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Lineage-specific epigenomic changes during human corticogenesis have been difficult
to study owing to challenges with sample availability and tissue heterogeneity. For
example, previous studies using single-cell RNA sequencing identified at least 9 major
celltypesand up to 26 distinct subtypesin the dorsal cortex alone'?. Here we characterize
cell-type-specific cis-regulatory chromatininteractions, open chromatin peaks, and
transcriptomes for radial glia, intermediate progenitor cells, excitatory neurons, and
interneuronsisolated from mid-gestational samples of the human cortex. We show
that chromatininteractions underlie several aspects of gene regulation, with
transposable elements and disease-associated variants enriched at distal interacting
regionsin a cell-type-specific manner. In addition, promoters with increased levels of

chromatininteractivity—termed super-interactive promoters—are enriched for
lineage-specific genes, suggesting that interactions at these loci contribute to the
fine-tuning of transcription. Finally, we develop CRISPRview, a technique that
integrates immunostaining, CRISPR interference, RNAscope, and image analysis to
validate cell-type-specific cis-regulatory elements in heterogeneous populations of
primary cells. Our findings provide insights into cell-type-specific gene expression
patterns in the developing human cortex and advance our understanding of gene
regulation and lineage specification during this crucial developmental window.

The human cortex undergoes extensive expansion during develop-
ment, a process which is markedly different and features distinct
cell types from mouse cortical development. Much of its diversity
arises from cortical stem cells known as radial glia (RG), which give
rise to intermediate progenitor cells (IPCs) and excitatory neurons
that undergo radial migration until they reach the cortical plate®*.
Meanwhile, interneurons migrate tangentially into the dorsal cortex
through the marginal and germinal zones’. Dynamic changes in the
epigenomiclandscape have been shown toinfluence developmentand
cell fate commitment—for example, through the rewiring of physical
chromatinloops between promoters and distal regulatory elements
including enhancers®. These interactions are of particular interest as
their dysregulation has been linked to alterations in gene expression
and complex disorders and traits”®. Although previous studies have
investigated bulk tissues, including the cortical plate and germinal
zone’, detailed characterizations are missing for specific cell types.

Herewe describe anapproachforisolating RG, IPCs, excitatory neurons,
and interneurons from mid-gestational human cortex samples, ena-
bling acomparison of their 3D epigenomes. Furthermore, we develop
CRISPRview, asensitive technique for validating cell-type-specific distal
regulatory elementsinsingle cells. Our results identify key mechanisms
that underlie gene regulation and lineage specification during human
corticogenesis, and provide a framework for the understanding of
diverse processes in development and disease.

Sorting cell types from the developing human cortex

Toisolate cell types from human cortex samples between gestational
weeks 15 to 22 (Supplementary Table 1), we expanded upon an estab-
lished approach for isolating RG from human cortical samples using
fluorescence-activated cell sorting (FACS)™. Germinal zone and cortical
plate samples were dissociated, stained using antibodies for EOMES,
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Fig.1|Experimental design and features of 3D epigenomes during human
corticogenesis. a, Schematic of the sorting strategy. Microdissected germinal
zone (GZ) and cortical plate (CP) samples were dissociated into single cells
beforebeing fixed, stained with antibodies for PAX6, SOX2, EOMES and SATB2,
andsorted using FACS. b, Heat map displaying the expression of key marker
genes foreachcell type. c, WashU Epigenome Browser snapshot displaying a
region (chrl7:72,970,000-73,330,000) with cell-type-specific interactions

SOX2,PAX6 and SATB2, and partitioned into their constituent popula-
tions using FACS (Fig. 1a, Extended Data Fig. 1). IPCs were isolated as
the EOMES" population, whereas excitatory neurons were isolated
fromthe EOMES™ and SOX2™ population based on high SATB2 expres-
sion'. RG wereisolated based on high SOX2 and high PAX6 expression,
andinterneurons were isolated based on medium SOX2 and low PAX6
expression. The gene expression profiles of the sorted cell populations
were both highly consistent with cellular identity and reproducible
between individuals (Fig. 1b, Extended Data Fig. 2a, b).

Characterizing cell-type-specific 3D epigenomes

We used histone 3 lysine 4 trimethylation (H3K4me3) proxim-
ity ligation-assisted chromatin immunoprecipitation sequencing
(PLAC-seq)" to identify chromatin interactions at active promoters
and assay for transposase-accessible chromatin using sequencing
(ATAC-seq) to profile open chromatin peaks for the sorted cell popula-
tions (Fig. 1c, Supplementary Table 2). After confirming that the sam-
ples cluster by cellularidentity (Extended DataFig. 2c,d), we applied the
model-based analysis of PLAC-seq (MAPS) pipeline to call significant
H3K4me3-mediated chromatininteractions ataresolution of 5kb. We
identify 35,552, 26,138, 29,104, and 22,598 interactions in RG, IPCs,
excitatory neurons, and interneurons, respectively, with approximately
85% of the interactions classified as anchor to non-anchor, and the
remaininginteractions classified asanchor toanchor (Fig.1d, Extended
DataFig.3a,b). The medianinteraction distance was between170 and
230 kb (Fig. 1e), with an average of 4 to 5 interactions per promoter
(Fig.1f), and the majority of interactions occurred within topologically
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celltype, withthe proportions of anchor to anchor (red) and anchor to
non-anchor (blue) interactions highlighted. ‘AND’ or ‘XOR’interactions are
classified based on whether both or only one of the interacting 5-kb bins
overlap anchor bins, respectively. e, Cumulative distribution function (CDF)
plotsof interaction distances for each cell type. f, Histogram displaying the
numbers of interactions for interacting promoters across all cell types.

associated domains in the germinal zone or cortical plate (Extended
DataFig.3c).

Chromatininteractions influence transcription

We characterized the extent to which H3K4me3-mediated chroma-
tininteractions influence cell-type-specific transcription. First, the
sorted cell populations cluster by developmental age on the basis of
their interaction strengths across all interacting loci (Fig. 2a). This is
consistent with interneurons at this age possessing progenitor-like
characteristics, including high SOX2 expression. Meanwhile, genes
that participate in cell-type-specificinteractions are enriched for bio-
logical processes linked to their respective cell types, including cell
proliferation for RG and IPCs and neuron projection development for
IPCs and excitatory neurons (Extended Data Fig. 4a, Supplementary
Table 3). Interaction strength and gene expression are positively cor-
related (Fig. 2a, b, Extended Data Fig. 4b), suggesting that chromatin
interactions orchestrate transcription in a manner that is distinctly
cell-type-specific. Next, we leveraged the enrichment of open chroma-
tin peaks at distal interacting regions (Fig. 2c, Extended Data Fig. 4¢)
and performed transcription-factor motif enrichment analysis for
distal interacting regions in each cell type® (Fig. 2d, Supplementary
Table 4). The motifs for PAX6, EOMES, and TBR1are enriched inRG, IPCs,
and excitatory neurons, respectively, recapitulating their sequence of
expression along this developmental trajectory™. The motifs for DLX1,
DLX2,DLX6,GSX2,and LHX6 are enriched ininterneurons, inaccord-
ance with their rolesin the maturation and function of interneurons®.
Finally, we detect motifs thatare enriched in distal interacting regions
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Fig.2|H3K4me3-mediated chromatininteractionsinfluence cell-type-
specific transcription. a, Heat maps showinginteraction strengths (left) and
gene expression (right) for anchor tonon-anchor interactions grouped
accordingtotheir cell type specificity. Interaction strengths are based on the -
log,o-transformed false discovery rate (FDR) from the MAPS pipeline. b, Scatter
plotshowingthe correlationbetween the differencein the number ofinteractions
foreach promoter and the differencein the expression of the corresponding
genes for RG and excitatory neurons. P=1.32x1072”’, two-tailed Pearson
product-moment correlation coefficient; n=13,996 anchor bins with promoters.
Thetrend line fromlinear regressionis shown.RPKM, reads per kilobase of
transcript, per million mapped reads. ¢, Fold enrichment of open chromatin
peaks compared with distance-matched background regionsin1-Mb windows
around distalinteracting regionsin RG.d, Transcription-factor (TF) motif
enrichment analysis for open chromatin peaks at cell-type-specific distal
interactingregionsin each celltype. We analysed 4,203,1,412, 3,088, and 949
regionsinRG, IPCs, excitatory neurons (eNs), and interneurons (iNs),
respectively. Colours represent enrichment scores based on the Pvalue from
HOMER, and sizes represent the gene expression of the corresponding TFs.

for co-expression modules in the developing human cortex! (Supple-
mentary Table5). Our results identify key lineage-specific transcription
factors whilelinking them to their interacting genes, enabling insights
into gene regulatory networks during human corticogenesis.

