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Autism risk gene POGZ pr
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accessibility and expression of clustered synaptic
genes
Graphical abstract
Highlights
d POGZ binds enhancers and promoters at euchromatic loci in

the developing brain.

d POGZ promotes neuronal gene expression and chromatin

accessibility.

d POGZ forms a nuclear complex with ADNP; Adnp expression

is reduced in Pogz+/�.

d POGZ bound sites are enriched for other autism risk genes

and transposable elements.
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SUMMARY
Deleteriousgenetic variants inPOGZ,whichencodes thechromatin regulatorPogoTransposableElementwith
ZNF Domain protein, are strongly associated with autism spectrum disorder (ASD). Although it is a high-con-
fidenceASD riskgene, theneurodevelopmental functions ofPOGZ remainunclear.Herewe reveal thegenomic
bindingofPOGZ in thedeveloping forebrain at euchromatic loci andgene regulatory elements (REs).Weprofile
chromatin accessibility and gene expression in Pogz�/� mice and show that POGZ promotes the active chro-
matin state and transcription of clustered synaptic genes. We further demonstrate that POGZ forms a nuclear
complex and co-occupies loci with ADNP, another high-confidence ASD risk gene, and provide evidence that
POGZ regulates other neurodevelopmental disorder risk genes aswell. Our results reveal a neurodevelopmen-
tal function of an ASD risk gene and identify molecular targets that may elucidate its function in ASD.
INTRODUCTION

Chromatin packaging of DNA is a dynamic process that deter-

mines the transcriptional potential of a cell. Chromatin regulators

compartmentalize the nucleus into domains of euchromatin and

heterochromatin: euchromatin is characterized by accessible

DNA and is associated with transcription, while heterochromatin

is characterized by compacted DNA and is associated with tran-

scriptional repression. Deleterious genetic variants in chromatin

regulator genes are strongly linked to neurodevelopmental disor-

ders (NDDs) including autismspectrumdisorder (ASD) anddevel-

opmental delay (Satterstrom et al., 2020; Sanders et al., 2015; De

Rubeis et al., 2014; Deciphering Developmental Disorders Study,

2015). Understanding how these chromatin regulators impact

gene regulation during brain development may illuminate the un-

derlying mechanisms contributing to social and intellectual

disability and potentially other neuropsychiatric syndromes

(Gompers et al., 2017; Jung et al., 2017; Cappi et al., 2020).

POGZhasbeen identified asa high confidenceASD risk gene in

whole exome sequencing studies of patient cohorts (Satterstrom
C
This is an open access article und
et al., 2020; Sanders et al., 2015; DeRubeis et al., 2014; Stessman

et al., 2016; Iossifov et al., 2014). Subsequent to its association

with idiopathic ASD, ‘‘genotype-first’’ analyses led to the charac-

terization of White-Sutton syndrome, defined by pathogenic vari-

ants in POGZ. This syndrome is marked by distinctive facial fea-

tures along with intellectual disability (ID), ASD, and neurological

and gastrointestinal abnormalities (Assia Batzir et al., 2020).

POGZ encodes a protein with a N-terminal zinc finger (ZNF)

domain and a C-terminal DNA binding and transposase domain.

POGZ ZNF domains bind heterochromatin protein 1 (HP1) and

regulate mitotic progression (Nozawa et al., 2010). Beyond

POGZ’s ability to bind DNA, there is little mechanistic knowledge

about POGZ’s regulation of transcription or chromatin state. It

also remains unclear whether POGZ acts as a transcriptional

repressor or activator. Evidence that POGZ is a transcriptional

repressor is its association with HP1 proteins and the upregula-

tion of fetal hemoglobin expression in Pogz�/� hematopoetic

cells (Nozawa et al., 2010; Gudmundsdottir et al., 2018). On

the other hand, RNA-seq analyses of POGZ knockout brain

find both down- and upregulation of gene expression (Suliman-
ell Reports 37, 110089, December 7, 2021 ª 2021 The Author(s). 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Lavie et al., 2020); however, it is unknown whether these are due

to direct or indirect effects of POGZ loss.

ASD associated variants in the DNA binding domain disrupt

POGZ DNA binding activity (Matsumura et al., 2016) and reduce

neurite outgrowth (Matsumura et al., 2020; Hashimoto et al.,

2016; Zhao et al., 2019). POGZ homozygous deletion is embry-

onic lethal in mice (Gudmundsdottir et al., 2018); heterozygous

and conditional knockout mice exhibit phenotypes in cortical

neuron development, social and anxiety-related avoidance be-

haviors, and electrophysiology (Cunniff et al., 2020; Matsumura

et al., 2020; Suliman-Lavie et al., 2020). Mechanisms of POGZ

control of neurodevelopmental gene expression remain unex-

plored, and genes directly regulated by POGZ in the developing

forebrain have yet to be identified.

Here, we provide a mechanistic dissection of POGZ’s func-

tion as a transcriptional regulator during embryonic forebrain

development. We map POGZ bound loci in human and mouse

and probe transcriptional and chromatin state phenotypes of

Pogz�/� mice. We find POGZ primarily binds euchromatic re-

gions of the genome and acts to promote transcription and

chromatin accessibility at gene REs. POGZ binds proximally

(within 50kb) to genes downregulated in Pogz�/�, but not to up-

regulated genes, which is evidence of a direct role in gene acti-

vation and an indirect effect on gene repression. Interestingly,

the top genes downregulated in Pogz�/� are arrayed in gene

clusters and encode synapse and axon guidance molecules.

Our biochemical analyses reveal POGZ forms a nuclear com-

plex with Heterochromatin Protein 1g (HP1g) and ADNP,

another confirmed ASD risk gene. POGZ and ADNP co-occupy

genomic loci and we provide evidence that relative levels of

POGZ/ADNP binding at REs determine transcriptional output.

Finally, to explore aspects of POGZ relevant to ASD, we

analyze the transcriptional effects of heterozygous POGZ muta-

tions in mice and identify POGZ targets in developing human

cortex.

RESULTS

Generation of POGZ constitutive null
POGZ is expressed prenatally in the mouse cortex and gangli-

onic eminences (LGE and MGE; basal ganglia); in situ hybridiza-

tion (ISH) of Pogz across developmental stages indicates

decreasing expression in the postnatal brain (Figures S1A–

S1C). In the developing cortex, Pogz is broadly expressed

from the ventricular zone to the cortical plate, thus spanning

neuronal progenitors and newborn neurons, and ismore strongly

expressed in neurons (Figure S1D).

To dissect the molecular and developmental functions of

POGZ, we generated a constitutive Pogz deletion allele. We

generated founders by pronuclear injection of CRISPR-Cas9

protein and single-guide RNAs targeting exons 1 and 6, a 10

kb span (Figure 1A). Founders were screened by PCR (see

STAR Methods). One founder contained a 10 kb deletion which

generated a premature stop codon (Figure S1E). We out-

crossed this founder to C57/Bl6 mice for ten generations.

Pogz�/� mice die at embryonic day E15.5, as previously re-

ported, of uncertain etiology (Gudmundsdottir et al., 2018);

Pogz+/� mice survive and are fertile. At E13.5 we observed
2 Cell Reports 37, 110089, December 7, 2021
no Pogz expression in homozygous knockouts based on ISH,

immunohistochemistry, and Western Blot (Figures 1B, S1D,

and S1F).

We analyzed Pogz-/- cortex at E13.5 for markers of prolifera-

tion and neurogenesis. Reduced cortical neurogenesis has

been described in Pogz shRNA knockdown experiments in

mouse embryos (Matsumura et al., 2020; Suliman-Lavie et al.,

2020), and POGZ plays a role in mitosis progression in cell cul-

ture (Nozawa et al., 2010). Immunostaining for the mitotic

marker phosphohistone H3 (PHH3) showed a modest increase

in PHH3+ cells in the Pogz-/- ventricular zone (Figure S2A),

however the trend was not significant. We examined the ratio

of cells exiting the cell cycle by labeling proliferating cells

with EdU at E12.5 and collecting embryos 24 hours later; b-III

Tubulin co-staining labeled the fraction of EdU positive cells

that have differentiated into neurons. The fraction was

decreased in Pogz�/�; however, it was not significant (p =

0.07)(Figure S2B). Furthermore, there was no significant

change in the thickness of the TBR2+ subventricular zone or

the b-III Tubulin+ cortical plate in Pogz-/- (Figures S2C and

S2D). No changes in cortical plate production and positioning

at E13.5 were observed, nor were there changes in the approx-

imate levels of expression of critical regulators of Layer 5 and

Layer 6 fate, Fezf2 and Tbr1, respectively (Figures S2E and

S2F). Thus, we conclude the E13.5 Pogz-/- cortex does not

have a strong cortical neurogenesis phenotype.

POGZ occupies euchromatin loci
As POGZ is a chromatin associated protein with a DNA binding

domain, we explored its neurodevelopmental functions as a tran-

scriptional regulator. POGZ immunostaining in mouse neuron

progenitor nuclei is diffuse and euchromatic and is not restricted

to DAPI-positive heterochromatin foci (Figure S3A). For an unbi-

ased screen of POGZ occupancy genome-wide in embryonic

nuclei, we performedCUT&RUN (C&R) (Skene, Henikoff, andHe-

nikoff 2018) in E13.5 dissected wild-type mouse telencephalons

using anti-POGZ antibody (100,000 nuclei per experiment, see

STAR Methods). Pogz�/� embryos and IgG were used as nega-

tive controls. We identified 2,023 consensus POGZ peaks in

C&R analysis (Table S1). POGZC&R peaks have greatly reduced

signal in Pogz�/� and wild-type IgG experiments, demonstrating

the validity of POGZ interactions (Figure 1C).

