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SUMMARY
Gene Ontology analyses of autism spectrum disorders (ASD) risk genes have repeatedly highlighted synaptic
function and transcriptional regulation as key points of convergence. However, these analyses rely on incom-
plete knowledge of gene function across brain development. Here we leverage Xenopus tropicalis to study
in vivo ten genes with the strongest statistical evidence for association with ASD. All genes are expressed in
developing telencephalon at time points mapping to human mid-prenatal development, and mutations lead
to an increase in the ratio of neural progenitor cells tomaturing neurons, supporting previous in silico systems
biological findings implicating cortical neurons in ASD vulnerability, but expanding the range of convergent
functions to include neurogenesis. Systematic chemical screening identifies that estrogen, via Sonic hedge-
hog signaling, rescues this convergent phenotype in Xenopus and humanmodels of brain development, sug-
gesting a resilience factor that may mitigate a range of ASD genetic risks.
INTRODUCTION

Over the last decade, dozens of genes carrying germline de novo

likely gene-disrupting mutations have been identified, each

contributing large biological effects to autism spectrum disor-

ders (ASD) (Satterstrom et al., 2020; Sanders et al., 2015;

Wang et al., 2020). The remarkable degree of locus and biolog-

ical heterogeneity so far identified has raised understandable

concerns of an impenetrably complex biology in which treat-

ments will need to be found for each risk gene or small group

of genes. However, from the earliest successful efforts at sys-

tematic ASD gene discovery (O’Roak et al., 2012a; Sanders

et al., 2012; Neale et al., 2012; Iossifov et al., 2012) systems bio-

logical analyses have pointed to a more coherent underlying

structure of ASD pathology (Sestan and State, 2018; State and
�Sestan, 2012; Willsey and State, 2015). For example, Gene
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Ontology (GO) analyses of ASD risk genes have repeatedly

pointed to a handful of areas of putative biological convergence,

most prominently involving the structure and function of the

neuronal synapse and the regulation of gene transcription via

chromatin modifiers and transcription factors (Ben-David and

Shifman, 2013; Satterstrom et al., 2020; De Rubeis et al., 2014;

Sanders et al., 2015; Iossifov et al., 2014). Protein-protein inter-

action analyses have similarly found important points of intersec-

tion among the diverse set of risk genes (Chang et al., 2015; Sa-

kai et al., 2011; Li et al., 2015; Ruzzo et al., 2019; O’Roak et al.,

2012b), suggesting from the outset that ASD pathology will not

resolve to a single or small number of molecular pathways (Se-

stan and State, 2018). As the characterization of the molecular

and cellular landscape of the developing human brain has

expanded (Miller et al., 2014; Kang et al., 2011; Tebbenkamp

et al., 2014), systems analyses have addressed the question of
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spatiotemporal convergence (Willsey and State, 2015). Here, the

strongest, replicable findings have pointed to a nexus of vulner-

ability in human mid-prenatal cortical glutamatergic neurons

(Willsey et al., 2013; Parikshak et al., 2013; Xu et al., 2014). These

efforts to identify the when and where of ASD pathology have

often relied on datasets from postmortem human brain,

providing important insights into human biology but also

suffering from inherent experimental limitations associated with

ex vivo computational approaches, including ascertainment

bias associated with existing transcriptomic or proteomic data-

sets, insufficient spatial and temporal resolution, and inability

to directly manipulate an intact, developing biological system.