SIPs are enriched for lineage-specific genes

The number of chromatininteractions at H3K4me3-mediated anchor
binsis only modestly correlated with gene expression (Extended Data
Fig. 5a). A potential explanation for this is that individual genes are
expressed to varying degrees in the contexts of their diverse cellular
functions,and asubset of regulatory elements may be better described
as fine-tuning rather than independently inducing or silencing tran-
scription. Multiple regulatory interactions can also exert synergis-
tic or non-linear effects on gene regulation. Cell-type-specific genes
tend to form more chromatininteractions than shared genes acrossall
four cell types (Extended DataFig. 5b). By ranking anchor bins accord-
ing to their cumulative interaction scores, we delineate a subset of
promoters with increased levels of chromatin interactivity, termed
super-interactive promoters (SIPs) (Fig. 3a, Extended Data Fig. 5¢).
Weidentify 755,765, 638,and 663 SIPsin RG, IPCs, excitatory neurons,
andinterneurons, respectively (Extended Data Fig. 5d, Supplementary
Table 6). SIPs are enriched for key lineage-specific genes including
GFAP and HESI for RG, EOMES for IPCs, SATB2 for excitatory neurons,
and DLX5, DLX6, GAD1, GAD2, and LHX6 for interneurons. We also
observe forebrain-specific SIPs including FOXG1 in all four cell types,
progenitor-specific SIPsincluding SOX2in RG, IPCs, and interneurons,
and cortical neuron-specific SIPs including TBRIin IPCs and excitatory
neurons. Numerous promoters for long intergenic non-coding RNAs

a b c
o N Gene expression Cochran-Armitage
315004 : ranking trend test 2.0 eDNA
@l POUSF3, | (P value) o LINE
5 Foxa1 \! 1st 2nd 3rd 4th a TR
5 TLE3 @® RG o e 7.55x 10 = ® SINE
81,000 1881 \\|| 7 o o , &'
3 NCAMT |2 PCO O © o  185x10° E |: fpyi MalR
£ Sa’\%g ||§ eNO 0 © o a401xi0® g 2, .
2 s PL&(LI\]IQ§§ NO © @ @ 321x10° W EF‘?N Alu
= PCDH1 Fold enrichment  chi-squared TcMar-Tigger ©
£ GRIAT = over lowest Pvalue 05 hAT-Charlie
© 0.6 Ly expression B 0 10,000 20,000
. ) 11025 105 1010 No. of ob d copi
Ranking of anchor bins 1.01 _58) 2C)5 9) - ot observed copies
ds f
:.DAEW My e 40 ZNF143 3 : ADRAZA
T ADRA; MINT — = T
Bl % . <05 $30 o4 2 LINGD1248,150XT1 160
S I LINCO1248, <10 F 583 8 I DABT 11da
a4 NCAM1 o SOXTi 15 > 9105 & 2 +TRIB2 2201
2% Actiagriy L CoMNTe <20 Q 201 «zBTB33 b < , vy 221
5 FLAT2 *iSI2 TfE3 2.5 2 £ A L 238
8ol IR sen gl g1 w
! THIEZ [ ZNF703 T PAX3-FKHR fusion ! !
I
o AC010729.2 0 0 X
25 50 75 0 0.1 0.2 0.3 5 10 15 20 25
Number of 5-kb bins Fraction of ERVL-MaLR TEs Number of TF motifs in
ERVL-MalLR TEs
g  hg38chr10111070000 111270000 111470000 111670000 111870000
RefSeq genes 1ADRA2A RG
L " . e s o e e iPe
ATAC-se — _— . — = —£
q i\ P | 1 eN
-kb bins
(anchor bins)
RepeatMasker v s i 11100 0 0

ERVL-MalLR TEs
in
ZNF143 motif

[T I I
123 4 567891011 12
|

W
CRISRPI IR ARY Vil
targeted motif 2 N
PLAC-seq
interactions ‘2%
RG
IPC
RNA-seq | eN
h i§20
2 .
— DNA £15
SIPG 5.6 P=006 P=0.10
( —— ZNF143 motif 2" ":E' P=001 p_go2e =012
= 805/ °° P=001 _:t:_—i*-—}:—
N ADRA2A o - e s .
i{ ERVL-MalRTEs £ ¢ °
€  Control | T N V2" I

CRISPRI targeted ZNF143 motifs
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ranked according to their cumulative interaction scores in excitatory neurons.
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b, The number of SIPs was divided by the total number of anchor bins (both SIPs
and non-SIPs) associated with genes with the first, second, third, and fourth
highest expression amongall four cell types (n=13,996 anchor bins with
promoters). Fold enrichment was calculated relative to the group with the
lowest expressionamongall four cell types. ¢, Scatter plot showing the
enrichmentand number of observed copies for TE families in SIPGs for
excitatory neurons. TE families occupying more than 1% of the genome are
coloured.d, Scatter plot showing the enrichment of ERVL-MaLR TEs and
number of distal interacting regions for each of the SIPGs in excitatory neurons
(n=638SIPGs). The 16 SIPGs with significant enrichment (P< 0.01, one-tailed
hypergeometric test) and 40 or more distal interacting regions are
highlighted. e, Scatter plot showing the enrichment of TF motifsin ERVL-MaLR
TEsfor the 16 SIPGs highlighted ind. Enrichment Pvalues are from HOMER.
f,Scatter plot showing the enrichment of ZNF143 motifs in ERVL-MaLR TEs for
the 16 SIPGs highlighted ind (Poisson distribution; Methods). g, Interactions
betweenthe ADRA2A promoter and 12 distal interacting regions containing
ERVL-MaLR TE-localized ZNF143 motifs. h, Proposed mechanism for the
contribution of TEs to SIP formation. i, ADRA2A expression was significantly
downregulated for three out of sevenregions relative to control sgRNAs
(P<0.05, two-tailed two-sample t-test; n=3 for all regions except region I,
whichhasn=2).Dataaremeanands.e.m.

(lincRNAs) including LINCO0461 and LINCO1551 are annotated as SIPs,
consistent with their expression in the developing cortex’®. In gen-
eral, SIPs are enriched in cell types with the highest expression of their
linked genes, supporting their putative roles in lineage specification
(Fig. 3b). Moreover, super-enhancers and DNA methylation valleys”
are enriched at SIPs (Extended Data Fig. 5e, f). Finally, SIPs based on
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interactions withenhancersrelative to groups 4 (6 out of 58 bins) and 5 (3 out of
52 bins). Pvalues determined by two-tailed chi-squared test. Only bins with at
least one interaction were considered. ¢, Interaction counts from Notch

promoter capture Hi-C data in neutrophils, naive CD4" T cells, mono-
cytes, megakaryocytes, and erythroblasts'® are analogously enriched
for cell-type-specific genes compared with shared genes (Extended
DataFig. 5g), indicating that SIPs present a generalized mechanism for
maintaining the expression of key genes underlying cellular identity
and function.