To establish whether POGZ occupies euchromatic or hetero-

chromatic loci, we compared POGZ bound loci to ATAC-seq

and H3K27ac and H4K20me3 ChIP-seq we generated from

wild-type E13.5 cortex. We find POGZ occupancy occurs pre-

dominantly at euchromatic rather than heterochromatic loci.

Ninety-two percent of POGZ-occupied loci contain accessible

chromatin and are enriched for H3K27ac, while 8% overlap

peaks for the heterochromatin hallmark H4K20me3 (Figure 1C).

POGZ occupies transcription start sites (29% of peaks) and

distal intergenic regions (71%), suggesting it may act as a tran-

scriptional regulator (Figure 1D). 4.7%of POGZC&Rpeaks over-

lapwith validated enhancers that haveactivity in theE11.5mouse

embryonicbrain (Visel et al., 2007), compared to 0.06%that over-

lap with non-brain enhancers, suggesting that POGZ binds brain

enhancers. Furthermore, HOMER motif analysis of POGZ C&R

peaks shows that they are highly enriched for homeobox (e.g.,
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B Figure 1. POGZ binds euchromatic loci in

the developing mouse telencephalon

(A) CRISPR-Cas9 generation of POGZ knockout

allele. sgRNAs (red) targeting exons 1 and 6 of

mousePogz are indicated. Resulting 10.5 kilobase

deletion of Pogz�/� allele is shown.

(B) ISH of E12.5 wild-type and Pogz�/� telen-

cephalon sections with Pogz antisense probe

(purple). Pogz expression in MGE, LGE, and cor-

tex is indicated.

(C) Heatmap of POGZ C&R reads across

consensus peaks in the mouse genome, in E13.5

telencephalon, n = 2. ATAC-seq, H3K27ac, and

H4K20me3 ChIP-seq signal from E13.5 wild-type

shown to the right. RPM, reads per million.

(D) C&R peaks linked to nearest genes, binned by

distance and orientation from gene TSS using

GREAT.

(E) HOMER motif analysis of POGZ C&R se-

quences.

(F) GO terms significantly enriched in POGZ C&R

nearest genes. Significant (q-value < 0.05, Ben-

jamini-Hochberg multiple test correction) GO

terms listed.
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DLX, LHX, POU) and ZNF motifs (e.g., SP) of TFs that bind telen-

cephalic enhancers (Figure 1E) (Lindtner et al., 2019; Sandberg

et al., 2016). De novomotif discovery analysis identified putative

POGZ binding motifs which will be discussed later (Figure 7).

Genes near POGZ-occupied loci are enriched for gene

ontology (GO) terms that include ‘‘nuclear euchromatin’’ and

‘‘axonal growth cone’’ (Figure 1F), suggesting that POGZ may

transcriptionally regulate genes that encode components of

euchromatin and axon growth. Taken together, POGZ C&R

and immunostaining experiments provide evidence that POGZ

binds predominantly euchromatic loci and REs.
Cel
Downregulation of neuronal and
synaptic development genes in
Pogz-/- embryos
Toward elucidating how POGZ binding

regulates gene expression, we performed

RNA-seq from wild-type and Pogz�/� lit-

termates in E13.5 cortex and basal

ganglia. We focused on these two fore-

brain regions because POGZ is highly ex-

pressed (Figure S1A) and they are the

birthplaces of cortical excitatory and

striatal inhibitory neurons, respectively,

which have been implicated in ASD (Will-

sey et al., 2013; Parikshak et al., 2013;

Satterstrom et al., 2020; Chang et al.,

2015). We identified differentially ex-

pressed (DE) genes: in Pogz�/� cortex,

177 genes were significantly downregu-

lated and 154 were significantly upregu-

lated (n = 3, q-value < 0.05) (Figure 2A,

see Table S2). In Pogz�/� basal ganglia,

230 genes were significantly downregu-

lated and 267 upregulated (n = 3, q-
value < 0.05). The most highly downregulated gene in both tis-

sueswasPcdh11x,whose expression decreased 8-fold in cortex

and 22-fold in basal ganglia. DEgene expression changes in both

tissues were correlated, and there were 22 common downregu-

lated and 11 common upregulated genes (Figures 2A and 2B).

GO analysis of downregulated genes in Pogz�/� cortex found

enrichment for the terms ‘‘axonogenesis’’ and ‘‘positive regula-

tion of synapse assembly’’ (Figure 2C); upregulated genes

were not significantly enriched for GO terms. We further exam-

ined downregulated genes linked to synapse and axonogenesis

functions. Multiple Slitrk family genes were included in this list: in
l Reports 37, 110089, December 7, 2021 3
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Pogz�/� cortex, Slitrk1, 2, 4, and 5 were downregulated (Fig-

ure S3B), and in basal ganglia Slitrk1, 3, 4, and 5 were downre-

gulated (Figure S3C). Slitrk genes encode leucine-rich repeat

extracellular proteins that promote axon extension, excitatory

synapse development, and neuronal survival (Aruga andMikosh-

iba 2003; Abelson et al., 2005; Linhoff et al., 2009; Song et al.,

2015; Beaubien et al., 2016). Slitrk1 is a Tourette’s disorder

candidate gene (Abelson et al., 2005; O’Roak et al., 2010) and

Slitrk5 mouse mutants have obsessive compulsive-like behav-

iors (Shmelkov et al., 2010). Lrfn5, a gene encoding another

leucine-rich repeat extracellular protein implicated in NDDs

(Cappuccio et al., 2019), was downregulated 3.5-fold in Pogz�/

� (Figure 2B).

Latrophilin 3 (Lphn3) and Fibronectin Leucine Rich Transmem-

brane Protein 2 (Flrt2) were downregulated two-fold in Pogz�/�

cortex (Figure 2B). Lphn3 encodes a GPCR that promotes excit-

atory synapse formation by trans-synaptic binding of FLRT fam-

ily and Teneurin proteins (Sando, Jiang, and S€udhof 2019).

Gabra2, Gabra4, and Gabrg1 were downregulated 2.5-fold in

Pogz�/� cortex and encode components of the GABAA receptor.

Genes encoding the GABA transporters SLC6A1 and SLC6A11

were upregulated in Pogz�/� cortex; Slc6a1 is a high confidence

ASD risk gene and also associated with myoclonic atonic epi-

lepsy/absence seizures with developmental delay (Satterstrom

et al., 2020; Heyne et al., 2018). POGZ therefore regulates the

transcription of genes that promote synapse formation and func-

tion, including several that are implicated in neurodevelopmental

disorders.

We validated RNA-seq results by ISH in E13.5Pogz�/�, select-
ing genes based on significance and fold change, as well as

known involvement in synapse development and function.Slitrk1

and Slitrk5 were expressed in neurons of the cortex and basal

ganglia and were greatly reduced in Pogz�/� (Figures 2D, 2E,

S4E, and S4F). Pcdh11x showed a strong reduction in gene

expression in neurons of the hypothalamus, medial prefrontal

cortex, and piriform cortex (Figures 2F and S4A). ISH for Lrfn5

and Follistatin-like 5 (Fstl5), a gene involved in the Wnt/b-catenin

pathway (Zhang et al., 2015), had reduced expression in Pogz�/�

cortex (Figures 2G, 2H, and S3F). Lphn3 was expressed in

cortical neurons and greatly reduced in Pogz�/� (Figures 2J

and S4B). Flrt2 and Gabra2 were expressed in neuronal layers

of cortex and the lateral ganglionic eminences, where expression

was reduced in Pogz�/� (Figures 2I, 2K, S4C, and S4D). We also

validated Slc6a1 and Cyclin D1 (Ccnd1), transcripts whose

expression increased in the cortex (Figures 2L, S3D, and S3E).

Relationship between POGZ-regulated gene
expression, POGZ binding and chromatin regulation
OurRNA-seq analyses suggested that POGZacts as both an acti-

vator and a repressor. To explore the relationship between POGZ
Figure 2. Neuronal genes downregulated in Pogz�/� forebrain

(A) Dot plot of DE genes in E13.5 Pogz�/� cortex and basal ganglia RNA-seq comp

red dots, n = 3. Linear regression across significant DE genes in cortex and bas

(B) Heatmap of DE genes in Pogz�/� cortex (Cx) and basal ganglia (Bg), scale is log

a purple asterisk were validated by ISH.

(C) GO analysis of Pogz�/� downregulated genes in cortex. Significant GO terms

(D–L) ISH expression and validation of genes downregulated (D-K) and upregula
binding and DE genes in Pogz�/�, we performed gene set enrich-

ment analysis for genes proximal to POGZ C&R peaks. Downre-

gulated genes in Pogz�/� cortex are significantly enriched within

50kB of POGZ C&R peaks (odds ratio = 1.49, p = 0.04, Fisher’s

exact test), while upregulated genes are not significantly enriched

(odds ratio = 1.05, p = 0.53, Fisher’s exact test) (Figure 3A); all ex-

pressed genes in wild-type cortex were used as controls (see

Methods). This provides evidence that POGZ binding is associ-

ated with the transcription of genes downregulated in Pogz�/�.
To investigate whether POGZ regulates chromatin to modify

gene expression, we performed assay for transposase-acces-

sible chromatin (ATAC-seq) in Pogz�/� to map changes in chro-

matin accessibility genome-wide. In addition, we performed

H3K27ac ChIP-seq in Pogz�/� to assess whether POGZ regu-

lates the deposition of this mark of active enhancers (Rada-Igle-

sias et al., 2011). We observed similar ATAC-seq and H3K27ac

levels in wild-type and Pogz�/� (Figure 3B) and conclude that

there are no overt genome-wide differences in chromatin acces-

sibility or H3K27ac deposition.