Therefore, we have turned to higher-throughput model organ-

isms and a convergent neuroscience approach with the goals of

perturbing many ASD risk genes in parallel and, in a hypothesis-

freemanner, identifying phenotypes or functions in common as a

route to the core biology underlying this condition (Willsey et al.,

2018a). Such a convergent approach will minimize the effects of

genetic pleiotropy and current biases based on incomplete

knowledge of gene function and instead prioritize functions

most likely to be relevant to the disorder. Importantly, this

convergence could manifest at any level, from physical or ge-

netic interaction networks to higher-order phenotypes, via any

number of molecular paths. With this in mind, here we expand

the armamentarium for parallelized in vivo analyses of ASD risk

genes using the model system Xenopus tropicalis. We evaluate,

in parallel, ten of the highest-confidence ASD risk genes based

solely on the strength of their statistical evidence for association

with the human condition in search of points of convergence that

might begin to differentiate shared ASD-related vulnerabilities

from the pleiotropic biology of each gene. Xenopus has several

key advantages for this purpose, including being relatively high

throughput and low cost for an in vivo model and providing the

opportunity for unilateral mutagenesis by CRISPR-Cas9 injec-

tion, allowing the comparison of mutated and control halves of

the brain within the same animal throughout vertebrate develop-

ment (Exner and Willsey, 2020). In addition, its conserved and

syntenic diploid genome allows for unambiguous identification

of orthologous genes with humans, and a host of studies of hu-

man physiology and development have produced important

mechanistic insights into congenital heart, kidney, and brain dis-

orders, among others (Exner and Willsey, 2020; Krneta-Stankic

et al., 2017; Deniz et al., 2018; Duncan and Khokha, 2016; Gar-

finkel and Khokha, 2017; Kakebeen and Wills, 2019; Willsey

et al., 2018a, 2018b; DeLay et al., 2018). Finally, the approach fa-

cilitates not only the investigation of convergent pathology but

also an evaluation of in vivo resilience mechanisms through

small-molecule, chemical, and genetic suppressor screens.

Here we show that all ten ASD-associated genes are ex-

pressed during neurogenesis in the Xenopus telencephalon.

Moreover, in contrast to their many distinct functional roles,

disruption in all ten leads to obvious alterations in telencephalic

size, a phenotype that is not observed for control brain-ex-

pressed genes that have not been shown to carry ASD risk.

Detailed analyses of these structural changes, involving

increased or decreased brain size, demonstrate that individual

disruptions of every gene leads to an increased ratio of neural

progenitor cells (NPCs) to differentiating neurons in the devel-
oping telencephalon, pointing to a potential point of convergent

vulnerability that expands the long-standing focus on the syn-

apse and transcriptional regulation to include neurogenesis.

The developmental timing of this convergent Xenopus pheno-

type maps directly to the human mid-prenatal period, an epoch

strongly implicated in ASD risk from co-expression network an-

alyses in humans (Willsey et al., 2013; Parikshak et al., 2013).

Moreover, we conduct novel systems biological analyses,

leveraging the current list of 102 most strongly associated ASD

risk genes, layer-specific gene expression data from the devel-

oping human brain, and a comprehensive database of more

than 2.7 million molecular interactions. These analyses provide

novel evidence for statistically significant convergence of ASD-

gene-focused molecular interaction networks in the mid-prena-

tal inner subventricular zone (SVZi), an area containing prolifer-

ating and differentiating NPCs, and provide orthogonal support

for ASD risk gene convergence in human cortical neurogenesis.

In addition, we search for suppressors and enhancers of theNPC

phenotype using hypothesis-free chemical screening ap-

proaches and discover that estrogen compounds rescue the

convergent phenotype. We pursue this finding and demonstrate

an important role for endogenous estrogen signaling in neuro-

genesis by opposing Sonic hedgehog (SHH) signaling. Finally,

we show that both the neurogenesis mutant phenotype and

the ability of estrogenic compounds to rescue this convergent

dysfunction are conserved in human 2D and 3D in vitro models

of brain development. These findings expand hypotheses about

the convergent pathobiological mechanisms underlying disorder

risk beyond the results of in silico analyses and single-gene ap-

proaches, demonstrate the utility of adding X. tropicalis to a

range of models supporting ASD systems biological analyses,

and identify a novel point of vulnerability in brain development,

as well as a potential mechanism of resilience that may be im-

pactful across a range of functionally distinct ASD risk genes.

Finally, the finding that estrogen suppresses a convergent

ASD-related phenotype in both Xenopus and human cell culture

prompts intriguing hypotheses regarding the origins of the well-

established male predominance of the ASD phenotype.