Transposable elementsin SIP formation

To explore mechanisms that underlie SIP formation, we evaluated the
contributions of transposable elements (TEs), which are known to
influence 3D chromatin architecture and propagate regulatory ele-
ments 2, We analysed the enrichment of TEs at the class, family, and
subfamily levels in sequences defined by SIPs and their distal inter-
acting regions, termed super-interactive promoter groups (SIPGs)
(Fig. 3¢, Extended Data Fig. 6a-c). We first observe that ERVL-MaLR
TEs are enriched in SIPGs across all four cell types. We identify 16
SIPGs in excitatory neurons that exhibit significant enrichment for
ERVL-MaLRs and have 40 or more distal interacting regions (P < 0.01,
one-tailed hypergeometric test) (Fig. 3d). Transcription-factor motif
enrichment analysis for ERVL-MaLRs reveals the highest enrichment
for ZNF143, an architectural protein that mediates physical chromatin
looping between promoters and distal regulatory elements® (Fig. 3e).
ERVL-MaLR TE subfamilies have also been linked to ZNF143 bindingin
3T3 and HeLa cells?. We find that ZNF143 motifs are broadly enriched
in ERVL-MaLRs, SIPGs, and ERVL-MaLR TEs in SIPGs (Extended Data
Fig.6d-f). The ADRA2A SIPG s characterized by the highest enrichment
of ERVL-MaLR TE-localized ZNF143 motifs (P=5.1x10"*, one-sided Pois-
sontest) (Fig. 3f) andisassociated with elevated ADRA2A expressionin
excitatory neurons (Extended Data Fig. 6g). It spans 42 distal interact-
ingregions, 25 of which contain ERVL-MaLRs, and 12 of which contain
ERVL-MaLR-localized ZNF143 motifs (Fig. 3g, Extended Data Fig. 6h).
These ZNF143 motifs can be aligned to the consensus sequences of their
corresponding ERVL-MaLR TE subfamilies (Extended Data Fig. 6i, j),
supportingamodelin which ZNF143 motifs are coordinately expanded
by the insertion of ERVL-MaLR TEs, promoting increased binding site
redundancy and strengthened assembly of the ADRA2A regulatory
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signalling genestoregions withand without HGEs in each cell type. Pvalues
determined by two-tailed chi-squared test. We observed 2,541,1,854,1,869,
and1,610interactions with HGEs in RG, IPCs, excitatory neurons, and
interneurons, respectively.d, e, LDSC enrichmentscores for each disease and
celltype, stratified by PLAC-seqanchor and target bins. Non-significant
enrichment scores are shown asstriped bars. AD, Alzheimer’s disease®®; ADHD,
attention deficit hyperactivity disorder®; ASD, autism spectrum disorder;
BD, bipolar disorder®’;1Q, intelligence quotient*’; MDD, major depressive
disorder*;SCZ, schizophrenia*.

unit (Fig. 3h). CRISPR interference (CRISPRi) targeting of ERVL-MaLR
TE-localized ZNF143 motifsin the ADRA2A SIPG resulted in significant
downregulation of ADRA2A expression for three out of seven regions
inexcitatory neurons (P<0.05, two-tailed two-sample t-test) (Fig. 3i),
supportingtherole of TEsin mediating the formation of higher-order
chromatin features including SIPs?.

Developmental trajectories in the human cortex

Because RG, IPCs, and excitatory neurons represent a developmental
trajectory fromdorsal cortical progenitors to mature functional neurons,
we grouped genes on the basis of their expression and chromatin inter-
activity along this axis and identified genes linked to cell-type-specific
processes in RG, IPCs, and excitatory neurons (groups1to 3) (Fig. 4a,
Extended Data Fig. 7a, Supplementary Table 7). We similarly identified
genes with anti-correlated gene expression and chromatin interactivity
from RG to excitatory neurons (groups 4 and 5), which represent excita-
tory neuron-silenced and RG-silenced genes, respectively. Excitatory
neuron-silenced genes are enriched for biological processes linked to chro-
matinremodellingand epigenetic regulation, whereasRG-silenced genes
areenrichedfor excitatory neuron-specific signatures. Furthermore, genes
inthese groups are depleted for interactions with enhancers annotated
using ChromHMM in the germinal matrix® while exhibiting enrichment for
interactions with transcriptionfactors containingdomains associated with
transcriptional repression (Fig. 4b, Extended Data Fig. 7b, Supple-
mentary Table 8). Our results demonstrate that cell-type-specific
3D epigenomes can identify distinct modes of epigenetic regulation
during development.

Human-specific aspects of cortical development

Human corticogenesis is markedly distinct from other mammals,
driven largely by the increased diversity and proliferative capacity of
cortical progenitors®. Notch signalling genes in particular have been
implicated in the clonal expansion of RG**%, Here, RG are enriched
relative to other cell types for interactions involving Notch signalling
genes® (Fig. 4¢). Interactions in RG also target a significantly higher
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(mm1343), supportingits function asa putative enhancer. ¢, Representative

proportion of human-gained enhancers (HGEs)*°. This suggests that
epigenetic modifications that surround Notch signalling genes in RG
contribute to neurological differences between humans and other
species. Additional biological processes that exhibit enrichment for
interactions with HGEs include forebrain neuron fate commitmentin
RG, neuroblast proliferationin IPCs, forebrain neuron developmentin
excitatory neurons, and GABA (y-aminobutyric acid)-ergic interneuron
development (Supplementary Table 9). We provide detailed annota-
tions of genes interacting with HGEs and enhancer elements that have
beenvalidated in vivo® in Supplementary Table 10.

Partitioning SNP heritability for complex disorders

Chromatin interactions present a unique resource for linking
genome-wide association study (GWAS) variants to their target genes
(Extended Data Fig. 7c, d, Supplementary Table 11). Furthermore,
expression quantitative traitloci (eQTLs) fromboth fetal** and adult*
brainsareenriched atchromatininteractions (Extended Data Fig. 8a-c).
We leveraged linkage disequilibrium score regression (LDSC)*** to
partition single nucleotide polymorphism (SNP) heritability for seven
complex neuropsychiatric disorders and traits: Alzheimer’s disease™,
attention deficit hyperactivity disorder”, autism spectrum disorder,
bipolar disorder®, intelligence quotient*’, major depressive disorder*
andschizophrenia*. First, conditioned on abaseline model*’, PLAC-seq
anchor andtarget bins exhibit significant enrichment for all of the traits
wetested, except for Alzheimer’s disease and autism spectrum disorder
(Extended DataFig. 8d). Anchor and target bins are also more informa-
tive than distal open chromatin peaks and cell-type-specific genes
(Extended DataFig. 8e, f), whichis attributable to the utility of chroma-
tininteractions for linking genes to distal regulatory sequences. Next,
we used ajoint model incorporating all four cell types to investigate
cell-type-specific patterns of SNP heritability enrichment (Fig. 4d, e).
Targetbins exhibit more variability than anchor binsin their enrichment
scores, reflecting the increased cell type specificity of distal regulatory
elements compared to promoters. Furthermore, excitatory neurons
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andinterneurons exhibit higher enrichment scores at target bins rela-
tivetoRG and IPCs, which suggests the increased relevance of neuronal
cell types for these traits. We used H-MAGMA** to identify biological
processes that are enriched for genes interacting with non-coding
variants (Extended Data Fig. 9, Supplementary Table 12). Our results
recapitulate the roles of lipoprotein metabolism and transportin
Alzheimer’s disease pathophysiology in RG*. Meanwhile, IPCs and
excitatory neurons are enriched across all diseases for interactions link-
ing SNPs to genes associated with neural precursor cell proliferation,
axon guidance and axonogenesis. Finally, our results for schizophrenia
align with extensive evidence that the disruption of chromatin regula-
tors is a major contributor to disease risk®*,

Cell-type-specific validation in primary cells

The validation of distal regulatory elements in primary cells has been
challenging, with most experiments performed using cell lines or
induced pluripotent stem (iPS) cell-derived cells. Amajor obstacle lies
intherobust detection of transcriptional changesin complex, heteroge-
neous samples. We developed CRISPRview to validate cell-type-specific
distal regulatory elementsinsingle cells (Fig. 5a). Specifically, primary
cultures of germinal zone or cortical plate samples were first infected
with lentivirus expressing mCherry, dCas9-KRAB, and single guide
RNAs (sgRNAs) that target open chromatin peaks that interact with a
geneofinterest along with lentivirus expressing GFP, dCas9-KRAB, and
control sgRNAs. The cells were then fixed and stained using antibod-
ies for mCherry, GFP, cell-type-specific markers, DAPI, and intronic
RNAscope probes that target the gene of interest. Finally, we lever-
aged SMART-Q* to compare the number of nascent RNA transcripts
between experimental and control sgRNA-treated cells. We validated
four regions thatinteract with the GPX3 promoter, all of which exhibit
significant downregulation in terms of GPX3 expression upon silenc-
ing (Fig. 5b-d). Meanwhile, silencing three regions that interact with
the IDHI promoter in RG and excitatory neurons results in the signifi-
cant downregulation of IDHI expression in the respective cell types
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(Extended Data Fig. 10a, b). Finally, we characterized two additional
RG-specific lociin TNC and HES1, both of which are annotated as SIPs
(Extended Data Fig. 10c-h). The observation of small but significant
changes in gene expression supports the hypothesis that multiple
interactions frequently work together to titrate the expression of key
genes underlying cellular identity and function.

