using the 2" eigenvector, since the 1st
756  eigenvector corresponded with chromosome arms in our system, and the genome GC content.

757 A/B domains were defined as consecutive regions with the same eigenvector sign. A/B
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758  enrichment profiles were calculated by dividing bins in fifty percentiles according to their 2nd
759  eigenvector values and plotting their average observed/expected contact values.

760 Chromatin loops were called using HICCUPS™, with standard parameters. Briefly, the
761  multiresolution hic file was used as input for the CPU version of HICCUPS, which run using 5,
762 10 and 25-Kb resolution KR-normalized matrices. The maximum permitted FDR value was 0.1
763  for the three resolutions; the peak widths were 4, 2 and 1 bin for 5, 10 and 25-Kb resolutions,
764  respectively; and the window widths to define the local neighborhoods used as background
765 were 7, 5 and 3 bins, respectively. The thresholds for merging loop lists from different
766  resolutions were the following: maximum sum of FDR values of 0.02 for the horizontal, vertical,
767  donut and lower-left neighborhoods; minimum enrichment of 1.5 for the horizontal and vertical
768  neighborhoods; minimum enrichment of 1.75 for the donut and bottom-left neighborhoods;
769  minimum enrichment of 2 for either the donut or the bottom-left neighborhoods. The distances
770 used to merge the nearby pixels to a centroid were 20, 20 and 50-Kb for 5, 10 and 25-Kb
771  resolutions, respectively. CTCF-bound and chromatin loops were considered when at least
772  one of the loop anchors overlapped with a CTCF ChlP-seq peak.

773

774  UMI-4C

775  UMI-4C library preparation was performed as previously described”® with modifications in 3C
776 library preparation and minor modification in sequencing library preparation. Experiments were
777  performed in singletons in wild-type and ctcf” mutant embryos at 48 hpf, using one to three
778  million cells as input material. Embryo fixation, nuclei extraction, chromatin digestion, biotin fill-
779 in, proximity ligation, cross-link reversal, and DNA purification were performed following above

780  experimental procedure for HiC. The following procedure were specific for UMI-4C.

781  DNA shearing: 5-7 ug of purified DNA was sheared with Covaris M220 sonicator with the
782  following setup: 130 ul sample volume, Peak Incident Power (W): 50, Duty Factor: 10%, Cycles
783  per Burst: 200, Treatment Time (s): 70, cooling at 7°C. Samples were then purified using
784  AMPure XP beads (Agencourt, A63881) as follows: 2.0x volume of AMPure beads were added
785  to the sample, mixed by pipetting, and incubated for 10 min at room temperature. Beads were
786  separated on a magnet, and clear supernatant was discarded. Beads were washed twice with
787  70% EtOH, and air dried for 5 min. DNA was eluted in 300 ul water.

788  Biotin pull down: Biotin-labelled DNA was bound to Dynabeads My One C1 Streptavidin beads,
789 using 5 ul of beads per 1 yg DNA and following manufacturer's instructions. Beads were
790  washed twice with 1x tween-washing-buffer (5 mM Tris HCI pH 7.5, 0.5 mM EDTA, 1 M NaCl,
791  0.05% Tween 20) and finally resuspended in 1x sample volume 2x binding buffer (10 mM Tris
792 HCIpH 7.5, 1 mM EDTA, 2 M NaCl). Beads were mixed with the DNA sample and incubated
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793  for 20 min at room temperature while rotating. Beads were separated on a magnet, twice
794  washed with 1x tween-washing-buffer at 55°C and 700 rpm shaking for 2 min. Reclaimed
795  beads were resuspended in 50 ul water.