RESULTS

Top ten ASD risk genes affect telencephalon
neurogenesis
We selected the ten genes with the strongest statistical evidence

of association with idiopathic autism at the time of initiating

this study (Sanders et al., 2015). These genes encode proteins

with diverse putative functions spanning historically highlighted

GO categories, including gene expression regulation (CHD8,

ARID1B, CHD2, ADNP, and POGZ), neuronal communication

(SCN2A,NRXN1,SYNGAP1, andANK2), and a kinase (DYRK1A).

Since the completion of this study, further sequencing efforts

have provided additional evidence that all ten genes are high-

confidence ASD (hcASD) risk genes, with seven remaining in

the top ten (Satterstrom et al., 2020). All of these genes share

the property that likely gene-disrupting/putative loss-of-function

coding mutations carry large biological effects.

As a prelude to mutational analyses, we assayed the expres-

sion of all ten ASD risk genes by whole-mount RNA in situ
Neuron 109, 788–804, March 3, 2021 789
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Figure 1. Top ten ASD risk genes are all first expressed during telencephalic neurogenesis

(A) Whole-mount RNA in situ hybridization for the top ten ASD risk genes over development in X. tropicalis. Note co-expression in stage 40 near the first ventricle

(insets with red arrows). See Figure S1 for comparison with marker gene expression patterns.

(B) Mapping X. tropicalis brain RNA-seq profiles during tadpole development to human BrainSpan RNA-seq data by principal-component analysis (PCA). Stage

40, when ASD genes are first all expressed in the telencephalon, maps closest to human early mid-prenatal development by plotting principal component (PC) 1,

which tracks with developmental age. Bands indicate the mean PC1 value for each human stage plus a 95% confidence interval. Xenopus samples are shown as

points with three biological replicates. PCW, postconception weeks. See Figures S1C–S1E for full PCA and SEA.
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hybridization over development (gastrula Nieuwkoop and Faber

[NF] stage 10.5 to free-swimming tadpole NF stage 44) to char-

acterize the distribution of expression and to determine whether

there are points of spatiotemporal gene expression overlap, a

putative indicator of convergence (Figures 1A, S1A, and S1B;

Table S1). We first detected expression of all ten ASD risk genes

in the developing brain at stage 40 (early tadpole), with most

showing particularly strong expression in the telencephalon
790 Neuron 109, 788–804, March 3, 2021
near the first ventricle, where NPCs expressing pax6 and pcna

reside (Figures 1A, S1A, and S1B). Expression of all ten genes

continued through stage 44, when most genes were expressed

more widely throughout the brain (Figure 1A).

We next set out to assess the temporal correspondence of

ASD risk gene expression between Xenopus and human brain

development to anchor our observations to human neurodevel-

opment. We generated RNA sequencing (RNA-seq) data from
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tadpole whole-brain dissections spanning NF stages 40–47. As

observed in the RNA in situ hybridizations, all ten ASD genes

are expressed in all stages. Notably, 94 of 102 recently reported

ASD genes (Satterstrom et al., 2020) show expression at one or

more stages during this time, representing highly statistically sig-

nificant enrichment (p = 1.14E�23, hypergeometric test). We

next compared the tadpole brain transcriptome from stages

40–47 to the humanBrainSpan developmental transcriptome us-

ing principal-component analysis (Kang et al., 2011). These Xen-

opus stages show a clear pattern of maturation and map most

closely with human samples from early mid-prenatal to late pre-

natal stages (Figures 1B, S1C, and S1D). We observed similar

mapping with an orthogonal method, specific expression anal-

ysis (SEA) (Xu et al., 2014) (Figure S1E; Table S2). Therefore, all

ten ASD risk genes are co-expressed in the telencephalon at

time points mapping to human mid-prenatal brain development,

consistent with previous analyses that identified convergence of

ASD risk gene expression during this epoch in humans (Willsey

et al., 2013; Parikshak et al., 2013).