Discussion

Single-cell RNA sequencing studies have highlighted the heterogeneity
ofthe developing human cortex. Despite marked differencesinlineage
and maturation state, many of the cell types share intriguing similarities
intheir transcriptional landscapes. For example, interneurons express
genesfortranscription factors thatare typically associated with RG prolif-
eration, including SOX2, as well as with excitatory neuron differentiation,
including ASCL1and NPAS3'. By isolating and characterizing specific cell
types, weare able to distinguishnuanced regulatory programs that drive
cell-type-specific differences during human corticogenesis. We identify
SIPs that are enriched for key lineage-specific genes and represent dis-
tinct chromatin features from A/B compartments*, topologically associ-
ated domains®, frequently interacting regions*, and highly interacting
regions®’. Furthermore, we uncover amechanisminwhich TEs propagate
binding sites for architectural proteins such as ZNF143, facilitating the
formation of multi-interaction clusters that function to sustain transcrip-
tion. Lastly, by developing CRISPRview, we achieve several emergent
advantages for validating distal regulatory elements in primary cells.
First, we are able to focus our analysis on specific cell types, circumvent-
ing averaging effects associated with bulk measurements in complex
samples. Next, we are able to compare cellsinfected with experimental
or control sgRNAsinthe same population. Finally, we achieve enhanced
sensitivity and statistical power based onthe detection of nascent RNA
transcripts insingle cells. Future experiments using CRISPRview in live
tissues should continue to reveal regulatory relationships in a manner
thatis truly representative of the complex in vivo environment.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were notrandomized, and investigators were not blinded
to allocation during experiments and outcome assessment.

Ethics statement

De-identified tissue samples were collected with prior informed con-
sentinstrictobservance of legal and institutional ethical regulations.
All protocols were approved by the Human Gamete, Embryo, and Stem
Cell Research Committee (GESCR) and Institutional Review Board (IRB)
at the University of California, San Francisco.

Tissue dissociation

Tissue dissociation was performed as previously described’. In brief,
samples were first cut into small pieces in artificial cerebrospinal
fluid before being added to pre-warmed papain dissociation medium
(Worthington LK0O03150). The samples were incubated in dissocia-
tion medium for 45 min at 37 °C. Next, they were triturated, filtered
through a 70-pm nylon mesh, and centrifuged for 8 min at 300g. For
individual germinal zone and cortical plate cultures, samples were
first cut coronally into thinslices. As previously described, cell density
drops markedly past the outer subventricular zone, enabling the clear
identification of the outer filamentous zone and subplate. Samples were
dissected along thisboundary to separate the germinal zone from the
cortical plate before dissociation.

Sample fixation

Mid-gestational human cortex samples between GW15and GW22 were
fixed in2% paraformaldehyde prepared in PBS with gentle agitation for
10 minatroomtemperature. Glycine wasadded to afinal concentration
of200 mMto quenchthereactions, and the samples were centrifuged
for 5min at 4 °C and 500g. The samples were washed twice with PBS
before being frozen at —80 °C for further processing.

Permeabilization and staining

The cell pellet was thawed on ice and resuspended in PBS containing
0.1% Triton X-100 for 15min. The cells were then washed twice with PBS
and resuspended in 5% BSA in PBS for staining. Staining proceeded for
at least one hour with FcR Blocking Reagent (Miltenyi Biotech, 1:20
dilution), EOMES PE-Cy7 (Invitrogen, 25-4877-42, Clone WD1928, Lot
1923396, 1:10 dilution), PAX6 PE (BD Biosciences, 561552, clone O18-
1330, Lot 8187686, 1:10 dilution), SOX2 PerCP-Cy5.5 (BD Biosciences,
561506, clone O38- 678, Lot 8165744, 1:10 dilution), and SATB2 Alexa
Fluor 647 (Abcam, ab196536, clone EPNCIR130A, Lot GR3208103-1 and
GR228747-2,1:100 dilution). After staining, the cells were centrifuged for
5minat500g, and the pellet was diluted into PBS. When sorting cells for
RNA-seq, 1% RNasin Plus RNase Inhibitor (Promega) was added to all buff-
ers,and acetylated BSA was used to prepare 5% BSA in PBS for staining.

FACS

AbC Total Antibody Compensation Beads (Thermo Fisher) were used
togenerate single-colour compensation controls before sorting. Sort-
ingwas conducted on the FACSAriall, FACSAriallu, or FACSAria Fusion
instruments using a70-umnozzle, and cells were collected in 5-ml tubes
pre-coated with FBS. Asample of each sorted cell population was reana-
lysed on the same machine to assess purity. Cells were collected by cen-
trifuging for 10 min at 500g, and the cell pellet was frozen at -80 °C for
further processing. When sorting cells for RNA-seq, cells were collected
in5ml tubes pre-coated with both FBS and RNAlater (Thermo Fisher).

Primary cell culture
Following dissociation, cells were plated onto Matrigel-coated cover-
slipsin 48 well plates or chamber slides at a density of approximately

0.7 x10° cells per well. All cell culture was handled in sterile conditions.
The cells were infected with lentivirus the day after plating, and medium
was changed every two days. Medium was composed of 96% DMEM/F-12
with GlutaMAX, 1% N-2, 1% B-27 and 1% penicillin-streptomycin. The
cells were grown in 8% O, and 5% CO, and were collected four days
followinginfection for CRISPRview. For qPCR at the ADRA2A locus, the
cells were collected six days following infection.

PLAC-seq

PLAC-seqwas performed as previously described™. Between 1 million
to 5million cells were used to prepare each library. Digestion was per-
formed using100 U Mbol for 2 hat 37 °C, and chromatinimmunopre-
cipitation was performed using Dynabeads M-280 sheep anti-rabbit
IgG (Invitrogen 11203D) superparamagnetic beads bound with 5 pg
anti-H3K4me3 antibody (Millipore 04-745). Sequencing adapters were
added during PCR amplification. Libraries were sent for paired-end
sequencing on the HiSeq X Ten or NovoSeq 6000 instruments (150
bp paired-end reads). fastp was applied to trim reads to 100 bp for all
downstream analysis.

MAPS

We used the MAPS pipeline to call significant H3K4me3-mediated chro-
matininteractions at aresolution of 5 kb on the basis of our PLAC-seq
data. First, bwa mem was used to map raw reads to hg38. Unmapped
reads and reads with low mapping quality were discarded, and the
resulting read pairs were processed as previously described'. To define
PLAC-seqanchor bins, we took the union of peaks identified by MACS2
using the options ‘-nolambda-nomodel-extsize 147-call-summits
-B-SPMR’ and an FDR cut-off value of 0.0001 for all read pairs with
interaction distance <1 kb in each cell type. Next, we classified read
pairsas AND, XOR, or NOT interactions based on whether both, one, or
neither of theinteracting 5-kb bins overlapped anchor bins (Extended
Data Fig. 3a). Because we were specifically interested in identifying
long-range H3K4me3-mediated chromatin interactions, we retained
only read pairs corresponding to intrachromosomal XOR and AND
interactions with interaction distances between 10 kb and 1 Mb. We
downsampled the number of read pairs separately for each chromo-
some to ensure that we started with the same number of read pairs
for each cell type.