Instead, we found that changes in chromatin state were

restricted to a small subset of genes and REs. Gene body chro-

matin accessibility levels were reduced over downregulated

genes compared to unchanged genes (p = 2.2x10�16, Student’s

t test)(Figure S5A).Weperformeddifferential peak calling to iden-

tify open chromatin regions (OCRs) that are specific to wild-type

or Pogz�/� . In cortex, 277 wild-type specific OCRs and 1,835

Pogz�/�-specific OCRs were identified (n = 3, Table S3); in basal

ganglia 405 wild-type-specific OCRs and 206 Pogz�/�-specific
OCRswere identified (n=3).Differential OCRs in cortexandbasal

ganglia were highly overlapping: 22% of wild-type-specific cor-

texOCRsoverlapwith basal ganglia, and 4%ofPogz�/�-specific
cortex OCRs overlap with basal ganglia (permutation analysis,

p = 0.001) (Figures S5B and S5C).

GO analysis on genes nearest wild-type specific OCRs yielded

terms such as ‘‘regulation of synapse assembly’’ and ‘‘axon

development’’ (Figure 3C), which matches Pogz�/� downregu-

lated gene terms (Figure 2C). No significant GO terms were

found for genes nearest Pogz�/�-specific OCRs. We asked

whether wild-type and Pogz�/�-specific OCRs are linked to DE

genes. Gene set enrichment analyses found Pogz�/� downregu-

lated genes are significantly enriched within 50kb of wild-type

specific OCRs (odds ratio = 5.59, p = 0.001 for cortex; odds ra-

tio = 2.73, p = 0.012 for basal ganglia, Fisher’s exact test). Upre-

gulated genes are also enriched proximal to Pogz�/�-specific
OCRs (odds ratio = 2.54, p = 0.019 for cortex; odds ratio =

2.56, p = 0.008 for basal ganglia, Fisher’s exact test)(Figure 3A).

All the most significantly downregulated genes are located prox-

imally to wild-type-specific OCRs, while a subset of significantly

upregulated genes are located proximally to Pogz�/�-specific
OCRs (Figure 3D). These analyses show that there is an
ared to wild-type controls. Significant DE genes in both tissues are indicated in

al ganglia, adjusted R2 = 0.77, p = 2 3 10�16.

10 of the average normalized RNA-seq reads for each gene (n = 3). Genes with

(q-value < 0.05, Benjamini-Hochberg multiple test correction) are listed.

ted (L) in Pogz�/� at E13.5.

Cell Reports 37, 110089, December 7, 2021 5
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association between changes in gene expression in Pogz�/�

with changes in chromatin accessibility at proximal OCRs.

Next, we asked whether changes in H3K27ac deposition are

associated with Pogz�/� DE genes. Differential peak calling iden-

tified 1,973 wild-type specific and 521 Pogz�/�-specific H3K27ac
ChIP-seq peaks in cortex (n = 2, Table S3). GO analysis of wild-

type specific H3K27ac peaks found terms such as ‘‘positive regu-

lation of synapse assembly’’ enriched (Figure 3C). Gene set

enrichment analysis found that downregulated genes are signifi-

cantly enriched proximal to wild-type specific H3K27ac peaks

(odds ratio = 1.90, p = 0.004, Fisher’s exact test), while

upregulated genes are not significantly enriched proximal to

Pogz�/�-specific H3K27ac peaks (Figure 3A). Thus, our integra-

tion of RNA-seq, ChIP-seq, and ATAC-seq analyses concluded

that changes in chromatin state in Pogz�/� are localized near

DE genes.

We examined individual examples of chromatin state changes

at DE gene loci in Pogz�/�. The Slitrk1 and Slitrk5 genes and sur-

rounding gene desert (Figure 3E) contain the greatest decreases

in chromatin accessibility on chromosome 14. Similarly, the great-

est decreases in chromatin accessibility on chromosome 5 are at

theGabra2,Gabrg1, andGabra4genes, aswell as the Lphn3gene

locus (Figure S5D). Other examples include Pcdh11x and Nap1l3

on the X chromosome (Figure S5E). Notably, seven of the top

fifteen downregulated genes are found in gene clusters (within

100kb) with other downregulated genes: Pcdh11x and Nap1l3,

Slitrk1 and Slitrk5, Gabra2, Gabrg1, and Gabra4.

We tested POGZ C&R peaks that were wild-type specific

OCRs and H3K27ac+ for enhancer activity. Two elements at

the Slitrk1 and Slitrk5 locus had enhancer activity in a luciferase

transcription assay in primary cultures from embryonic cortex

and basal ganglia (Figures S6A and S6B). Two POGZ bound

loci proximal to the Lphn3 locus had enhancer activity as well

(Figures S6C and S6D). Co-transfection of POGZ did not affect

candidate RE enhancer activity (Figure S6C), suggesting that

POGZ activity at these REs may depend on the chromatin envi-

ronment of the developing mouse cortex and basal ganglia.

These experiments provide evidence that elements whose chro-

matin accessibility and H3K27ac levels are positively regulated

by POGZ are transcriptional enhancers.

POGZ and ADNP form a complex with HP1g and co-
occupy loci
Our observations that POGZ binds euchromatin and promotes

chromatin accessibility and gene expression suggests that its
Figure 3. Localized changes in chromatin accessibility at DE gene loc
(A) Gene set enrichment analysis of DE genes proximal (< 50kb) to different sets of

seq peaks, n = 3. Up- and downregulated genes in Pogz�/� cortex (cx) and basa

(B) Plots and Heatmaps of ATAC-seq and H3K27ac ChIP-seq signal in individual

E13.5.

(C) GO terms significantly enriched in genes nearest to wild-type-specific ATA

H3K27ac ChIP-seq peaks in cortex. Significant GO terms (q-value < 0.05, Benja

(D) Volcano plot of DE genes at E13.5 Pogz�/� cortex. Upregulated (red dot) or do

Pogz�/� or wild-type specific, respectively, are indicated with blue halos.

(E) Genome browser view of all genes on mouse chromosome 14. Heatmap of AT

Blue hashes are wild-type-specific OCRs in cortex (Cx) and basal ganglia (Bg). H

specific OCRs (yellow) or are both wild-type specific OCRs and wild-type specifi

ATAC-seq and ChIP-seq experiments at E13.5.
dominant functional interaction may not be with repressive het-

erochromatin. Previously POGZ has been shown to interact

with heterochromatin protein 1 (HP1), a structural component

of heterochromatin (Nozawa et al., 2010). HP1 variants a and

b localize primarily in heterochromatin, while g is found in

both heterochromatin and euchromatin and at actively tran-

scribed genes (Canzio, Larson, and Narlikar 2014; Vakoc

et al., 2005; Minc, Courvalin, and Buendia 2000). We asked

which HP1 variant POGZ binds in nuclear extracts of E13.5

mouse cortex. By co-immunoprecipitation (co-IP) we found

HP1g antibody pulled down POGZ, whereas HP1a did not

(Figure 4A).

HP1g interacts with ADNP and CHD4 to form the ChAHP com-

plex that represses gene transcription by generating inaccessible

chromatin (Ostapcuk et al., 2018). ADNP is a high-confidence

ASD risk gene (Satterstrom et al., 2020) that recognizes DNAmo-

tifs through its homeodomain and directs binding of the ChAHP

complex toeuchromatin.We testedwhetherHP1variants interact

with ADNP in E13.5 cortex. As we saw for POGZ, HP1g co-IP’d

with POGZ, whereas HP1a did not (Figure 4A).

Next, we assessed whether POGZ, HP1g, and ADNP occupy

the same chromosomal loci in E13.5 mouse telencephalon using

the C&R assay with anti-HP1g and anti-ADNP antibodies.

Computational analysis found 1,002 consensus loci occupied

by all three proteins (permutation analysis, p = 0.001)(Figures

4B and S6E). ATAC-seq and ChIP-seq from E13.5 cortex

showed these loci are euchromatic, with accessible chromatin,

enrichment for H3K27ac, and had no detectable H3K9me3

heterochromatin (Figure S6F). These loci were located at tran-

scription start sites and enriched for GO terms such as ‘‘pallium

development,’’ ‘‘gliogenesis,’’ and ‘‘ephrin receptor signaling,’’

which suggests that shared targets are proximal REs of genes

that regulate cortical development (Figure S6G).

As ADNP is a repressor of neuronal gene expression (Ostap-

cuk et al., 2018), we wondered whether ADNP is present where

POGZ promotes neuronal gene expression. Interestingly, we

found reduced co-occupancy of ADNP and HP1g with POGZ

at loci proximal to genes downregulated in Pogz�/�, compared

to genes that were upregulated or unchanged (Figure 4C). Exam-

ples of POGZ occupied loci where ADNP and HP1g binding was

reduced are the Slitrk family and GABAA receptor genes (Fig-

ure 4D). We propose that POGZ acts as a positive regulator of

transcription when it occupies loci with reduced co-occupancy

of ADNP and HP1g, and acts as a repressor with high co-occu-

pancy of ADNP and HP1g (Figure 4E).
i in Pogz�/�

POGZ peaks: POGZC&R peaks, and Pogz�/� differential ATAC-seq and ChIP-

l ganglia (bg) were compared to all expressed genes in those tissues.

wild-type and Pogz�/� experiments at all OCRs identified in wild-type cortex at

C-seq peaks in E13.5 cortex and basal ganglia (bg), and wild-type-specific

mini-Hochberg multiple test correction) are listed.

wnregulated (green dot) genes that contain proximal ATAC-seq peaks that are

AC-seq reads in Pogz�/� cortex normalized to wild-type in 50 kb genomic bins.

ighlighted POGZ occupied peaks at the Slitrk1 and Slitrk5 locus are wild-type

c H3K27ac peaks (green). Tracks are sequencing reads from individual C&R,
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A

C

D

E

B Figure 4. POGZ and ADNP form a nuclear

complex with HP1g

(A) Western blots for POGZ and ADNP in IPs for

HP1a and HP1g from nuclear extracts of E13.5

wild-type mouse cortex

(B) Heatmap of POGZ, ADNP, and HP1g C&R

reads across consensus peaks for all three anti-

bodies in E13.5 mouse forebrain, n = 2.