796  Sequencing library preparation: 500 ng of DNA attached to beads were end-repaired by
797  incubating in 100 ul end-repair mix (1x T4 Ligase Buffer (NEB), 0.5 mM dNTP mix, 0.12 U/ ul
798 T4 DNA Polymerase (NEB, M0203) and 0.05 U/ ul Klenow (NEB, M0210)) for 30 min at 20°C.
799 Beads were separated on a magnet, twice washed with 1x tween-washing-buffer at 55°C and
800 700 rpm shaking for 2 min. Reclaimed beads were resuspended in 50 yl water. Next, DNA-
801 bound beads were incubated for 30 min at 37°C in 100 ul A-tailing mix (1x NEB buffer, 0.5 uM
802 dATP, and 0.25 U/ ul Klenow, exo- (NEB, M0212)). The enzyme was heat inactivated at 75°C
803  for 20 min. For 5’ dephosphorylation of DNA ends, 2 ul of Alkaline Phosphatase, Calf Intestinal
804 (NEB, M0290) was added and samples were incubated at 37°C for 1 hour and with
805 occasionally mixing. Beads were separated on a magnet, twice washed with 1x tween-
806  washing-buffer at 55°C and 700 rpm shaking for 2 min. Reclaimed beads were resuspended
807 in 20 ul water. Next, samples were indexed by ligating TruSeq lllumina adaptors by incubating
808 DNA-bound beads in 50 ul adapter ligation mix (1x T4 Ligation buffer, 5% PEG-4000, 0.3 U/
809 ul T4 DNA Ligase (ThermoFisher, ELO011), 1.5 ul TruSeq index adapter). The reaction was
810 incubated at 22°C for 2 hours with occasionally mixing. Sample volume was increased with
811 water to a total 100 yl and incubated at 96°C for 5 min to denature DNA and remove non-
812 ligated strand from adapter. Sample were placed on ice and beads were separated on a
813  magnet, twice washed with 1x tween-washing-buffer at 55°C and 700 rpm shaking for 2 min.
814  Reclaimed beads were resuspended in 20 pl water. Final library for paired-end sequencing
815 was prepared using NEBNext High-Fidelity 2X PCR Master Mix (NEB) and a nested PCR
816  approach as described in Schwartzman et al. 2016. Individual viewpoints are defined by US
817  (upstream) and DS (downstream) primers within the Dpnll fragment of interest (Extended Data
818 Table 1). US and DS primers were designed with melting temperature of 58°C. DS primers
819  were designed between 5-15 bp from the interrogated Dpnll restriction site and containing P5
820 sequence at their 5’ end. US primers were designed within a region of up to 100 bp of
821 interrogated Dpnll restriction site and with only minimal overlap with DS primers. Up to 14 US
822 and DS primers were pooled for multiplex PCR reaction, respectively. First PCR reaction: 50
823  ul reaction, containing 1x NEBNext High-Fidelity 2X PCR Master Mix, 0.3 uM US primer mix
824  (each) and 0.3 yM TruSeq Primer 2.0 (P7), 200 ng DNA-bound on beads. PCR cycler setup:
825 1. 98°C for 30 seconds, 2. 98°C for 10 seconds, 3. 58°C for 30 seconds, 4. 72°C for 60
826  seconds, 5. Go to step 2 for 18 cycles in total, 6. 72°C for 5 min. For each sample two PCR

827  reactions were performed and then pooled for AMPure beads purification. 1.2x volume of
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828 AMPure beads were added to the sample, mixed by pipetting, and incubated for 10 min at
829 room temperature. Beads were separated on a magnet, and clear supernatant was discarded.
830 Beads were washed twice with 70% EtOH, air dried, and DNA was eluted in 30 ul water.
831 Second PCR reaction: 50 ul reaction, containing 1x NEBNext High-Fidelity 2X PCR Master
832  Mix, 0.3 uM DS primer mix (each) and 0.3 uM TruSeq Primer 2.0 (P7), 100 ng DNA from first
833 PCR. PCR cycler setup: Corresponded to setup of first PCR but with 15 cycles. For each
834 sample 3-5 PCR reactions were performed and then pooled for size selection for fragments
835  between 200 and 700 bp, using AMPure beads. 0.575x volume of AMPure beads were added
836 to the sample, mixed by pipetting, and incubated for 10 min at room temperature. Beads were
837  separated on a magnet, and clear supernatant was transferred to a fresh tube. 0.3x volume of
838 fresh AMPure beads were added to the supernatant, mixed, and incubated for 10 min at room
839 temperature. Beads were separated on a magnet, and clear supernatant was discarded.
840 Beads were washed twice with 70% EtOH, and air dried for 5 min. DNA was eluted in 300 ul
841  water. Libraries were multiplexed and sequenced using DNBseq technology to produce 50 bp
842  paired-end reads and approximately 1-5 million raw sequencing read pairs for each viewpoint
843  and genotype.