To call significant interactions, we used a zero-truncated Poisson
regression-based approach to normalize systematic biases fromrestric-
tionsites, GC content, sequence repetitiveness, and ChIP enrichment.
We fitted models separately for AND and XOR interactions and calcu-
lated FDRs for interactions based on the expected and observed contact
frequencies between interacting 5-kb bins. We grouped interactions
whose ends were located within 15 kb of each other into clusters and
classified all other interactions as singletons. We defined our signifi-
cantH3K4me3-mediated chromatininteractions as interactions with
12 or more reads, normalized contact frequency (defined as the ratio
between the observed and expected contact frequency) >2, and FDR
<0.01for clusters and FDR < 0.0001 for singletons. This was based on
thereasoningthat biologically meaningful interactions are more likely
to appear in clusters, whereas singletons are more likely to represent
false positives.

Reproducibility analysis

PCA was performed on the basis of the normalized contact frequencies
for interacting 5-kb bins from our PLAC-seq data. We first extracted
AND and XOR interactions based on cell-type-specificanchor bins for
eachofthereplicates. Next, we applied zero-truncated Poisson regres-
sion adjusting for the same biases as the MAPS pipeline. We derived
normalized contact frequencies on the basis of the ratios between the
observed and expected contact frequencies for interacting 5-kb bins,
withthe expected contact frequencies being the fitted values from the
zero-truncated Poisson regression. Normalized contact frequencies
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were then log-transformed and merged across all the replicates. The
merged data were used to generate the PCA plots. We restricted our
analysis tointeracting 5-kb binsin both 300- and 600-kb windows for
Extended Data Fig. 2d.

ATAC-seq

ATAC-seq was performed as previously described®? using the Nextera
DNA Library Prep Kit (Illumina FC-121-1030). In brief, fixed cells were
washed once withice cold PBS containing 1x protease inhibitor before
being resuspended inice cold nucleiextraction buffer (10 mM Tris-HCI
pH 7.5,10 mM NaCl, 3 mM MgCl,, 0.1% Igepal CA630, and 1x protease
inhibitor) for 5min. 50,000 cells were aliquoted, exchanged into 50 pl
1xbuffer TD, and incubated with 2.5 ul TDE1 enzyme for 45 minat 37 °C
with shaking. Following transposition, 150 pl reverse crosslinking solu-
tion (50 pl 1M Tris pH 8.0, 100 pl 10% SDS, 2 pl 0.5 M EDTA, 10 pl 5M
NaCl, 800 plwater, and 2.5 120 mg mI™ proteinase K) was added to each
tube andincubated at 65 °C overnight. DNA was column purified, PCR
amplified, and size-selected for fragments between300 and 1,000 bp.
Libraries were sent for paired-end sequencing on the NovaSeq 6000
instrument (150 bp paired-end reads). Raw reads were trimmed to 50 bp,
mapped to hg38, and processed using the ENCODE pipeline (https://
github.com/kundajelab/atac_dnase_pipelines) running the default
settings. The optimal naive overlap peaks for each cell type were used
for all downstream analyses.

RNA-seq

We extracted total RNA from the sorted cell populations using the
RNAstorm FFPE RNA extraction kit (Cell Data Sciences CD501) start-
ing with 5 x10° to 1.5 x 10° cells. The quality of the extracted RNA was
checked by determining the percentage of RNA fragments with size
>200 bp (DV200) from the Agilent 2100 Bioanalyzer. RNA samples
with DV200 >40% were used for library construction. First, samples
were depleted of ribosomal RNA using the KAPA RNA HyperPrep Kit
with RiboErase (HMR KK8560). Next, we performed first and second
strand synthesis, dA-tailing, and sequencing adaptor ligation. cDNA
was cleaned up and sequencing adapters were added via PCR amplifi-
cation. Libraries were sent for paired-end sequencing on the NovaSeq
6000 instrument (150 bp paired-end reads). Raw reads were trimmed
using Trim Galore and aligned to hg38 using STAR running the standard
ENCODE parameters, and transcript quantification was performedin
astrand-specific manner using RSEM with the GENCODE 29 annota-
tion. The edgeR package in R was used to calculate TMM-normalized
RPKM values for each gene, and the mean values across all replicates
were used for all downstream analyses.

GO enrichment analysis

Protein coding and non-coding RNA genes participating in
cell-type-specific XOR interactions were used for GO enrichment
analysis. Only interactions with open chromatin peaks overlapping
promoters (defined as the 1-kb region centred around the transcrip-
tionstartsite of agene) intheir anchor bins and distal open chromatin
peaks (defined as open chromatin peaks not overlapping promoters)
in their target bins were used. A minimum RPKM of 0.5 was used to
retain only genes that were expressed, and the resulting genes were
input into DAVID 6.8 running functional annotation clustering using
the ‘GOTERM_BP_ALL ontology. Group enrichment scoresbased onthe
geometric mean of EASE scores for termsineach group werereported.
To report enriched biological processes for genes interacting with
non-coding SNPs, we assigned non-coding SNPs for each disorder and
trait to genes using interactions with the 5-kb bins containing their
promoters. Next, we ran H-MAGMA using our annotations to gener-
ateranked lists of gene-level association statistics which were used
to perform functional enrichment analysis using the gprofiler2 pack-
age in R%: gost(ranked.list, organism="hsapiens”, ordered_query =T,
significant =F, correction_method ="fdr”, sources ="GO:BP”).

Transcription factor motif enrichment analysis

We used 200-bp windows centred around open chromatin
peaks participating in cell-type-specific XOR interactions for
transcription-factor motif enrichment analysis using HOMER.
We used the complete set of vertebrate motifs from the JASPAR
database, specifying the ‘-float’ option to adjust the degeneracy
threshold, and the entire genome was used as the background. The
binomial distribution was used to calculate P values. For the analy-
sis of co-expression modules in the developing human cortex, we
downloaded co-expression modules as previously published". Spe-
cifically, we used the ‘all’ network set for all four cell types, as well
as network sets matched to individual cell types as follows: ‘page.
rg’ for RG, ‘page.ipc’ for IPCs, ‘page.n’ for excitatory neurons, and
‘vage.in’ for interneurons. This was to capture biological variation
both between and within cell types, respectively. We used HOMER
to perform transcription factor motif enrichment analysis for the
set of open chromatin peaks interacting with promoters of genes
assigned to each co-expression module. For ranking transcription
factorsaccordingto the number of co-expression modules they were
enriched for in each network set and cell type, an FDR threshold of
0.05 was applied.

SIPs

We used an approach similar to calling super-enhancers® to annotate
SIPs in each cell type. For each anchor bin, we calculated the cumula-
tiveinteractionscore, defined as the sum of the -log,,FDR forinterac-
tions overlapping each anchor bin. We used this metric as it accounts
for noise and is directly associated with the interaction strength in
PLAC-seq data. Next, we prepared plots of ranked cumulative inter-
action scores for anchor bins in each cell type and defined SIPs to be
anchor bins located past the point in each curve at which the slope is
equaltol.

Cell-type-specific versus shared genes

We classified each gene as cell-type-specific or shared according to
its Shannon entropy score across all four cell types. Specifically, for
eachgene, we calculated its relative expression value ineach cell type,
defined as its RPKM in that cell type divided by the sum of its RPKMs
acrossallfour cell types. Next, we calculated the Shannon entropy score
for each gene on the basis of its relative expression values across all
four celltypes. We classified agene as specific for a cell type if met the
following conditions: its Shannon entropy score was <0.01, its RPKM
was >lin that cell type, and its RPKM in that cell type was the highest
across all four cell types. All other genes with RPKM >1 were classified
asshared.

TE enrichmentin SIPGs

TE enrichment in SIPGs was evaluated as follows. The foreground
enrichment was defined as the number of TEs at the class, family, or
subfamily levels overlapping SIPGs in each cell type. The background
enrichment was defined as the number of TEs overlapping all inter-
acting 5-kb bins (both SIPGs and non-SIPGs). At least 50% of a TE had
to overlap a 5-kb bin for it to be considered overlapping. The overall
enrichment was defined as the foreground enrichment divided by the
background enrichment multiplied by the proportion of interacting
5-kb bins that were assigned to SIPGs.

