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Fig. $1: Flow chart of integrative data analysis
Overview of the various analysis steps performed in this study. See text and methods for

additional details.
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Fig. S2: Derivation of pCRs and DAEs
A) Density plot showing the size distribution of the 202,163 pCRs in bps. The red dashed
line indicates the average length of all pCRs (460 bp).
B) Relative distribution of all 202,163 pCRs in relation to their closest transcriptional start

site. Graph generated using GREAT [1].



C) Heatmaps showing variability across all epigenome features for the top 30,000 DAEs
(left) and nDAEs (right). Columns represent in total 494 epigenome data sets used for

the various types of histone marks and chromatin accessibility, as indicated.
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Fig. S3: Enhancer-Gene predictions and target gene expression

A) Bar chart showing the overlap between predicted enhancer-gene interactions from HiC

of CP (upper panel) or GZ (lower panel) and the alternatively used enhancer-prediction



C)

D)

E)

F)

methods JEME [2], ENCODE [3], FOCS [4],GeneHancer [5], HIChIP [6], PLAC-seq [7]
and ABC model [8].

Bar chart showing the number of target genes that overlap between the HiC enhancer-
gene interaction predictions and the target gene predictions from the alternative
methods, for DAEs (upper panel) and nDAEs (lower panel).

Venn diagrams showing the interactions of DAEs (first and third panel) or nDAEs
(second and fourth panel) with protein coding genes (left) and lincRNA (right) within the
same TAD, for interactions from HiC in CP (first and second panel) or GZ (third and
fourth panel).

Venn diagrams showing the overlap between DAEs (upper panel) or nDAEs (lower
panel) that interact with genes in CP (left) or GZ (right).

Box plots showing the RNA-seq gene expression levels (in log2 FPKM) of genes linked
to DAEs or nDAEs in CP (left) or GZ (right) for different brain regions. Boxes are
interquartile range (IQR); line is median; and whiskers extend to 1.5 the IQR. * p<0.05;
** p<0.01; *** p<0.001; (wilcox.test). RNA-seq data obtained from ENCODE project [9].
Box plots showing gene expression levels as determined by RNA-seq, for genes that
interact with DAEs (light gray) or nDAEs (dark gray) as predicted by JEME [2], FOCS
[4], GeneHancer [5], ENCODE [3], HiChlIP [6], PLAC-seq [7], or the activity-by-contact
(ABC) method [8], as indicated, for either CP or GZ, for fetal (red) or adult (blue) brain
samples. Boxes are interquartile range (IQR); line is median; and whiskers extend to
1.5 the IQR. PCW, postconceptional week. FPKM, fragments per kilobase of transcript
per million mapped reads. * p<0.05; *** p<0.001; ns, not significant (wilcox.test). Data
obtained from: 12 PCW, Yan et al [10]; 15-17 PCW, De la Torre-Ubieta et al [11]; 17
PCW, Roadmap [12]; 81 years, Roadmap [12]; mean of fetal sources is the mean

expression of the first three fetal samples.

G) Bar plot showing the overlap between rising, falling and constantly expressed genes

from BrainVar [13] and DAE and nDAE target genes as predicted by HiC in CP or GZ.



H) Line plot showing the odds ratio between DAE and nDAE linked genes in CP (red) or
GZ (blue) (as determined by HiC), for rising, falling or constant genes from BrainVar

[13]. * p<0.05; *** p<0.001, Fisher’'s exact test.
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Fig. S4: Features and motifs in DAEs and nDAEs

A) Line plot showing the distribution of the mean ncER percentile (left) [14], GC content

score (middle) [15] and phastcons score (right) [15] over all DAEs that have a size of

= 768).
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B)

C)

D)

F)

Bar chart showing the number of significant motifs from HOMER analysis (left) or the
total number of target sequences for these motifs, across the 20 relative bin groups
for DAEs.

As B), but now for nDAEs.

Heatmap showing the RNA-seq expression levels (Log2 FPKM) of the most enriched
TFs at the center of DAEs from the HOMER analysis presented in Fig. 3G, across
various human fetal tissues. RNA-seq data obtained from ENCODE project [9].

As D), but now for the most enriched TFs at the center of nDAEs from the HOMER
analysis reported in Fig. 3H.

Effect of ncER deletion on activity of DAEs linked to IRF2BPL, CHD2 and MACF1.
Percentage of activity of modified DAEs (see methods) compared to the full-length
DAE in STARR-seq enhancer reporter experiments is plotted. Two independent
transfection experiments were performed, each in duplicate. All data points and
standard deviation are shown. * p<0.05; **** p<0.0001 (one-way ANOVA test

followed by multiple comparison test (Fisher’'s LSD test).
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B)

C)

D)

F)

Bar chart showing the overlap between DAEs and cell type-specific chromatin
accessibility peaks derived from Domcke et al [16], generated by scATAC-seq on fetal
brain.

As A), but not nDAEs.

Bar chart showing the overlap between cell type specific putative enhancers from
postnatal brain from Nott et al [7] and Corces et al [6], using the putative enhancers
from Nott et al as reference for the intersection.

As C), but now using the putative enhancers from Corces et al as reference for the
intersection.

Bar chart showing the overlap between DAEs and the postnatal, cell type specific
putative enhancers from Nott et al and Corces et al.

As E), but now for nDAEs.
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A) Heatmap displaying H3K27ac for pre- and postnatal samples from Li et al [17]

Fig. S6



heatmap) (A'). K means clustering analysis of H3K27ac enrichment (A") identifies four
clusters, depicted in purple, blue, green and red. Level of enrichment is indicated on
the y-axis in Log2 TPM. Gene enrichment analysis for the corresponding genes in each

cluster (A'"). X-axis shows the - log 10 (p-value) from Enrichr.

B) As A), but then for nDAEs. K means clustering identifies 5 different clusters for nDAEs,

depicted in yellow, purple, green, blue and red.
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Fig. S7: DAEs and nDAEs in human disease, related to Fig. 5

A)

B)

Line graph showing the fraction between OMIM divided by nonOMIM genes as a
function of the number of enhancers that a DAE is interacting with, for interactions in
CP (red) and GZ (blue). The more enhancers a DAE is interacting with, the more likely
it is that the target gene of that DAE is a OMIM gene.

Heat map showing the —log10 p-value obtained from LD score regression analysis
using relevant publicly available GWAS data for several brain related disorders (see
Additional File 12: Table S11), for DAEs, nDAEs and pCRs. AD, Alzheimer’s disease;
ADHD, attention-deficit hyperactivity disorder; BDSCZ, bipolar disorder and
schizophrenia; MDD, major depressive disorder; OCD_TS, obsessive compulsive

disorder / Tourette syndrome; PD, Parkinson’s disease; SCZ, schizophrenia.
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Fig. S8: Zebrafish enhancer reporter assay

Panel of additional fluorescent images for validated enhancers, showing GFP expression in

zebrafish at 1, 2 and 3 dpf. Scale bars represent 500 um.
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