844  For the UMI-4C data analysis, raw fastq files were processed using the R package

845 umidcpackage (https://bitbucket.org/tanaylab/umi4cpackage). Contact profiles and

846  domainograms were generated using the default parameters and a minimum win_cov of 10.
847

848  Statistical analyses

849  For comparison of insulation scores, TAD sizes, loop ranges and expression fold-changes
850 among datasets, two-tailed Wilcoxon's rank sum tests were used. In Fig. 3f and Extended data
851 Fig. 7, box plots represent: center line, median; box limits, upper and lower quatrtiles; whiskers,
852 1.5x interquartile range; notches, 95% confidence interval of the median. Other boxplots
853 represent the same parameters but do not include notches. Statistical significance of
854  contingency tables was assessed using the Fisher’s exact test.

855

856 Data availability

857 HiC, ChIPmentation, RNA-seq, ATAC-seq and UMI-4C data generated in this study are
858 available through the Gene Expression Omnibus (GEO) accession number GSE156099
859  [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE156099].
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863 https://gitlab.com/rdacemel/hic ctcf-null.
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EXTENDED DATA

Extended Data Table 1 — List of primers used in this study

Primer name
CTCFexon4

CTCFexon5
sgRNA_univ

CTCFpF
CTCFpR
ptch2F

ptch2R

hoxa5aF
hoxa5aR
hoxa9aF
hoxa9aR

hoxc1aF
hoxc1aR
umi4C-ptch2-
us
umi4C-ptch2-
DS

umi4C-
hoxd4a-US
umi4C-
hoxd4a-DS
umi4C-
hoxd13a-US
umi4C-
hoxd13a-DS

Primer sequence
5-AATACGACTCACTATAGGAGTTACACTTGCCCACGCGTTTTA
GAGCTAGAA_ 3
5’-TAATACGACTCACTATAGGCATGGCCTTTGTCACCAGGTTTT
AGAGCTAGAA-3’
5-AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGA
CTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-3’
5’-CAAGCTGCGCTACAACACAG-3’

5’-CTCCTGTGTGGGAGCGAATG-3’

5-TCCTGTGCTGTTTCTACAGG-3’
5’-GGATCCATTAACCCTCACTAAAGGGAATGCGCAGAACAAGTTATAGG-3’
5-GGCGTGGACTATCCCTTAC-3’
5’-GGATCCATTAACCCTCACTAAAGGGAAGGAGGCCAATCACACCTTAC-3’
5-CCCTTCCCTCTACCTTTTCC-3’
5’-GGATCCATTAACCCTCACTAAAGGGAAGAAGGTCAACAGACCATGAGG-3’
5’-GTCTGTGGATGGAGTTTCG-3’
5’-GGATCCATTAACCCTCACTAAAGGGAAGGTGCTTTAACGGTACGTG-3’
5’-CATCAAACCACCCTTTTCAG-3’

5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCTGGGCTACCTCTCCAAATGTT-3’
5’-TTTCCTACCTTCAGAAATTAATGG-3’

5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCTTCGTACATGGTGAACTCCAA-3’
5’-GAGCGTGAATACAACACCACTA-3’