For the enrichment of SIPGs for ERVL-MaLR TEs, the foreground
enrichment for each SIPG was defined as the number of distal interact-
ing regions containing one or more ERVL-MaLR TEs for that SIPG. The
background enrichment for each SIPG was defined as the number of
randomly shuffled distal interacting regions containing one or more
ERVL-MaLR TEs for that SIPG. We computed the background enrich-
ment over 100 permutations. The overall enrichment was defined as
the foreground enrichment divided by the background enrichment.
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Thessignificance for each SIPG was calculated using the hypergeometric

distribution as follows:
()4
q)\k-q
")
k

in which g is the number of distal interacting regions containing one
or more ERVL-MaLR TEs for that SIPG, m is the number of 5-kb bins
containing one or more ERVL-MaLR TEs on the same chromosome, n

is the number of 5-kb bins containing no ERVL-MaLR TEs on the same
chromosome, and kis the size of the SIPG.

P=

ZNF143 motif enrichment

For the enrichment of SIPGs for ERVL-MaLR TE-localized ZNF143 motifs,
theforeground enrichment for each SIPG was defined as the number of
ERVL-MaLR TE-localized ZNF143 motifsinits distal interacting regions.
FIMO® was used to detect ZNF143 motifs within ERVL-MaLR TEs. The
background enrichment was defined as the total number of ZNF143
motifs in the SIPG. The overall enrichment was defined as the fore-
ground enrichment divided by the background enrichment multiplied
by the proportion of the SIPG that is occupied by ERVL-MaLR TEs. The
significance for each SIPG was calculated using a Poisson distribution
where the number of events (k) is the foreground enrichment and the
rate parameter (A) is the background enrichment multiplied by the
proportion of the SIPG that is occupied by ERVL-MaLR TEs.

For evaluating the genome-wide enrichment of ZNF143 motifs in
ERVL-MaLRand THEICTEs, wefirstused FIMO toscanall ERVL-MaLR and
THEICTEs for instances of ZNF143 motifs. As abackground, we scanned
100 sets of chromosome- and length-matched, non-overlapping
sequences randomly sampled, avoiding gaps and blacklisted regions
in the human genome. We used a similar approach to evaluate the
enrichment of ZNF143 motifs in ERVL-MaLR TEs in SIPGs. For evaluat-
ing the enrichment of ZNF143 motifsin SIPGs, we compared the mean
numbers of ZNF143 motifs per 5-kb bin for distal interacting regions
across all SIPGs to 100 sets of chromosome- and length-matched,
non-overlapping sequences randomly sampled, avoiding gaps and
blacklisted regions in the human genome. For comparing the distri-
butions of the mean numbers of ZNF143 motifs per 5-kb bin for actual
versus shuffled SIPGs, we sampled distal interacting regions for each
SIPG100times on the same chromosome in anon-overlapping manner.

Target gene annotation for enhancers and GWAS SNPs

To determine whether a human-gained enhancer, Vista enhancer ele-
ment, or GWAS SNP interacted with a gene, we determined whether
any of its promoters participated in interactions with the element
of interest on the other end. All human-gained enhancers and Vista
enhancer elements were expanded to aminimum width of 5kb, and all
GWAS SNPs were expanded to aminimum width of 1kb to account for
potential functional sequences around each element. Furthermore,
we determined the proportion of GWAS SNPs interacting with their
nearest and more distal genes, except when all the promoters for the
nearest gene fell within the same 5-kb bin as the GWAS SNAP and could
not be resolved for interactions.

Partitioning SNP heritability for complex disorders and traits

We leveraged LDSC to partition SNP heritability separately for each
complex neuropsychiatric disorder and trait on the basis of joint mod-
elsincorporating PLAC-seq anchor or target bins across all cell types.
We also ran LDSC using a baseline model* consisting of coding, UTR,
promoter, and intron regions, histone marks, DNase | hypersensitive
sites, ChromHMM/Segway predictions, regions that are conserved
in mammals, super-enhancers, FANTOMS enhancers, and linkage
disequilibrium-related annotations (recombination rate, nucleotide

diversity CpG content, and so on) that are not specific to any cell type.
This informs us whether our epigenomic annotations for a given cell
type are informative for SNP heritability enrichment comparedto a
comprehensive set of genomic features that hasbeen widely adopted
inthefield. To compare different epigenomic annotations for each cell
type, we used both distal open chromatin peaks and 100-kb windows
around the transcriptionstart and end sites of cell-type-specific genes
according to their Shannon entropy scores and RPKM >1.

Validation of ERVL-MaLR-localized ZNF143 motif's

CRISPRi and quantitative PCR with reverse transcription (QRT-PCR)
were used to validate ERVL-MaLR TE-localized ZNF143 motif's at distal
interacting regions in the ADRA2A SIPG. Of the 12 distal interacting
regions containing ERVL-MaLR TE-localized ZNF143 motifs, we were
able to design sgRNAs to target ZNF143 motifs overlapping open chro-
matin peaks for 7 of the regions. ZNF143 motifs were extended by 100
bpinbothdirections for designing sgRNAs. To maximize CRISPRi effi-
ciency, we designed two sgRNAs for each region and cloned theminto
the dual expression cassette in the CRISPRi vector as described for
CREST-seq*. sgRNA sequences were confirmed by Sanger sequenc-
ing and packaged into lentivirus. Primary cell cultures enriched for
excitatory neurons on the basis of SATB2 staining were infected with
lentivirus for 24 h,and mRNA was extracted on day 7. qRT-PCR was used
to quantify ADRA2A expression using the following primers: TCGTC
ATCATCGCCGTGTTC (forward) and AAGCCTTGCCGAAGTACCAG
(reverse). All sgRNA sequences used for validation can be found in
Supplementary Table 13.

Validation of distal interacting regions using CRISPRview
The CRISPRi vector was modified from the Mosaic-seq® and
CROP-seq vectors®. The hU6-sgRNA expression cassette from the
CROPseq-Guide-Puro vector (Addgene 86708) was cloned and inserted
downstream of the WPRE element in the Lenti-dCas9-KRAB-blast vec-
tor (Addgene 89567). The blasticidin resistance gene was replaced
with either mCherry or EGFP. sgRNAs targeting open chromatin
peaksin distal interacting regions were designed using CHOPCHOP*,
Single-stranded DNA was annealed and ligated into the CRISPRi vector at
the BsmBl cuttinglocus. Single clones were picked following transforma-
tion, and the sgRNA sequences were confirmed by Sanger sequencing.
For lentiviral packaging, the CRISPRi vector, pMD2.G (Addgene 12259),
and psPAX (Addgene 12260) were transformed into 293T cells using
PolyJet (SignaGen Laboratories SL100688) according to the manu-
facturer’s instructions. Virus-containing medium was collected three
times over 16 to 20 hand concentrated using Amicon 10K columns. All
lentivirus wasimmediately stored at =80 °C. Primary cell cultures were
infected withvirus (MOl <1) 24 hafter plating, and cells were fixed with
4% PFA four days after infection for FISH and immunostaining. All sgRNA
sequences used for validation can be foundin Supplementary Table 13.
FISH experiments were performed using the RNAScope Multiplex
Fluorescent V2 Assay kit (ACDBio 323100). Probes targeting intronic
regions for GPX3(ACDBio0 572341),/DH1 (ACDBio 832031), TNC (ACDBio
572361), and HES1 (ACDBio 560881) were custom-designed, synthe-
sized, and labelled with TSA Cyanine 5 (Perkin Elmer NEL705A001KT,
1:1,000 dilution). Fixed cells were pre-treated with hydrogen peroxide
for10 minand protease Ill for 15min, and probes were hybridized and
amplified according to the manufacturer’s instructions. Slides were
washed with PBS before blocking with 5% donkey serumin PBS for 30
minatroomtemperature. Next, slides were incubated with primary anti-
bodies against mCherry (Abcam ab205402,1:200), GFP (Abcam ab1218,
1:500), and GFAP (Abcam ab7260, 1:400) for RG or SATB2 (Abcam
ab92446,1:300) for excitatory neurons overnight at 4 °C, followed
by incubation with Alexa Fluor 488 donkey anti-mouse IgG (Thermo
Fisher Scientific A21202, 1:800), Alexa-546 nm donkey anti-rabbit
IgG (Thermo Fisher Scientific A10040, 1:500), and Alexa-594 nm
goat anti-chicken IgG (Thermo Fisher Scientific A11042,1:500) for1h
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atroomtemperature. Three-dimensional confocal microscopy images
were captured using a Leica TCS SP8 with a40x oil-immersion objective
lens (NA1.30). The z-step size was 0.4 um. For five-colour multiplexed
imaging, three sequential scans were performed to avoid overlapping
spectra. The excitation lasers were 405 nm and 594 nm, 488 nm and
633 nm, and 561 nm. Allimages were obtained using the same acquisi-
tion settings. For FISH analysis, we developed a Python-based pipeline
called Single-Molecule Automatic RNA Transcription Quantification
(SMART-Q) for quantifying nascent RNA transcripts in single cells. In
brief, the RNAscope channel wasfirst filtered and fitted in three dimen-
sions using a Gaussian model. Next, segmentation was performed
in two dimensions on the DAPI channel to ascertain the location of
each nucleus. Finally, segmentation was performed on the remaining
channels to identify experimental and control sgRNA-infected RG or
excitatory neurons for nascent RNA transcript quantification.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Alldatasets used in this study (PLAC-seq, ATAC-seq, RNA-seq) are avail-
able at the Neuroscience Multi-Omic Archive (NeMO Archive) under
controlled access. Chromatin interactions, open chromatin peaks, and
gene expression profiles for each cell type canbe downloaded from the
NeMO Archive using the following link: https://assets.nemoarchive.org/
dat-uioqy8b. Cell-type-specific 3D epigenomes can be visualized on
the WashU Epigenome Browser using the datahub at the following link:
http://epigenomegateway.wustl.edu/browser/?genome=hg38&positi
on=chr17:72918238-73349675&hub=https://shen-msong.s3-us-west-1.
amazonaws.com/hfb_submission/hfb_datahub.json.