To determine whether these apparently functionally divergent

genes may underlie a shared point of developmental vulnera-

bility, we modeled loss-of-function variants in all ten genes using

CRISPR-Cas9 mutagenesis in X. tropicalis (Figures 2A and S2;

Table S1). We grew animals to free-swimming tadpoles for

whom large-scale, whole-brain imaging is practical (NF stage

46) and evaluated for gross anatomical/developmental differ-

ences between mutant and wild-type cells. Xenopus has the

distinctive advantage of being able to generate unilaterally

mutant animals, divided by the midline, and allowmatched inter-

nal controls (Figure 2A) (Exner and Willsey, 2020). Thus, we

compared mutant to wild-type halves within individual tadpoles

with the goal of identifying shared phenotypes across the diverse

set of risk genes.We observed a significant change in telenceph-

alon size for all mutants (Figures 2B–2H, S2, and S3; p < 0.05 by

Mann-Whitney rank-sum tests; increase for scn2a, arid1b, nrxn1,

and ank2; decrease for chd8, syngap1, dyrk1a, chd2, adnp, and

pogz). We did not observe a change in telencephalic size for six

independent controls, including two non-ASD-associated yet

brain-expressed genes phrf1 and itpr3, both of which have

been identified in congenital heart disease based on de novo

variation (Jin et al., 2017) (Figures 2B, 2H, S2, and S3).

Combining all mutants, telencephalon size variance was signifi-

cantly changed following ASD risk gene mutation (p < 0.0001 by

a Brown-Forsythe test), whereas variance in mesencephalon,

diencephalon, and rhombencephalon sizes was not (Figures

S3A and S3B). We used a well-characterized morpholino (dyrk1a

MO) (Blackburn et al., 2019) and a pharmacological inhibitor

(harmine) (Göckler et al., 2009) to validate our findings for the

gene dyrk1a (Figures S3C–S3F), and injection of humanDYRK1A

(hDYRK1A-GFP) rescued the Xenopus dyrk1a CRISPR pheno-

type (Figures 2F, 2G, and 2I).

Given the particularly strong expression of ASD risk genes co-

localizing with NPCs lining the ventricle in the telencephalon, we

reasoned that the observed changes in brain size might reflect

shared alterations in neurogenesis. Consequently, we assessed

whether the number of NPCs expressing PCNA (proliferating cell

nuclear antigen) was altered in ASD risk gene mutants versus

controls. In general, mutants with larger telencephalons had
more NPCs, whereas mutants with smaller telencephalons had

fewer NPCs (Figures 3A–3C). Next, we assessed NPC develop-

ment bymeasuring the ratio of NPCs to differentiated neurons by

quantifying PCNA versus vGlut1 (vesicular glutamate transporter

1) staining. For all ten ASD risk genes, the ratio of NPCs to differ-

entiated neurons was significantly increased in mutants (Fig-

ure 3D), implying defects in NPC proliferation, survival, and/or

differentiation. We again validated the dyrk1amutant phenotype

with harmine, as well as two well-characterized pharmacological

inhibitors (TG003 and proINDY) (Ogawa et al., 2010), and

observed a similar decrease in telencephalon size and a similar

relative increase in NPCs for all three compounds (Figures

S4A–S4G).

To determine whether the observation of a convergent pheno-

type in frog was recapitulated in human cells, we tested whether

decreased expression of ASD risk genes in human induced

pluripotent stem cell (iPSC)-derived NPCs alters the relative pro-

portion of proliferative cells (Ki67+). We generated CRISPR inter-

ference (CRISPRi) lines in human NPCs targeting five of the

selected ASD risk genes representing diverse annotated cellular

functions (NRXN1, DYRK1A, CHD2, ADNP, or POGZ) and

compared the proportion of Ki67+ cells with paired nontargeting

CRISPRi control lines. Consistent with the observations in Xeno-

pus, CRISPRi perturbation of NRXN1, DYRK1A, CHD2, or ADNP

led to a statistically significant increase in the relative proportion

of Ki67+ proliferative cells, and for POGZ, it led to a trend in this

direction that did not reach statistical significance (Figure 3E).

Altogether, these results suggest that disruption of these ASD

risk genes affects NPC biology, which manifests as a relative in-

crease in NPCs compared with mature neurons, irrespective of

gross telencephalon size in frog, and that similar alterations in

NPCs are present in Xenopus in vivo and in human neuronal

cell culture in response to ASD mutations in functionally diverse

risk genes.