5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCTCCACTAAGTTCATTACAAAGGAGA-3’
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Extended Data Figure 1. Chromatin structure in zebrafish embryos requires CTCF. a, HiC observed/expected
contact maps at 10 Kb resolution in WT and ctcf” zebrafish embryos at 48 hpf. The 3-Mb genomic region shown in
Figure 1c is plotted. b-¢, Box plots showing the insulation scores of the TAD boundaries (b) and the TAD sizes (c)
in WT and ctcf”- embryos at 48 hpf. Statistical significance was assessed using the Wilcoxon’s rank sum test. d,
Aggregate analysis of normalized HiC signal in WT and ctcf”- embryos at 48 hpf for the 2,438 TADs called in WT
embryos, rescaled and surrounded by windows of the same size. e, Pearson’s correlation matrices from HiC data
at 500 Kb resolution in WT and ctcf” embryos at 48 hpf. A 25-Mb genomic region is plotted, aligned with the 2nd
eigenvector demarcating A and B compartments. f, Saddle plots showing the genome-wide interaction enrichments
between active and inactive genomic regions from HiC data in WT and ctcf embryos at 48 hpf. g, Bar plots showing
the degree of compartmentalization in WT and ctcf embryos at 48 hpf. AB strength and quantification of AA, BB
and AB interactions based in the 2nd eigenvector, are plotted.
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Extended Data Figure 2. CTCF is bound to TAD boundaries and chromatin loops in zebrafish embryos. a,
Pie charts showing the percentage of TADs or chromatin loops overlapping with CTCF sites (left) and the
percentage of CTCF sites overlapping with TADs or chromatin loops (right). b, Heatmaps and average profiles of
CTCF ChlP-seq signal at CTCF sites overlapping or not with TADs or chromatin loops. ¢, Box plots showing the
distance between loop anchors (loop ranges) for the chromatin loops overlapping or not with CTCF sites at least in
one of their anchors. Statistical significance was assessed using the Wilcoxon’s rank sum test. d, Proportion of
genes annotated to the GO terms “Signaling”, “Metabolic process” and “Developmental process” for genes
overlapping with chromatin loop anchors, with or without CTCF binding. Statistical significance was assessed using
the Fisher’s exact test.
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994 Extended Data Figure 3. CTCF is required for dynamic expression changes during development. a,

995 Differential analysis of gene expression in WT embryos between 24 and 48 hpf from RNA-seq data (n = 2 biological

996 replicates per condition). The log2 normalized read counts of 24-hpf transcripts versus the logz fold-change of

997 expression are plotted. Transcripts showing a statistically significant differential expression (adjusted P-value <

998 0.01) are highlighted in blue (up-regulated) or red (down-regulated). The number of genes that correspond to the