(C) POGZ,ADNP, andHP1gC&Rsignal overPOGZ

C&R peaks in three different segments of the

genome: proximal (within 100kb) todownregulated

genes (q-value < 0.01), proximal to upregulated

genes (q-value < 0.01), proximal to unchanged

genes.

(D) Heatmap of POGZ, ADNP, and HP1g C&R

reads across consensus peaks proximal (within

100 kb) to Pogz�/� DE genes.

(E) Proposed model for POGZ, ADNP, and HP1g

activity at REs. High levels of binding of all three

proteins leads to repression of proximal genes

(observed upregulation in Pogz�/�), while high

levels of POGZ and reduced levels of ADNP and

HP1g leads to activation of proximal genes (and

observed downregulation in Pogz�/�).
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Pogz heterozygote mice have reduced Adnp expression
Our genetic analyses of Pogz�/� mice revealed a crucial role for

POGZ in promoting the transcription of specific neurodevelop-
8 Cell Reports 37, 110089, December 7, 2021
mental genes. Our biochemical analyses

revealed that POGZ directly binds REs

proximal to these gene loci and that it

forms a nuclear complex which co-oc-

cupies genomic loci together with HP1g

and ADNP. However, ASD is caused by

heterozygous loss-of-function POGZ var-

iants. Thus, we searched for phenotypes

in Pogz+/� mice that express half the

amount of POGZ protein (Figures S7A

and S7B). To look for gross anatomical

defects, we performed MRI on P28

Pogz+/� brains and found no significant

change in cortex size (Figure S7C).

Pogz+/� mice have electrophysiolog-

ical phenotypes in mPFC (Cunniff et al.,

2020); thus, we analyzed mPFC of P28

Pogz+/�. We performed RNA-seq in

Pogz+/� and wild-type mice, and found

29 significantly downregulated and ten

upregulated genes (q-value < 0.05, n =

4)(Table S4). Interestingly, Adnp was

one of the most downregulated genes

(1.5-fold, q-value = 0.0008)(Figures 5A

and 5B). ISH confirmed reduction of

Adnp mRNA levels in Pogz+/� cortex at

P28 (n = 3)(Figure 5C).

Next, we investigated P0 and P10

Pogz+/� cortex for transcriptomic

changes, and similarly to P28, we

observed only few changes in gene
expression. At P0, 16 geneswere downregulated and 14 upregu-

lated (q-value < 0.05, n = 3), and at P10 one gene was downre-

gulated and 3 upregulated (q-value < 0.05, n = 3)(Figures S7D



A

C

B Figure 5. Adnp expression reduced in Pogz

heterozygote

(A) MA plot showing differentially expressed genes

in P28 Pogz+/� mPFC RNA-seq counts compared

to wild-type. Significant DE genes (q-value < 0.05)

are indicated in red dots.

(B) NormalizedAdnpRNA-seq read counts inwild-

type and Pogz+/� mPFC.

(C) ISH using antisense Adnp RNA probe in wild-

type and Pogz+/� P28 coronal sections.
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and S7E; Table S4). At these ages, a change in AdnpmRNA was

not detected by RNA-seq. The subtle and variable transcrip-

tomic effect of heterozygosity is unsurprising considering that

in the homozygote null at E13.5, we likewise observed few strong

changes in gene expression and/or chromatin accessibility;

although, when present, changes in gene expression and chro-

matin accessibility were highly correlated.

POGZ-occupied loci in human fetal cortex are
euchromatic and enriched for NDD genes
To investigate whether our findings in mice are applicable to hu-

man, we analyzed POGZ occupancy in human fetal cortex.

POGZ mRNA is expressed in the mid-fetal human cortex (Fig-

ure 6A). As in the mouse, HP1g antibody pulled down POGZ in

nuclear extracts from 17 gestation week (gw) cortex (Figure 6B).

We studied POGZ occupancy by CUT&RUN in nuclei isolated

from 17 gw and 18 gw human cortex and identified 9,089

consensus peaks (n = 3, 10 million nuclei). POGZ-occupied

loci exhibited high levels of chromatin accessibility in ATAC-

seq data from human fetal cortex (Markenscoff-Papadimitriou

et al., 2020). Eighty-nine percent of POGZ C&R peaks overlap

with an ATAC-seq peak, compared to 3.5% that overlap shuffled

peaks. As in the mouse, C&R for HP1g and ChIP-seq for histone

modifications show POGZ and HP1g primarily overlapped

H3K27ac peaks and not H4K20me3 heterochromatin modifica-

tions (Figure 6C). Paralleling findings in mouse cortex, POGZ

was localized at distal loci in the SLITRK1 and SLITRK5 cluster

(Figure S7F). These experiments provide evidence that POGZ
Cel
co-occupies euchromatic loci with HP1g

in both human and mouse.

Next, we asked whether POGZ oc-

cupies gene loci implicated in NDDs.

We performed gene set enrichment anal-

ysis for genes proximal (within 50 kb) to

POGZ C&R peaks in human mid-fetal

cortex. We tested various NDD relevant

gene sets: ASD andDevelopmental Delay

risk genes (Satterstrom et al., 2020; Deci-

phering Developmental Disorders Study

2017), and targets of the ASD gene

CHD8 and Fragile-X Syndrome gene

FMRP (Cotney et al., 2015; Darnell et al.,

2011), and compared enrichment to con-

trol gene sets. POGZ C&R peak-proximal

genes were significantly enriched for ASD

risk genes and targets of CHD8 and
FMRP (q-value < 0.001, Benjamini-Hochberg multiple test

correction), and the enrichment was greater than a control set

of all expressed protein-coding genes (Figure 6D). Furthermore,

the proportion of CHD8 target genes proximal to POGZ C&R

peaks was statistically significant compared to the proportion

of 1,000 random samples of whole brain expressed genes

(empirical p value < 0.001). From these analyses we concluded

that POGZ occupied loci in themid-fetal human cortex are signif-

icantly enriched for ASD risk genes and CHD8 target genes.

POGZ occupied loci are enriched for Transposable
Elements (TEs)
Because POGZ contains a pogo transposon sequence in the

final exon, we wondered whether POGZ-occupied loci are en-

riched for TEs. We asked if any classes of TEs are enriched in

euchromatic POGZ C&R loci from the developing mouse telen-

cephalon and human cortex. In human, LINE elements were en-

riched; in mouse, SINE elements and tRNA-derived SINEs were

enriched (q-value < 0.05 after multiple testing correction)(Figures

7A and 7B).

De novo motif analysis of mouse POGZ C&R peaks identified

one 28bp and one 29bp motif that mapped to the promoters of

L1Mda-1 and L1Mda-III, two of the most recently evolved L1

LINE genes in the mouse genome (Figure 7C) (Sookdeo et al.,

2013). Nondegenerate instances of these motifs in the C&R

peaks are heterochromatic, while degenerate instances of these

motifs are euchromatic and have accessible chromatin, sug-

gesting they are at REs (Figure 7D).
l Reports 37, 110089, December 7, 2021 9



Figure 6. ) POGZ binds euchromatic loci

and HP1g in human fetal cortex

(A) ISH of POGZ antisense probe (purple) in 18 gw

fetal cortex tissue

(B) Co-IPs for HP1a and HP1g from nuclear ex-

tracts of 18 gw cortex.

(C) Heatmap of POGZ, HP1g, and IgG control C&R

reads across POGZ consensus peaks (n = 9,089)

in human mid-fetal cortex. ATAC-seq and

H3K27ac and H4K20me3 ChIP-seq reads from

mid-fetal cortex samples (Markenscoff-Papadi-

mitriou et al., 2020). RPM reads per million.

(D) Gene set enrichment analysis for genes prox-

imal (within 50 kb) to POGZ C&R peaks,

H4K20me3 peaks as control. Gene sets that are

significantly enriched in POGZ C&R-proximal

genes are indicated with a star (q-value < 0.001

after multiple testing correction).
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Given the enrichment of L1 motifs in POGZ bound sites,

we wondered whether POGZ regulates L1 transcription.

We revisited Pogz�/� RNA-seq data from E13.5 cortex and

quantified differences in transcription of repetitive elements.

Eight genes had significantly increased expression (q-value <

0.05) in Pogz�/�, including two L1 genes; the most upregu-

lated gene (2.5 fold) was the retrotransposon L1M2b (Fig-

ure 7E). Taken together, our analyses conclude that POGZ

C&R loci are enriched for TEs and L1 sequence motifs,

and that POGZ modulates L1 transcription in developing

mouse cortex.

DISCUSSION

Pathogenic variants in POGZ are strongly associated with risk

for NDDs such as ASD, ID, and Developmental Delay (Satter-

strom et al., 2020; Deciphering Developmental Disorders

Study, 2015). Here, we generated a constitutive Pogz null allele

to probe the molecular functions of POGZ in mouse neuronal
10 Cell Reports 37, 110089, December 7, 2021
development. We performed chromatin

and gene expression profiling in Pogz�/

� embryos and mapped POGZ occu-

pancy genome-wide in the embryonic

mouse telencephalon and fetal human

cortex. Our analyses conclude that

POGZ binding to promoters and distal

enhancers promotes chromatin accessi-

bility and transcription at a highly spe-

cific set of genes, many of which encode

synaptic proteins and axon guidance

molecules. In addition, there are genes

which are upregulated in Pogz�/� and

have increased chromatin accessibility

at proximal REs, though POGZ binding

is not enriched at these loci. We provide

evidence that POGZ is in a repressive

nuclear complex with HP1g and ADNP,

the latter being a high-confidence ASD

risk gene. Below, we discuss the impli-
cations of our findings on POGZ function and speculate on

an evolutionary role of POGZ.