Code availability

All of the software used in this study are listed in the Reporting Sum-
mary along with their versions.
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Extended DataFig.5|SIPs are enriched for lineage-specificgenes. a,
Scatter plots showing the correlation betweeninteraction counts and gene
expression at promoters for each cell type (Pearson product-moment
correlation coefficient, two-tailed, n=13,996 anchor bins with promoters).

b, CDF plots of the numbers of interactions for shared versus cell-type-specific
genesforeachcelltype. Pvalues determined by two-tailed two-sample t-test,
two-tailed. ¢, Anchor bins were ranked according to their cumulative
interactionscoresinRG, IPCsandinterneurons. SIPs are located past the point

ineach curvewheretheslopeisequaltol.d, Venndiagramdisplaying cell-type-

specificity for SIPsineachcell type. e, f, Enrichment of super-enhancers and

DNA methylation valleys at SIPs versus non-SIPs (left) and distal interacting
regions for SIPs versus non-SIPs (right), Pvalues determined by two-tailed
Fisher’s exact test. Super-enhancers were based ondatain the fetal brain and
adult cortex, and DNA methylation valleys were based on datain40-and 60-
day cerebral organoids with closely matched gene expression profiles to mid-
fetal cortex samples. g, Forrest plot showing that SIPsidentified in
haematopoietic cells are analogously enriched for cell-type-specific over
shared genes. Odds ratios and 95% confidence intervals are shown. We
identified 554,709,460, 712 and 401 SIPs in neutrophils, naive CD4" T cells,
monocytes, megakaryocytes,and erythroblasts, respectively.
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Extended DataFig. 6 | Transposable elementsin SIP formation. a-c,
Enrichment of TEs at the class (a), family (b), and subfamily (c) levels in SIPGs for
eachcelltype. Only TE families occupying more than 1% of the genome are
showninb. Only TE subfamilies from the MIR and ERVL-MaLR TE families
occupying more than 0.1% of the genome are showninc.d, BothERVL-MaLR
TEs (left, 32% versus 19% of sequences, P<2.2 x107'¢, binomial test, two-tailed)
and THEIC TEs (right, 73% versus 19% of sequences, P< 2.2 x 107, binomial test,
two-tailed) are enriched over background sequences for ZNF143 motifsin
excitatory neurons. e, ZNF143 motifs are enriched at SIPGs in excitatory
neurons (left, P=5.39 x107%?, two-sample t-test, two-tailed, n=8,894 distal
interacting regions). Data are mean and s.e.m. Distributions comparing the
number of ZNF143 motifs per bin for actual versus shuffled SIPGs are shown
(right, P<2.2x107'¢, Kolmogorov-Smirnov test, two-tailed, n=638 SIPGs).

f,ERVL-MaLR TEs in SIPGs are enriched over background sequences for ZNF143
motifsin excitatory neurons (31% versus 17% of sequences, P=4.3x10°%,
binomial test, two-tailed). g, Box plots showing elevated ADRA2A gene
expression inexcitatory neurons. The median, upper and lower quartiles,
minimumand maximum areindicated. h, lllustration of the 12 distal interacting
regions containing ERVL-MaLR TE-localized ZNF143 motifsinthe ADRA2A SIPG.
ZNF143 motifs are coloured by strand. The bin numbers correspond to Fig. 3g.
i, Conservation of ERVL-MaLR TEs in the ADRA2A SIPG. Blue barsindicate
consensus sequences, yellow barsindicate ERVL-MaLR TEs, and red bars
indicate ZNF143 motifs. j, Alignment of THEIC TEs in the human genome to
their consensus sequence. The THE1C subfamily contains two ZNF143 motifs,
oneatpositions 47-61 (P1), and another at positions 96-110 (P2).
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Extended DataFig.10|Characterization of RG- and excitatory neuron-
specificlociusing CRISPRview. a, b, Validation of distal interacting regions at
the/DHIlocusin RG and excitatory neurons. Silencing region 1, whichinteracts
with the /IDHI promoter only in excitatory neurons, resultsin the significant
downregulation of IDHI expression in excitatory neurons butnotinRG.
Silencing region 2, whichinteracts with the IDHI promoter only inRG, resultsin
thessignificant downregulation of IDH1 expressionin RG but not in excitatory
neurons. Silencing region 3, whichinteracts with the [DHI promoter inboth RG
and excitatory neurons, results in the significant downregulation of IDH1
expressioninbothcell types. Interactions between the promoter of [DHI and
distalinteractingregions containing open chromatin peaks that were targeted

forsilencing are highlighted. Box plots show results for experimental (red) and
control (green) sgRNA-treated cells for each region. Pvalues determined by
two-tailed two-sample t-test. The median, upper and lower quartilesand 10% to
90% range areindicated. Opencircles representsingle cells. Sample sizes are
indicated above each box plot. c-h, Validation of distal interacting regions at
the TNCand HESI lociin RG. Interactions between the promoters of TNCand
HESI and distal interacting regions containing open chromatin peaks that were
targeted for silencing are highlighted. Representative images show staining for
intronic RNAscope probes (white), DAPI (blue), GFAP (light blue), GFP (green),
and mCherry (red). Scale bar, 50 um.
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Data collection Sequencing data was obtained from the HiSeq X Ten and NovaSeq 6000 instruments (lllumina).
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Chromatin interactions, open chromatin peaks, and gene expression profiles for each cell type can be downloaded from the NeMO Archive using the following link:
https://assets.nemoarchive.org/dat-uioqy8b

Cell type-specific 3D epigenomes can be visualized on the WashU Epigenome Browser using the datahub at the following link: http://epigenomegateway.wustl.edu/
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Our study design ranges from between two to two and six to six pairwise comparisons across our assays and has a power of approximately
80% for detecting a mean difference of 1.80 to 5.66 standard deviations at a nominal significance threshold of 0.05. We chose this study
design because effect sizes of this magnitude are compatible with our research goals.

Data exclusions  No data were excluded from the analyses.

Replication All attempts at replication were successful and are described in the text and in Extended Data Fig. 2.