Overall, these data point to a convergent phenotype in Xeno-

pus emerging from mutations in ten apparently functionally

divergent ASD risk genes chosen solely on their statistical evi-

dence for association with the human diagnosis. These genes

are all expressed in forebrain, alter brain size upon disruption,

and show a shared phenotype of increased NPCs in both frog

and human cellular models. In addition, the expression of these

ASD risk genes in Xenopus corresponds to the epoch of human

brain development implicated in ASD risk by human co-expres-

sion analyses (Willsey et al., 2013; Parikshak et al., 2013).

ASD risk gene convergence in human cortical NPCs
Previous systems biological analyses of human transcriptome

data identifiedmid-prenatal cortical neurons as points of conver-

gent ASD vulnerability, based on the finding of an over-represen-

tation of associated risk genes in co-expression networks corre-

sponding to this developmental epoch and anatomical region

(Willsey et al., 2013; Parikshak et al., 2013). Independent ana-

lyses have highlighted both deep-layer (Willsey et al., 2013)

and upper-layer (Parikshak et al., 2013) cortical glutamatergic

neurons as susceptible cell types. However, these initial studies

were conducted early in the process of systematic ASD gene

discovery when the number of genes meeting accepted statisti-

cal thresholds for association with the human phenotype was
Neuron 109, 788–804, March 3, 2021 791
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Figure 2. Top ten ASD risk genes affect telencephalon size

(A) Unilateral mutants are made by injecting Cas9 protein, a single-guide RNA (sgRNA) for an ASD risk gene, and dye (red) into one cell of two-cell stage

X. tropicalis embryos. tel, telencephalon.

(B) Control CRISPR (right side) targeting pigmentation gene slc45a2 has a symmetric brain (b-tubulin stain). Telencephalon region for each half is outlined by a

dotted line.

(C–F) Mutating nrxn1 (C) increases telencephalon size, whereas mutating syngap1 (D), pogz (E), or dyrk1a (F) decreases it.

(G) Human DYRK1A plasmid injection rescues dyrk1a CRISPR.

(H) Telencephalon size quantification by targeted gene. Controls (blue) and ASD risk gene CRISPRs (red). Measurements are normalized by the within-animal

control side. p values are from nonparametric Mann-Whitney rank-sum tests, compared with slc45a2 CRISPR. n.s., not significant, indicates p > 0.05. *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001. See Figure S2 for mutational efficiencies and control CRISPR images and Figure S3 for other brain region mea-

surements.

(I) Human gene rescue quantification, nonparametric Mann-Whitney test.
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relatively small. Consequently, we elected to study the latest set

of 102 high-confidence genes to determine whether we could

bring greater spatiotemporal resolution to the human transcrip-

tome analyses and to clarify whether these findings are consis-

tent with a role for neurogenesis as a convergent ASD risk

phenotype (Figure 4A).
792 Neuron 109, 788–804, March 3, 2021
To conduct this analysis, we created an ASD-centric molecu-

lar interaction network by combining the 102 hcASD risk genes

(Satterstrom et al., 2020) with PCNet (Parsimonious Composite

Network), a comprehensive database of more than 2.7 million

molecular interactions among 19,781 human genes (Huang

et al., 2018). Specifically, we trimmed the genes in PCNet to
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Figure 3. Top ten ASD risk genes affect NPC maturation

(A and B) Mutating adnp (A) or syngap1 (B) reduces ventricle size (green).

Telencephalon and ventricle are outlined by a dotted line.

(C) NPC area quantification from PCNA staining by the targeted gene (blue are

controls, and red are ASD risk genes). Measurements are normalized by the

within-animal control side.

(D) NPC to differentiated neuron quantification by gene.

(E) CRISPRi against ASD risk genes in human NPCs causes an increase in the

proportion of Ki67+ proliferative NPCs. p values are from nonparametricMann-

Whitney rank-sum tests, in which n.s. (not significant) indicates p > 0.05. *p <

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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hcASD genes and their direct interactors, maintaining all cata-

loged edges between these genes (i.e., connections between

hcASD genes, between hcASD and direct interactor genes,

and between direct interactor genes). We then leveraged Brain-

Span layer-specific microarray gene expression data from laser

microdissected (LMD) prenatal human brains (Miller et al., 2014)

to create layer-specific molecular interaction networks and as-

sessed their connectivity, with the hypothesis that significantly

increased connectivity versus null expectation would identify

ASD risk gene convergence.