POGZ regulates euchromatin
One of the main conclusions of our analysis is that POGZ

occupies euchromatic as well as heterochromatic loci and,

depending on its binding context, acts to either promote

or repress transcription. Genome-wide mapping of POGZ

occupancy by C&R in developing mouse (Figure 1) and hu-

man (Figure 6) brain tissues revealed it predominantly binds

euchromatic loci. POGZ C&R peaks are found at transcrip-

tion start sites and distal REs containing accessible chro-

matin and the active RE mark H3K27ac. We validated the

enhancer function of two distal REs bound by POGZ using

luciferase assays; furthermore, 96 validated enhancers with

activity in embryonic brain tissue (Visel et al., 2007) overlap

POGZ C&R peaks. Thus, like the ASD risk genes CHD8 and

ADNP (Cotney et al., 2015; Ostapcuk et al., 2018), POGZ

binds REs.
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POGZ is often cited as a transcriptional repressor following ev-

idence demonstrating POGZ interaction with HP1, a chromatin

scaffolding protein associated with repressive heterochromatin

(Nozawa et al., 2010). While this work showed POGZ binds mul-

tiple subtypes of HP1, we found POGZ preferentially binds HP1g

in nuclear extracts from developing mouse and human cortex

(Figure 4, Figure 6). This discrepancy may be attributed to our

co-IP experiments being performed in developing cortical tis-

sues, whereas the previous study was performed in 293 and

HeLa cells. Thus, it is possible that POGZ has a differential affin-

ity for HP1 subtypes in different cellular contexts. Interestingly,

numerous missense ASD-associated variants have been identi-

fied in the HP1-binding ZNF domain of POGZ (Sanders et al.,

2015; Satterstrom et al., 2020; Stessman et al., 2016) These

POGZ variants may point to the interaction with HP1g being rele-

vant to the pathology of ASD.

POGZ promotes neuronal gene transcription and
chromatin accessibility at gene clusters
In accordance with its role as an ASD gene, we found that POGZ

promotes the expression and chromatin accessibility of a subset

of genes known to play a role in synapse formation and function.

Interestingly, both in the cortex and the basal ganglia, the set of

genes showing the most differential expression in Pogz�/� were

identical (Figure 2). This suggests that POGZ has similar func-

tions in cortex and basal ganglia. However, over developmental

time (E13, P0, P10, P28), observed transcriptomic changes

evolved, suggesting that POGZ’s targets shift at different devel-

opmental stages. Alternatively, because the transcriptomic

changes in the E13.5 homozygotes are much more apparent

than in the P0, P10, and P28 heterozygotes, the consistency of

gene expression changes may be obscured.

Mechanistic insight into how POGZ functions to promote gene

expression was gained by ATAC-seq and ChIP-seq analysis of

Pogz�/� cortex and basal ganglia. We found the effects of

POGZ deletion on chromatin accessibility and H3K27ac deposi-

tion were highly restricted to the Pogz�/� DE gene loci (Figure 3).

This highly localized effect of mutation of an NDD-linked tran-

scriptional regulator is unusual: Chd8,Mecp2, and Tbr1mutants

have more diffuse effects on gene expression (Gompers et al.,

2017; Chahrour et al., 2008; Fazel Darbandi et al., 2018).

A striking feature of genes regulated by POGZ is that 50% of

the most highly downregulated genes are located in proximity

to each other in small clusters: Slitrk1 and Slitrk5; Pcdh11x and

Nap1l3; Gabra2, Gabrg1, and Gabra4. This evidence, coupled

with the observation that chromatin accessibility losses are

restricted to these loci, is reminiscent of b-globin regulation in

erythroid cells. There, the locus control region (LCR) coordinates

multiple b-globin genes by recruiting chromatin-modifying, co-

activator, and transcription factor complexes (Fang et al.,
Figure 7. POGZ occupied loci enriched for TEs, L1 retrotransposon m

(A and B) Volcano plots of TEs enriched in euchromatic POGZ C&R peaks from hu

above the dotted line (q-value < 0.05 after multiple testing correction) are signific

(C) Repeatmasker alignment of two de novo POGZ binding motifs identified by M

(D) Plot andHeatmap of ATAC-seq signal at instances of predicted POGZDNA-bin

there is no mismatch with the motif sequence (non-degenerate) or whether there

(E) MA plot showing differentially expressed repetitive elements in Pogz�/� E13.5
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2003). Intriguingly, POGZ is required for fetal hemoglobin

expression, although direct regulation of the b-globin locus or

LCR by POGZ has not been shown (Gudmundsdottir et al.,

2018). We speculate that POGZ may regulate the clustered

neuronal genes in a similar manner. REs that are regulated by

POGZ in these gene clustersmay be LCRs coordinatingmutually

exclusive gene expression patterns. Some of the candidate REs

regulated by POGZ can drive transcription in cell culture (Fig-

ure S6), and thus their in vivo functions merit further study.

We did not detect a cortical neurogenesis phenotype at E13.5,

which was surprising given other studies that found POGZ

knockdown affecting embryonic cortical neurogenesis and adult

neurogenesis in the dentate gyrus (Matsumura et al., 2020; Suli-

man-Lavie et al., 2020). We can attribute this discrepancy to dif-

ferences in the methods of POGZ knockdown used (in utero

electroporation of short hairpin RNAs versus our analysis of

constitutive POGZ knockout mice), and the ages analyzed

(E16.5 and adult versus our E13.5 analysis). Mitotic index and

cortical plate thickness were normal in E13.5 Pogz homozy-

gotes, and cortical surface area and volume were normal in

P28 Pogz heterozygotes, suggesting that there was not a large

effect on proliferation and neurogenesis (Figure S2). Thus, the ef-

fects on neuronal gene expression that we observe appear to be

due to POGZ function in postmitotic neurons rather than defects

in cortical neurogenesis.

Convergent genomic targets of ASD risk genes POGZ,
ADNP, and CHD8
Our C&R experiments showed that half of POGZ occupied loci

are co-occupied by ChAHP complex members HP1g and

ADNP (Figure 4). ADNP is a high-confidence ASD risk gene

and a repressor of neuronal lineage gene expression; ADNP�/�

ES cells andmouse embryos have defects in neuronal fate spec-

ification (Ostapcuk et al., 2018; Pinhasov et al., 2003). Because

ChAHP binding is markedly reduced at loci where POGZ pro-

motes gene expression (Figure 4), we propose that at loci co-

occupied by POGZ and ADNP/ChAHP, ADNP antagonizes

POGZ’s activating potential. The 50% reduction of Adnp RNA

in Pogz heterozygote mPFC at P28 (Figure 5) may reflect a ho-

meostatic compensation mechanism that equilibrates levels of

these two proteins to minimize the effects on downstream

gene expression. The reduction of Adnp mRNA was not

detected at earlier time points by RNA-seq, which may reflect is-

sues with sensitivity of the assay at those ages, or that the afore-

mentioned homeostatic equilibration mechanism occurs later in

development.

POGZ and ADNP are similar proteins, both containing zinc

finger domains that bind HP1 proteins, as well as DNA binding

domains (ADNP has a homeobox, POGZ has a DDE transposase

domain) (Ostapcuk et al., 2018). ADNP syndrome, also known as
otifs

man 18 gw cortical (A) and mouse E13.5 telencephalon (B) samples. Elements

antly enriched.

EME-CHIP analysis of POGZ C&R data.

dingmotifs 1 and 2 in POGZC&Rpeaks. POGZ peaks are clustered bywhether

are mismatches (degenerate).

RNA-seq data, significant DE genes (q-value < 0.05) are indicated in red dots.
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Helsmoortel-Van Der Aa syndrome, and POGZ syndrome, also

known as White-Sutton syndrome, have similar hallmark fea-

tures: ID with ASD in a subset of patients, developmental delay,

and characteristic craniofacial features (Assia Batzir et al., 2020;

Van Dijck et al., 2019). The fact that we find these proteins

share more than 1,000 genomic targets in the developing telen-

cephalon may lead us to the underlying genes, cell types, and

pathways impacted in children with pathogenic variants in

POGZ and ADNP.

Another point of convergence of POGZ with ASD risk genes is

the enrichment of ASD genes and CHD8 targets in POGZ bound

loci in the human mid-fetal cortex (Figure 6). This suggests that

POGZ may regulate other ASD risk genes and that POGZ and

CHD8 share common downstream targets. Defining the tran-

scription networks co-regulated by POGZ, ADNP, and CHD8

will open the door to elucidating convergent mechanisms that

predispose to ASD and DD.

One of the surprising findings of our data is that POGZ C&R

bound loci in human and mouse are enriched for SINE and

LINE TEs (Figure 7). Like POGZ, ADNP-occupied loci are also en-

riched for SINE TEs (Kaaij et al., 2019). The 28 and 29bp de novo

motifs found in POGZ occupied loci are identical to L1 retro-

transposon promoter sequences (Sookdeo et al., 2013). The

presence of degenerate versions of these TE sequences in

euchromatic POGZ C&R peaks suggests that these TEs may

have evolved to become neurodevelopmental REs. This finding

also suggests that POGZ could be regulating rates of retrotrans-

position and the resulting somatic mutations. Rett syndrome

models show increased L1 retrotransposition in MECP2

knockout cells (Muotri et al., 2010; D’Gama and Walsh 2018).