999 up- and down-regulated transcripts are shown inside the boxes. b, GO enrichment analyses of biological processes
1000 for the up- and down-regulated genes in WT embryos from 24 to 48 hpf. Terms showing an FDR < 0.05 are
1001 considered as enriched. ¢, Venn diagrams showing the overlap between the genes up- and down-regulated in WT
1002 embryos from 24 to 48 hpf and the genes up- and down-regulated in ctcf~ embryos at 48 hpf (see Fig. 2b). d,
1003 Scatter plots showing the correlation between the expression fold change of all transcripts in WT embryos from 24
1004 to 48 hpf, and their expression fold change in ctcf” embryos at 48 hpf. Up- and down-regulated transcripts in ctcf”
1005  embryos are highlighted in blue or red, respectively.
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Extended Data Figure 4. CTCF absence leads to down-regulation of developmental genes. GO enrichment
analyses of biological processes for the up- and down-regulated genes in ctcf”~ embryos at 24 (left) and 48 hpf
(right), distinguishing between those genes with (top) or without (bottom) CTCF binding at their TSS. Terms showing
a false discovery rate (FDR) < 0.05 are considered as enriched.
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Extended Data Figure 5. The dynamics of the chromatin accessibility landscape requires CTCF. a,
Differential analysis of chromatin accessibility in WT embryos between 24 and 48 hpf from ATAC-seq data (n = 2
biological replicates per condition). The logz normalized read counts of 24-hpf ATAC peaks versus the logz fold-
change of accessibility are plotted. Regions showing a statistically significant differential accessibility (adjusted P-
value < 0.01) are highlighted in blue (up-regulated) or red (down-regulated). The number of peaks that correspond
to the up- and down-regulated sites are shown inside the boxes. b, Motif enrichment analyses for the up- and down-
regulated ATAC peaks in WT embryos from 24 to 48 hpf. The 3 motifs with the lowest p-values are shown for each
case. ¢, Heatmaps and average profiles plotting normalized ATAC-seq signal in WT embryos at 24 and 48 hpf and
in ctcf” embryos at 48 hpf for the up- and down-regulated peaks from (a). d, Pie charts showing the annotation to
different genomic features of ATAC-peaks up- or down-regulated in ctcf-embryos at 24 or 48 hpf (see Fig. 3a-b).
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1026 Extended Data Figure 6. The p53 pro-apoptotic response in the absence of CTCF does not suppress defects
1027 in chromatin accessibility. a, Heatmaps and average profiles plotting normalized ATAC-seq signal in WT, control
1028 ctcf” and p53 morpholino (p53MO)-injected ctcf”- embryos at 48 hpf for the up- and down-regulated peaks in control
1029 ctcf” embryos (see Fig. 3b). b, Motif enrichment analyses for the up-regulated ATAC peaks in control ctcf* and
1030 p53MO-injected ctcf- embryos at 48 hpf. The 3 motifs with the lowest p-values are shown for each case. ¢, Gene
1031 expression fold change from RNA-seq data of the {p53 gene and the p53 target genes mdm2, cdkn1a, bbc3, bcl2a
1032  and bdl2i1, in control ctcf” and p53MO-injected ctcf- embryos at 48 hpf.
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1035 Extended Data Figure 7. CTCF loss reduces accessibility at clustered cis-regulatory elements around
1036 developmental genes. a, Bar plots showing the level of clustering of the up- and down-regulated ATAC-seq peaks
1037 in ctcf”- embryos at 48 hpf, with or without CTCF binding. Peaks were considered to be clustered when located less
1038 than 30 Kb from each other. b, Box plots showing the expression fold-change in ctcf embryos at 48 hpf of all DEGs
1039 or only those associated with down-regulated DARs not overlapping with CTCF sites, grouped in less or more than
1040 4 peaks per cluster. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range;
1041 notches, 95% confidence interval of the median Statistical significance was assessed using the Wilcoxon’s rank
1042 sum test. ¢, GO enrichment analyses of biological processes for the genes associated with the down-regulated
1043 DARs in ctcf embryos at 48 hpf not overlapping with CTCF sites, grouped in less or more than 4 peaks per cluster.
1044 Top-5 terms showing an FDR < 0.05 are considered as enriched. d, Top, heatmaps showing HiC signal in WT and
1045 ctef” embryos at 48 hpf in a 1.5-Mb region of chromosomes 15 (left) or 20 (right). Bottom, zoom within the /hx1a
1046 TAD (left) or the sox71b TAD (right) showing UCSC Genome Browser tracks with CTCF ChlP-seq, ATAC-seq at
1047 48 hpf in WT and ctcf” embryos, ATAC-seq up- or down-regulated peaks and RNA-seq at 48 hpf in WT and ctcf”
1048 embryos. The down-regulated genes are shown in red.
1049
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1051 Extended Data Figure 8. CTCF is required for the establishment of regulatory landscapes at the HoxD locus
1052 and hox gene expression. a, Top, UMI-4C assays in WT and ctcf”- embryos at 48 hpf using the hoxd4a and
1053 hoxd13a gene promoters as viewpoints. Black lines and grey shadows represent the average normalized UMI
1054 counts and their standard deviation, respectively. Domainograms below UMI counts represent contact frequency
1055 between pairs of genomic regions. Bottom, UCSC Genome Browser tracks with CTCF ChIP-seq, ATAC-seq at 48
1056 hpf in WT and ctcf” embryos, ATAC-seq up- and down-regulated peaks and RNA-seq at 48 hpf in WT and ctcf”
1057 embryos. Up- and down-regulated genes are shown in blue and red, respectively. b, Whole-mount in situ
1058 hybridization of the hoxd4a and hoxd13a genes in WT and ctcf” embryos at 48 hpf. Left, lateral view; right, dorsal
1059 view. Anterior is to the left and scale bars represent 500 ym. ¢, Whole-mount in situ hybridization of the hoxa5a,
1060 hoxa9a and hoxc1a genes in WT and ctcf embryos at 48 hpf. Left, Anterior is to the right and scale bars represent
1061 500 ym.
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