More specifically, we first checked whether the hcASD genes

are highly connected in PCNet, as has been observed previously

in protein-protein interaction data (O’Roak et al., 2012b; Sanders

et al., 2015). 98 of 102 hcASD genes are represented in PCNet,

including all ten ASD genes studied here, and these genes are

indeed more interconnected than expected by chance (Fig-

ure 4B). Next, based on the hypothesis that interacting genes

will have higher gene expression correlation than noninteracting

genes, we compared the average correlation of genes con-

nected in PCNet versus unconnected genes. Consistent with

this hypothesis, interacting genes tend to be more highly corre-

lated (Spearman’s rank correlation coefficient) across all Brain-

Span microarray expression data (Figure 4C). Altogether, these

results suggest that PCNet captures relationships between

hcASD genes that are recapitulated in gene co-expression anal-

ysis and therefore that it is meaningful to combine PCNet with

layer-specific gene expression data to generate layer-specific

molecular interaction networks.

We next generated an ASD-centric interaction network by

trimming PCNet to interactions involving either hcASD genes

or direct interactors of hcASD genes.We then created layer-spe-

cific interaction networks by trimming to expressed genes in

each layer and estimating the strength of each known molecular

interaction as the gene expression correlation in that layer. The

BrainSpan prenatal LMD microarray dataset spans four donors,

corresponding to postconception week (PCW) 15, PCW16,

PCW20, and PCW21. We focused on the frontal cortex data

from PCW15 (male) and PCW16 (female) donors only, because

these time points correspond best to Xenopus stage 40 (Figures

1B and S1C–S1E), when co-expression of all ten ASD genes is

observed, andmatch the period and brain region of the strongest

ASD risk gene convergence in the human developing brain (Will-

sey et al., 2013). This dataset also encompasses 9 layers of the

frontal cortex: subpial granular zone (SG), marginal zone (MZ),

outer and inner cortical plate (CPo, CPi), subplate (SP), interme-

diate zone (IZ), outer and inner subventricular zone (SVZo, SVZi),

and ventricular zone (VZ) (referring to developmental layers, not
Neuron 109, 788–804, March 3, 2021 793



(legend on next page)

ll
Article

794 Neuron 109, 788–804, March 3, 2021



ll
Article
layers 1–6 of mature neocortex) (Miller et al., 2014). SG and MZ

had only a few samples across PCW15–PCW16 (0 SG samples

and 3 MZ samples); therefore, we excluded these layers from

our analyses and focused on the remaining 7 layers, spanning

VZ to CPo (each layer had at least 7 independent samples).

For each layer, we estimated the strength of ASD gene conver-

gence based on the connectivity of the layer-specific interaction

network. Specifically, we estimated this as the sum of the abso-

lute value of correlation coefficients for all network gene pairs

present in that layer. We observed that the SVZi is themost high-

ly connected layer, whether looking at total normalized connec-

tivity (data not shown) or normalized connectivity per interaction

(Figure 4D). Because of differences in layer-specific network

sizes due to differences in the number of genes expressed in

each layer, we focused on the average connectivity per interac-

tion (a value >1 indicates that the network interactions tend to be

more highly correlated than the average correlation coefficient in

that layer).

We next assessed the significance of the observed layer-spe-

cific hcASD network connectivities using a permutation test with

10,000 iterations and determined that SVZi and SP have higher

connectivity than expected by chance (p < 0.0001), as does

CPi (p = 0.0029) (Figures 4D and 4E). Therefore, this analysis

supports previous findings implicating CPi as a nexus of ASD

risk gene convergence (Willsey et al., 2013) and newly identifies

SVZi and SP as additional points of convergence enriched for

ASD risk genes; SVZi has the strongest signal of all layers. This

is notable given that intermediate progenitor cells within the

SVZi are highly proliferative and neurogenic (Ortega et al.,

2018; Zecevic et al., 2005; Kriegstein et al., 2006; Martı́nez-Cer-

deño et al., 2006), providing an independent line of evidence that

early neurogenesis may be a key nexus of ASD risk (Packer,

2016). Within the SVZi, the ten ASD genes targeted in this study

do not have significantly different connectivity compared with

the remaining hcASD genes (p = 0.55, Mann-Whitney rank-

sum test), suggesting that these genes are not outliers with

respect to the broader group of 102 hcASD genes.