We do not know whether POGZ regulates L1 retrotransposition,

although our RNA-seq analysis shows increased RNA levels of

L1 LINE genes in Pogz�/�.

Limitations of the Study
One of the limitations of our current study is that, although we do

find physiological defects in Pogz+/� (Cunniff et al., 2020), we did

not find strong Pogz+/� transcriptional defects. This limits our

ability to make conclusions about transcriptional causes of

ASD pathology resulting from deleterious heterozygous variants

in POGZ. Further study of human Pogz+/� patient derived neu-

rons can illuminate the underlying causes of ASD.
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KEY RESOURCES TABLE
Reagent or resource Source Identifier

Antibodies

anti-H3K27ac Clone CMA309 Millipore Cat# 05-1334; RRID:AB_1977244

anti-H4K20me3 Abcam Cat# ab9053; RRID:AB_306969

anti-POGZ Abcam Cat# ab171934

anti-IgG Stem Cell Technologies Cat# 60129AV

anti-ADNP Invitrogen Cat# PA5-47792; RRID:AB_2576251

rabbit anti-goat IgG Abcam Cat# ab6697; RRID:AB_955988

anti-HP1gamma Abcam Cat# ab10480; RRID:AB_297219

anti-HP1alpha Abcam Cat# ab77256; RRID:AB_1523784

anti-beta III tubulin Novus Cat# NB100-1612; RRID:AB_10000548

anti-TBR2 Cell signaling Cat# 4540S; RRID:AB_1903959

Chemicals, Peptides, and Recombinant Proteins

B-27 supplement Thermo Fisher Cat#12587-010

N2 supplement Thermo Fisher Cat#17502-048

pA-MNase Skene et al., 2018 N/A

Critical Commercial Assays

MEGAshortscript T7 transcription kit Thermo Fisher Cat#AM1354

MinElute PCR Purification Kit QIAGEN Cat#28004

RNeasy plus mini kit QIAGEN Cat#7413

High Sensitivity DNA Kit Agilent Cat#5067-4626

RNA 6000 nano kit Agilent Cat#5067-1511

Nextera DNA Library Prep Kit Illumina Cat#FC-121-1030

Ovation Ultralow System V2 Nugen Cat#0344NB-32

NEBNext High Fidelity 2x PCR master mix New England Biolabs Cat#M0541L

Micrococcal Nuclease New England Biolabs Cat#M0247S

Dual-Luciferase Reporter Assay System Promega Cat#E1980

Turbo Dnase Thermo Fisher Cat#AM2238

Deposited Data

RNA-seq data, mouse this paper GEO: GSE187010

ATAC-seq data, mouse this paper GEO: GSE187010

ChIP-seq data, mouse this paper GEO: GSE187010

CUT&RUN data, mouse this paper GEO: GSE187010

CUT&RUN data, human this paper dbGAP: phs002033.v2.p1

ATAC-seq data, human Markenscoff-Papadimitriou et al., 2020 GEO: GSE149268

ChIP-seq data, human Markenscoff-Papadimitriou et al., 2020 GEO: GSE149268

Disease gene sets for gene set enrichment

analysis

An et al., 2018 https://science.sciencemag.org/content/

362/6420/eaat6576/tab-figures-data

VISTA positive and negative enhancers Visel et al., 2007 https://enhancer.lbl.gov/

Genes expressed in whole fetal brain Hawrylycz et al., 2012 https://www.brainspan.org/static/

download.html

Experimental Models: Organisms/Strains

Mouse: POGZ ex1-6 deletion this paper N/A

Oligonucleotides

sgRNA targeting exon 1 GGCGGACACCGACCTGTTTA N/A

sgRNA targeting exon 6 TGTCACTGTGAAGCGACCTG N/A

(Continued on next page)
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Continued

Reagent or resource Source Identifier

forward sequencing primer, pogz deletion

mouse

CCAGGCCAGCCTATTTTACA N/A

reverse sequencing primer, pogz deletion

mouse

CCCACTGGTTCTTTGAGCAG N/A

Recombinant DNA

pGL4.23[luc2/minP] Vector Promega Cat#E841A

pRL Vector Promega Cat#E2261

pX330-U6-Chimeric_BB-CBh-hSpCas9 Addgene Cat#42230

Software and Algorithms

bedtools2 Quinlan and Hall, 2010 https://github.com/arq5x/bedtools2

macs2 Zhang et al., 2008 https://github.com/macs3-project/MACS

Homer Heinz et al., 2010 http://homer.ucsd.edu/homer/

GREAT McLean et al., 2010 http://great.stanford.edu/public/html/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to the lead contact, John Rubenstein (John.Rubenstein@ucsf.

edu).

Materials availability
All unique reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement

Data and code availability

d RNA-seq, ATAC-seq, ChIP-seq, and CUT&RUN data generated for this study have been deposited to GEO and dbGAP and are

publicly available as of the date of publication. Accession numbers are listed in the key resources table. Any additional infor-

mation required to access and analyze the data reported in this paper is available from the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models
All procedures and animal care were approved and performed in accordance with National Institutes of Health and the University of

California San Francisco Laboratory Animal Research Center (LARC) guidelines, UCSF IACUC approval number AN180174-02. Mice

were maintained in social cages on a 12 hr light/dark cycle with free access to food and water; animals were monitored daily for food

andwater intake. Pogz�/�, Pogz+/�, and wild-type littermates were analyzed in this paper. Themice are in theMusmusculusC56/Bl6

strain and were analyzed at ages E12.5, E13.5, P0, P10, and P28. For timed pregnancies, noon on the day of the vaginal plug was

timed as day 0.5. Animals of both sexes were used in the analyses.

Developing human brain samples
Developing human brain samples were obtained with patient consent in strict observance of the legal and institutional ethical regu-

lations. Protocols were approved by the Human Gamete, Embryo, and Stem Cell Research Committee, and the Institutional Review

Board at the University of California, San Francisco. Fresh fetal human brain samples were obtained from elective terminations, with

no karyotype abnormalities or genetic conditions reported, and transported in freshly made Cerebral Spinal Fluid on ice (CSF). Sam-

ples ranged from 17 gw to 18 gw in age and the sex was male. All dissections and experiments were performed within two hours of

tissue acquisition. Dissections of the cortical sample acquired included the entire telencephalic wall, from the ventricular zone to the

meninges.

CRISPR mouse generation
SgRNAs were designed using the guide design tool at crispr.mit.edu. The following sgRNAs in Table S6 were cloned into the px330

vector (Zhang lab) and sgRNAs were generated by in vitro transcription using the MEGAshortscript T7 transcription kit (Invitrogen).
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Both sgRNAs were injected into fertilized mouse oocytes together with Cas9 protein at the Gladstone Transgenic Core facility. Mice

were screened for 10 kb deletions using PCR Primers (Table S6) upstream and downstream of the two sgRNA target sites.

METHOD DETAILS

In situ hybridization
E13.5whole headwas dissected and postfixed overnight in 4%paraformaldehyde, and transferred to 30%sucrose overnight. Heads

were frozen in OCT on dry ice and 20 micron thick cryosections were obtained and stored at �80C. In situ hybridization using anti-

sense RNA probes in Table S6 was performed as follows: slides were defrosted at room temperature for twenty minutes. Slides were

washed four times, 5 minutes each time, in 1x PBS to removed OCT compound. Slides were fixed in 4% PFA in 1X PBS at room

temperature for 10 minutes, and rinsed three times, three minutes each time, in 1x PBS. Slides were treated with Proteinase K

(1 mg/ml in 1x PBS) for 17 minutes at room temperature. After Proteinase K digestion, slides were postfixed in 4% PFA at room tem-

perature for 5minutes, followed by three three-minute washes in 1x PBS. Slides were incubated in acetylation solution (200mLMilli-Q

water, 2.66 mL Triethanolamine, 0.35mL 37% HCL, and 0.75 mL acetic anhydride added dropwise) on a shaker for ten minutes, fol-

lowed by three five-minute washes in 1x PBS. Slides were then incubated for two hours at room temperature in hybridization buffer

(140mL 100% formamide, 75 mL 20X SSC pH = 4.5, 300 mL 50 mg/mL yeast tRNA, 3 g SDS, 300 mL 50mg/mL Heparin, final volume

300mL in dH2O). Antisense probe (Table S6) was diluted to a final concentration of 1 ng/mL in hybridization buffer and 120 mL placed

onto the slide under glass coverslips. Slides were placed in a hybridization oven at 72C overnight.

Next, slides were incubated in pre-warmed 5X SSC at 72C for five minutes, and then incubated twice in 0.2X SSC thirty minutes

each at 72C. Slides were washed in room temperature 0.2X SSC for five minutes, then incubated in NTT solution (30mL 5M NaCl,

100mL 1M TrisCL (pH = 8.0), 4mL 25% Tween-20 and 916 mL dH2O), and slides were blocked for one hour in 500 mL blocking

reagent (500uL 5% Heat Inactivated Sheep Serum in 9.5 mLs 2% blocking reagent in NTT). Blocking reagent was aspirated from

sections and 180uL antibody solution was added (2uL anti-Digoxigenin-AP Fab fragment in 10mL blocking solution). Sections

were incubated with antibody at 4C overnight. Coverslips were removed the next day in NTT solution, and slides were washed three

times in NTT, 30 minutes each wash. Slides were washed in NTTML (24mL 5MNaCL, 40mL filtered 1M TrisCl (pH = 9.5), 3.2 mL 25%

Tween-20, 40mL 1M MgCl2, 1mL 1.6M Levamisole, final volume 800mL). BM Purple was added to slides and sections were devel-

oped at 37C and were imaged two days later.