Randomization  Randomization is not relevant to our study because we do not apply any differential treatment, intervention, or perturbation to our samples.
Instead, we compare 3D epigenomes for different cell types.

Blinding Blinding is not relevant to our study because we do not apply any differential treatment, intervention, or perturbation to our samples. Instead,
we compare 3D epigenomes for different cell types.
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Clinical data

Antibodies

Antibodies used EOMES-PE-Cy7 (Invitrogen, Cat 25-4877-42, Clone WD1928, Lot 1923396, 1/10 dilution), PAX6-PE (BD Biosciences, Cat 561552,
Clone 018-1330, Lot 8187686, 1/10 dilution), SOX2-PerCP-Cy5.5 (BD Biosciences, Cat 561506, Clone 038- 678, Lot 8165744,
1/10 dilution), SATB2-Alexafluor647 (Abcam, Cat ab196536, Clone EPNCIR130A, Lot GR3208103-I and GR228747-2, 1/100
dilution), mCherry (Abcam, Cat ab205402, Lot GR3271744-2, 1/200 dilution), GFP (Abcam, Cat ab1218, Clone 9F9.F9, Lot
GR213436-38, 1/400 dilution), GFAP (Abcam, Cat ab7260, Lot GR3240356-1, 1/500 dilution), SATB2 (Abcam, Cat ab92446, Clone
EPNCIR130A, Lot GR3252015-2, 1/300 dilution), Alexa Fluor 488 donkey anti-mouse IgG secondary antibody (Thermo Fisher
Scientific, Cat A21202, Lot 2018296, 1/800 dilution), Alexa Fluor 546 donkey anti-rabbit IgG secondary antibody (Thermo Fisher
Scientific, Cat A10040, Lot 2020130, 1/500 dilution), Alexa Fluor 594 Goat anti-chicken IgY secondary antibody (Thermo Fisher
Scientific, Cat A11042, Lot 1977707, 1/500 dilution).

Validation EOMES: From manufacturer: “Applications Tested: This WD1928 antibody has been pre-titrated and tested by intracellular
staining and flow cytometric analysis of normal human peripheral blood cells using the Foxp3/Transcription Factor Staining
Buffer Set (cat. 00-5523) and protocol. Please refer to Best Protocols: Protocol B: One step protocol for (nuclear) intracellular
proteins located under the Resources Tab online.This can be used at 5 pL (0.06 ug) per test. A test is defined as the amount (ug)
of antibody that will stain a cell sample in a final volume of 100 pL. Cell number should be determined empirically but can range
from 1075 to 1078 cells/test.”

PAX6: See Thomsen et al, Nature Methods, 2016

SOX2: Manufacturer validated for Western Blot, Flow Cytometry, Bioimaging, & Immunofluorescence. Also, see Thomsen et al,
Nature Methods, 2016
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Flow Cytometry

SATB2: From Manufacturer: “The cells were fixed with 80% methanol (5 min) and then permeabilized with 0.1% PBS-Triton X-100
for 15 min. The cells were then incubated in 1x PBS / 10% normal goat serum to block non-specific protein-protein interactions
followed by the antibody (ab196536, 1/50 dilution) for 30 min at 22°C. Isotype control antibody was Rabbit IgG (monoclonal)
Alexa Fluor® 647 (ab199093) used at the same concentration and conditions as the primary antibody. Unlabelled sample (blue
line) was also used as a control. Acquisition of >5,000 events were collected using a 25mW Red Solid State Diode laser (635nm)
and 675/30 bandpass filter. This antibody gave a positive signal in A431 cells fixed with 4% formaldehyde (10 min)/permeabilized
with 0.1% PBS-Triton X-100 for 15 min used under the same conditions.”

mCherry:

Chicken polyclonal to mCherry. Immunogen: Recombinant full-length protein (His-tag) corresponding to mCherry. The
immunogen sequence is from the following reference(Shaner NC et al. Nature Biotechnology 22:1567-1572, 2004.). Tested
applications: suitable for WB, ICC/IF. ab205402 has been referenced in at least 7 publications.

GFP:

Mouse monoclonal [9F9.F9] to GFP. Immunogen: Fusion protein corresponding to GFP aa 1-246. Full-Length Fusion Protein.
Derived from the jellyfish Aequorea victoria. This antibody shows no reactivity against red fluorescence protein (RFP) but known
to cross-react with the wild type (wt), recombinant (rGFP) and enhanced (eGFP) forms. It is tested to suitable for WB, IHC-Fr,
Sandwich ELISA, ICC/IF, IP. ab1218 has been referenced in at least 236 publications.

GFAP:

Rabbit polyclonal to GFAP. Immunogen: Recombinant full-length protein corresponding to Human GFAP. Isotype 1 expressed in
and purified from E. coli. It specifically recognizes mammalian GFAP on western blots and immunocytochemically, and reacts to
Mouse, Rat, Cat, Dog, Human, Common marmoset. This antibody is suitable for IHC-FoFr, IHC-Fr, IHC-FrFl, ICC/IF, WB, IHC-P, IHC
- Wholemount, ICC. ab7260 has been referenced in at least 401 publications.

SATB2 (used in CRISPRview)

Rabbit monoclonal [EPNCIR130A] to SATB2. Tested applications including WB, IHC-P, ICC/IF, Flow Cyt, IHC-Fr, IHC-FoFr. Reacting
with samples from mouse, rat, human. Immunogen: Synthetic peptide within Human SATB2. This product is a recombinant
monoclonal antibody, which offers several advantages including high batch-to-batch consistency and reproducibility, improved
sensitivity and specificity, long-term security of supply and animal-free production. It has been referenced in at least 20
publications.

Alexa Fluor 488 donkey anti-mouse 1gG secondary antibody:

Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed Secondary Polyclonal Antibody. To minimize cross-reactivity, these donkey
anti-mouse 1gG whole antibodies have been affinity-purified and show minimum cross-reactivity to bovine, chicken, goat, guinea
pig, hamster, horse, human, mouse, rat, and sheep serum proteins. This product has been referenced in at least 68 publications.

Alexa Fluor 546 donkey anti-rabbit IgG secondary antibody:

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Polyclonal Antibody. These donkey anti-rabbit IgG (H+L) whole
secondary antibodies have been affinity-purified and show minimum cross-reactivity to bovine, chicken, goat, guinea pig,
hamster, horse, human, mouse, rat, and sheep serum proteins. This product has been referenced in at least 31 publications.

Alexa Fluor 594 Goat anti-chicken IgY secondary antibody:
Goat anti-Chicken IgY (H+L) Secondary Polyclonal Antibody. These goat anti-chicken IgY (H+L) whole secondary antibodies have
been affinity-purified and show minimum cross-reactivity. Cross-adsorption or pre-adsorption is a purification step to increase

the specificity of the antibody resulting in higher sensitivity and less background staining. This product has been referenced in at
least 26 publications.

Plots

Confirm that:

E] The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

[Z] The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Donated developing human dorsal cortical samples were cut into pieces, placed into papain dissociation media, triturated,
filtered, washed, and fixed using 2% PFA.

Samples were sorted on the FACSAria I, FACSAria Ilu, or FACSAria Fusion instruments using the following laser lines: 488 nm, 561
nm, and 633 nm.
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Software Data collection was performed using FACsDiva, and representative images were created using FlowJo.

Cell population abundance  Radial glia represented 1-5% of singlets. Intermediate progenitor cells represented 4-9% of singlets. Excitatory neurons
represented 30-40% of singlets. Interneurons were the most variable, representing up to 9% of singlets. Sample purity was
assessed by running the sorted cell populations back on the same machine and ranged from 85-95%. Events that appeared
outside the original gates were largely non-fluorescent.

Gating strategy FSC area and SSC area was used to separate cells from debris. FSC area gates were from 10k to 250K, and SSC area gates were
from 20K to 250K. This gated population then went through two additional gates to filter out doublets using SSC-H versus SSC-W
and FSC-H versus FSC-W. Based on the contour plots, gates were drawn to focus on the main population and eliminate the small
doublet population above it. For antibody staining, a signal between 1073 and 1074 was considered moderately positive (low),
and a signal above 1074 was considered high.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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