Immunofluorescence
E13.5whole headwas dissected and postfixed overnight in 4%paraformaldehyde, and transferred to 30%sucrose overnight. Heads

were frozen in OCT and 20micron thick cryosections were obtained. Immunostaining was performed as follows: slides were washed

three times in 1X PBS 0.1% Triton at room temperature. Slides were blocked in 1X PBS 0.1% Triton and 4% Donkey Serum at room

temperature for one hour. Primary antibodies (Table S6) were added in 1x PBS 0.1% Triton and 4% donkey serum overnight at 4C at

1:1000 dilution. Next day, slides were washed three times in 1x PBS 0.1% Triton, and secondary antibodies (Alexa Fluor) were added

at 1:1000 dilution in 1x PBS 0.1% Triton 4% Donkey Serum. Slides were washed three more times in 1X PBS 0.1% Triton and

mounted using Vectashield with DAPI.

IF images were obtained using a Zeiss Confocal Microscope at 20X or 63X magnification. Cortical cell numbers were counted in

ImageJ using the cell counter plugin to quantify the number of positive cells in the VZ. VZ length was measured by comparing to a

5mm scale image taken using the same microscope. Cortical layer thickness was quantified using ImageJ by comparing the thick-

ness of TBR+ or b-III Tubulin+ layers to a 5mm scale image. Statistical tests were performed in R Studio.

Luciferase assay
Primers in Table S6 were used to amplify predicted regulatory elements bound by POGZ frommouse genomic DNA, then cloned into

the minimal promoter pGl4.23 luciferase vector (Promega) using SacI and XhoI restriction sites (underlined) in the vector’s multiple

cloning site.

Neonatal cortical and basal ganglia tissues were dissected from CD1 mice in cold EBSS, followed by trypsin (Thermo Fisher Sci-

entific 25200056) treatment for 15 minutes at 37�C. Trypsinization was inhibited using 10% FBS containing DMEM. Cells were

washed once with DMEM, then resuspended in 10% FBS containing Neuralbasal-A medium (Thermo Fisher Scientific 12348017)

with B27 (Thermo Fisher Scientific 17504044). Cell density was quantified using hemocytometer. Cells were plated in poly-D-lysine

and laminin coated coverslips (Corning 08-774-385) preloaded in 96 well plates and cultured in 37�C incubator for 14 days. Serum

free Neuralbasal-A medium with B27 and Glutamax (Thermo Fisher Scientific 35050061) was used to maintain the cell growth.

Confluent cells were transfected in three 96-well plates with luciferase vectors (candidate enhancer-pGL4.23 or empty vector

pGL4.23) and pRL renilla vector. Two days later, cells were lysed and luciferase levels detected using the Promega dual reporter

luciferase assay kit. Luciferase levels were normalized to Renilla and averaged across three replicate experiments.

Co-immunoprecipitation
Microdissected cortices from wild-type E13.5 mouse embryos or 18 gw human embryos were triturated using P1000 tip 10 times to

generate single cell suspension. To isolate nuclei, cells were resuspended in 1mL hypotonic lysis buffer (10mMHEPES pH 7.4, 10mM
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NaCl, 1.5mMMgCl2, 0.5mM DTT, and 1x Roche complete protease inhibitor) per 1E7 cells, held on ice for 10 minutes, and dounced

10-15 times with tight clearance pestle. Nuclei were collected by centrifugation and resuspended in nuclear extraction buffer (20mM

HEPES pH 7.4, 300mM NaCl, 25% glycerol, 0.1mM EGTA, 0.02% Igepal, 0.5mM DTT, 250U Benzonase, and 1x Roche complete

protease inhibitor) and incubated at 37�C for 15 minutes to digest DNA and RNA. Nuclei were rotated for 30 minutes at 4�C and

then centrifuged for 30 minutes at 14,000 x g at 4�C to pellet insoluble fraction. Nuclear extracts were diluted 1:1 with nuclear extrac-

tion buffer lacking NaCl for a final concentration of 150mM.

For immunoprecipitations, Dynabeads Protein A (Thermo Fisher, 10001D) werewashed twice with IP buffer and added to 5-10mL of

antibody suspended in 1%BSA in PBS for two hours at room temperature. Beads were washed twice more with IP buffer and added

to nuclear extracts overnight at 4�C. After separation from unbound lysate, beads were washed 5 times with IP buffer and bound

proteins were eluted by incubating in 100mL Laemmli Sample Buffer at 70�C for 10 minutes.

Western blot
Nuclear extracts were prepared as described above for Co-Immunoprecipitation, from wild-type, heterozygote, and homozygote

cortex. 1ug protein was loaded for each genotype in 2x Laemmli Sample Buffer, and POGZ was blotted using the recommended

dilution of antibody (1:1000); anti Histone H3 antibody was included for loading control. Relative levels of POGZ protein were

measured by pixel intensity analysis of scanned western blot images using ImageJ.

MRI
4% PFA-fixed brains were washed twice in 20 mL PBS for a total of 24 hours and imaged in Fluorinert FC-40 (Sigma Aldrich) for null

background signal. The imaging was done on a 600 MHz NMR spectrometer (Agilent Technologies Inc.) with imaging gradients and

the following parameters: 3D gradient echo, TE/TR 15/75ms, 8 averages, field of view (FOV) 12.8mm isotropic, resolution of 50 mm3

50 mm 3 100 mm, and a total scan time of 5.5 hours. The acquired images were converted on console to the DICOM format. Volu-

metric measurements were made using Horos, an open source image viewer.

RNA-seq
From each dissection of E13.5 cortex or basal ganglia, RNAwas isolated using QIAGENRNeasymini columns. RNAwas treated with

Turbo DNase and inactivated. RNA quality was assessed using Agilent Bioanalyzer RNA Nano kit, and samples with RNA Integrity

Number values greater than 9.0 were used for subsequent profiling. RNA-seq libraries were generated using Nugen’s OvationMouse

RNA-seq kit and amplified for 15 cycles. Libraries were quantified using Agilent Bioanalyzer High Sensitivity DNA kit, and sequenced

on Hiseq 2500 using paired end sequencing.

ATAC-seq
From each dissection of E13.5 cortex or basal ganglia, intact nuclei were isolated by pipetting up and down twenty times in ice cold

0.5 mL Buffer 1 (300mM sucrose, 60mM KCl, 15mM NaCl, 15mM Tris-HCl, pH 7.5, 5mM MgCl2, 0.1mM EGTA, 1mM DTT, 1.1mM

PMSF, Protease inhibitors), and then lysed on ice for 10 minutes after adding 0.5 mL Buffer 2 (300mM sucrose, 60mM KCl, 15mM

NaCl, 15mM Tris-HCl, pH 7.5, 5mMMgCl2, 0.1mM EGTA, 0.1% NP-40, 1mM DTT, 1.1mM PMSF, Protease inhibitors). During these

tenminutes, nuclei were counted using trypan blue and 50,000 nuclei were spun down at 7,000rpm for tenminutes at 4C. Nuclei were

resuspended in 25uL Tagmentation buffer, 22.5 uL Nuclease Free H20, and 2.5 uL Tagmentation Enzyme from Nextera DNA Library

Prep Kit, gently mixed, and placed in 37C water bath for thirty minutes. The tagmentation reaction was stopped by MinElute PCR

purification and DNA was eluted in 10uL Nuclease Free water. ATAC-seq library generation was performed using Illumina barcode

oligos as described, for 8-11 cycles PCR using NEBNext High Fidelity 2x PCR master mix. The number of cycles was empirically

determined for each library by qPCR. Libraries were bioanalyzed using Agilent High Sensitivity DNA Kit, pooled together and

sequenced on Hiseq 2500 using paired end sequencing.

ChIP-seq
From each dissection of E13.5 cortex, intact nuclei were isolated by pipetting up and down twenty times in ice cold 0.5 mL Buffer 1

(300mM sucrose, 60mM KCl, 15mMNaCl, 15mM Tris-HCl, pH 7.5, 5mMMgCl2, 0.1mM EGTA, 1mMDTT, 1.1mM PMSF, 50mM So-

dium Butyrate, EDTA-free Protease inhibitors), and then lysed on ice for 10 minutes after adding 0.5 mL Buffer 2 (300mM sucrose,

60mM KCl, 15mM NaCl, 15mM Tris-HCl, pH 7.5, 5mMMgCl2, 0.1mM EGTA, 0.1% NP-40, 1mM DTT, 1.1mM PMSF, 50mM Sodium

Butyrate, EDTA-free Protease inhibitors). During this ten minutes, nuclei were counted using trypan blue and 500,000 nuclei were

spun down at 7,000rpm for ten minutes at 4C. Nuclei were resuspended in 0.250mL MNase buffer (320mM sucrose, 50mM Tris-

HCl, pH 7.5, 4mM MgCl2, 1mM CaCl2, 1.1mM PMSF, 50mM Sodium Butyrate) and incubated in a 37C water bath with 2 ml Micro-

coccal Nuclease enzyme (NEB) for eight minutes. Micrococcal Nuclease digestion was stopped by adding 10 ml 0.5M EDTA, and

chromatin was spun down for 10 minutes 10,000rpm 4C. Soluble fraction ‘‘S1’’ supernatant was saved at 4C overnight, and ‘‘S2’’

fraction was dialyzed overnight in 250uL dialysis buffer at 4C (1mm Tris-HCl pH 7.5, 0.2mM EDTA, 0.1mM PMSF, 50mM Sodium

Butyrate, Protease Inhibitors). Next day S1 and S2 fractions were combined, 50 ml were saved as input, and Chromatin immunopre-

cipitation was set up in ChIP buffer: 50mM Tris, pH 7.5, 10mM EDTA, 125 mM NaCl1, 0.1% Tween. 250mM Sodium Butyrate was

supplemented for H3K27ac ChIPs. 1 ml of antibody was added to 1mL chromatin in ChIP buffer and incubated overnight at 4C
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rotating. Protein A and Protein G beads (10 ml for each ChIP) were blocked overnight in 700uL ChIP buffer, 20 uL yeast tRNA (20mg/

mL), and 300uL BSA (10mg/mL). Beads were washed three times for five minutes on ice in Wash buffer 1 (50 mM Tris, pH 7.5, 10mM

EDTA, 125mM NaCl, 0.1% Tween-20, with protease inhibitors and 5mM sodium butyrate) and three times in Wash buffer 2 (50 mM

Tris, pH 7.5, 10mMEDTA, 175mMNaCl, 0.1%NP-40, with protease inhibitors and 5mM sodium butyrate), and ChIP DNAwas eluted

in elution buffer at 37C and purified by phenol chloroform extraction and ethanol precipitation. Sequencing libraries were made using

Nugen Ovation Ultralow V2 kit and quantified by Agilent High Sensitivity DNA kit on the Agilent bioanalyzer.

CUT&RUN
From each dissection of E13.5 telencephalon, intact nuclei were isolated using Buffer 1 and Buffer 2 as for ChIP-seq and ATAC-seq

above. From each dissection of human cortical tissue, intact nuclei were isolated by douncing in 1mL Buffer 1 with loose pestle and

lysing in 1mL Buffer 2. After spinning down nuclei at 7,000rpm for ten minutes at 4C, we methodically followed the protocol for CUT

&RUN (Skene, Henikoff, and Henikoff 2018), starting at step 6 ‘‘Resuspend in 1mL of wash buffer at RT by gentle pipetting.’’ Anti-

bodies were used at the following dilutions: POGZ 1:500, ADNP 1:13, Hp1g 1:500, IgG 1:1000. For the final DNA extraction step,

we performed phenol-chloroform extraction and ethanol precipitation. We generated libraries using Nugen’s Ovation Ultralow V2

kit, and amplified libraries for 16 cycles, and bioanalyzed libraries using the Agilent High Sensitivity DNA kit and sequenced libraries

on the Hiseq 2500.

QUANTIFICATION AND STATISTICAL ANAYLYSIS

ATAC-seq analysis
We mapped groomed fastq files to the mm9 genome using Bowtie2 default mode (Langmead and Salzberg 2012). Samtools merge

(v1.10) was used to merge experimental replicates together before peak calling (Li et al., 2009). For peak calling, we used MACS2

(v2.1.1) callpeak (Zhang et al., 2008). We disabled model-based peak calling and local significance testing. We used a fixed fragment

extension length of 200bps, and we used a q-value cut-off of 0.05. We used the peak calling results to run MACS2 differential peak

calling (bdgdiff) with a min peak length of 150bps. To visualize differences in ATAC-seq signal in wild-type versus Pogz�/� on the

genome browser, we used DeepTools bamCompare tool, dividing the genome into bins of 50 kb. To measure differences in

ATAC-seq signal over gene bodies of Pogz�/� cortex DE genes and all unchanged genes as controls, we used DeepTools bigwig-

Compare tool, comparing the two genotypes using log2 option, dividing the genome into bins of 50bp. Then we used Bedtools (Quin-

lan and Hall 2010) intersect function to intersect with bed files of DE gene body coordiantes. Log2(KO/WT) values were plotted in R

and differences in the means between up- or downregulated genes and unchanged genes were tested using Student’s t test.

ChIP-seq analysis
Wemapped groomed fastq files to themm9 genome using Bowtie2 default mode (Langmead and Salzberg 2012). We used samtools

merge (v1.10)(Li et al., 2009) tomerge experimental replicates together before peak calling. For peak calling, we usedMACS2 (v2.1.1)

callpeak (Zhang et al., 2008). We disabled model-based peak calling and local significance testing. We used a fixed fragment exten-

sion length of 200bps, and we used a q-value cut-off of 0.05. We used the peak calling results to run MACS2 differential peak calling

(bdgdiff) with a min peak length of 150bps.

Motif analysis
We used Homer to call motifs on our peak sets, using a size window of 200 (Heinz et al., 2010). We used the findMotifsGenome.pl and

annotatePeaks.pl tools to acquire sets of enrichedmotifs for all our experiments and annotations for our peaks.We usedMEME-Chip

to call de novomotifs in our peak sets, using default settings (Bailey et al., 2015). We subsequently used FIMOwith default settings to

scan POGZC&Rpeaks for individual instances of de novomotifs (Bailey et al., 2015). FromFIMOoutput we determined if the instance

of themotif was degenerate or matched the consensusmotif exactly (non-degenerate), andwe generated heatmaps of ATAC-seq on

those peak sets using DeepTools computeMatrix and plotHeatmap tools (Ramı́rez et al., 2016).

CUT&RUN analysis
We mapped groomed fastq files to the mm9 genome using Bowtie2 default mode (Langmead and Salzberg 2012). Samtools merge

(v1.10) was used to merge experimental replicates together before peak calling (Li et al., 2009). For peak calling, we used MACS2

(v2.1.1) callpeak (Zhang et al., 2008). We disabled model-based peak calling and local significance testing. We used broad peak set-

tings and a q-value cut-off of 0.05. Bedtools (Quinlan and Hall 2010) was used to determine consensus peaks across replicates and

antibodies. Heatmaps of CUT&RUN signal for various antibodies over POGZ C&R peaks were generated using DeepTools compu-

teMatrix and plotHeatmap tools (Ramı́rez et al., 2016). To plot CUT&RUN signal at consensus POGZ/ADNP/HP1g peaks proximal to

differentially expressed genes, we used Bedtools to intersect consensus peak bed files with bed files of differentially expressed

genes (q-value < 0.01) from cortex Pogz�/� (Table S2) extended by 100kB upstream and downstream of gene locations. We then

used DeepTools computeMatrix and plotHeatmap tools (Ramı́rez et al., 2016) to plot the distribution of CUT&RUN signal for

POGZ, ADNP, and HP1g at those peaks.
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RNA-seq analysis
RNA-seq reads were mapped to mm9 using HISAT2 version 2.0.5 (Kim et al., 2019), and reads were counted on mouse genes using

htseq version 0.6.1p1 (Anders, Pyl, and Huber 2014). Differentially expressed transcripts were determined from count tables using

DESeq2 version 1.14.1, and genes with q-value < 0.05 were included in plots and tables of differentially expressed genes. For RNA-

seq analysis of transposable element expression, we mapped reads to the mm9 genome using RNA STAR (Dobin et al., 2013) and

counted reads on repeatmasked sequences of the mm9 genome using featureCounts (Liao, Smyth, and Shi 2014). Differentially ex-

pressed transcripts were determined from count tables using DESeq2, and genes with q-value < 0.05 were included in figures and

supplemental tables. All RNA-seq experiments were run in single batch preparations, as they were done on single litters, so batch

correction was not performed.

GO Analysis
GO analysis for genomic loci (CUT&RUN, differential ATAC-seq, H3K27ac ChIP-seq peaks) was performed using GREAT version

4.0.4 (McLean et al., 2010) and the default setting for single nearest gene with 1,000 kb for associating genomic regions with genes.

GO analysis for DE genes (RNA-seq) was performed using DAVID Bioinformatics Resources 6.8 (Huang, Sherman, and Lempicki

2009). Only GO terms with q-value < 0.05 were reported, after multiple hypothesis correction.

Transposable Element Analysis
Performed separately for human (hg19) andmouse (mm9) genomes, each genomewas divided into non-overlapping 100bpwindows

(excluding ENCODE blacklisted regions) and intersected with repeat coordinates from Tandem Repeats Finder (obtained from the

UCSCGenomeBrowser) as well as POGZpeaks (CUT&RUN). This was performed for each repeat family using separate euchromatic

and heterochromatic POGZ peaks. The odds ratio and p value was computed from the contingency table of genomic bins overlap-

ping a particular repeat family versus those overlapping a particular set of CUT&RUN peaks. P values were adjusted for multiple

testing (Benjamini-Hochberg).

Gene set enrichment analysis
We tested if various gene sets were enriched near two different sets of C&R peaks (POGZ and H4K20me3): ASD risk genes, devel-

opmental delay risk genes, CHD8 targets, Fragile-X targets (An et al., 2018), lung expressed genes, liver expressed genes, olfactory

receptor genes, and random subsets of 512 genes expressed with mean rpkm > 3 in whole brain from Brainspan 16 gw-19 gw sam-

ples (Hawrylycz et al., 2012). Enrichment was tested over the space of all protein coding genes, with one vector representing if a gene

was in the gene set, and another vector representing if a gene was within 50 kilobases of a statistically significant C&R peak. A 2x2

contingency table was computed from these vectors, and Fisher’s exact test used to compute the odds ratio and p value. The re-

sulting p values from all gene set and C&R target combinations were corrected for multiple testing (Benjamini-Hochberg).

We also tested if there was a statistically significant difference in the proportion of CHD8 target genes proximal to POGZ peaks

versus the proportion of whole brain expressed genes proximal to human POGZ C&R peaks peaks. The latter proportion was

computed using all whole brain expressed genes (Li et al., 2018), and the empirical p value of the proportion of POGZ-proximal

CHD8 target genes was computed using the resampled distribution of POGZ-proximal expressed whole brain gene proportions.

This resulted in an empirical p value < 0.001, as the maximum proportion of POGZ-proximal random whole brain genes was 56.9

(mean 53.4), while the proportion of POGZ-proximal CHD8 gene targets was 68.2.

All genes names were converted to their current HUGO names for compatibility. Whole brain genes with mean RPKM > 3 for 16-19

gestational week samples in RNA-seq data from Brainspan were defined as expressed.
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