Oncology drug screen identifies estrogen as a
suppressor of the ASD phenotype
We next reasoned that we could leverage the relative ease of

chemical screening in Xenopus to pinpoint potential molecular

mechanisms underlying the convergent NPC phenotype and/or

to identify general resilience factors to multiple ASD genetic
Figure 4. Expression and functional convergence of ASD risk genes in

(A) Overview of analysis. We integrate the top 102 hcASD risk genes (Satterstrom

et al., 2018) and BrainSpan layer-specific prenatal human frontal neocortexmicroa

interaction networks. We then identify the brain layer or layers with the stronges

(B) hcASD genes are more connected than expected by chance in PCNet, as me

0.001), total number of hcASD genes that are connected to at least one other hcAS

gene in PCNet (p = 0.009). The red line indicates the observed value, and the gr

(C) PCNet interactions have higher expression correlation in BrainSpan layer-

BrainSpan layers were assessed (VZ, SVZi, SVZo, IZ, SP, CPi, and CPo), and th

(D) SVZi-specific hcASD interaction network has the highest average connectivit

(E) SVZi has significantly higher hcASD interaction network connectivity than expe

line indicates the observed connectivity, and the gray histogram shows the null d

hcASD, high-confidence ASD; VZ, ventricular zone; SVZi, inner subventricular zo

inner cortical plate; CPo, outer cortical plate.
risks. Such a finding may provide a path forward to therapeutics

development, even in the absence of detailed gene-by-gene

mechanistic insights. We selected the National Cancer Institute

Approved Oncology Drugs Set VIII, a library of 133 U.S. Food

and Drug Administration (FDA)-approved oncology drugs,

because these compounds typically target proliferative cells.

Given the logistical challenges of screening this many com-

pounds against CRISPR-injected mutants, we first focused on

elaborating the biological mechanisms of the NPC proliferation

phenotype using dyrk1a, the only top ten ASD risk gene with a

well-characterized chemical inhibitor (harmine), and used this

compound to conduct a primary screen for interactors. We

tested all compounds from the library at 10 mM, in combination

with 1.25 mM harmine, and measured the ratio of NPCs to differ-

entiated neurons. As expected, DYRK1A inhibition (red dashed

line) alone increased this ratio compared with DMSO control

(blue dashed line) (Figure 5A). Of the 133 compounds, 8 sup-

pressed the phenotype (6%), 9 enhanced the phenotype (7%),

32 were lethal (24%), and 84 had no effect (63%) (Figure 5A;

Table S3). Of the 17 compounds that altered the phenotype, 3

were involved in estrogen signaling (Table S3). A pathway

agonist (estramustine) suppressed the phenotype, whereas in-

hibitors of estrogen signaling (fulvestrant and raloxifene)

enhanced it. Furthermore, anastrozole, an aromatase inhibitor,

and therefore a negative regulator of estrogen signaling,

narrowlymissedour cutoff for enhancement (ratio = 1.45, cutoff =

1.47) (Table S3). This result was particularly striking given our

prior findings from an unbiased chemical screen in zebrafish

that estrogens rescue a behavioral phenotype caused by a

well-established recessive autism risk gene, contactin-associ-

ated protein 2 (CNTNAP2) (Hoffman et al., 2016). We next tested

whether the most prevalent, endogenous form of estrogen, 17-

b-estradiol, could rescue the effect of DYRK1A inhibition, which

it did (Figures 5B–5E), even restoring the spatial arrangement

of NPCs.

Estrogen signaling is required for telencephalic
neurogenesis and inhibits SHH signaling
These data raised the question of whether endogenous estrogen

signaling contributes to neurogenesis during telencephalon

development. It has been previously shown that the estrogen re-

ceptors are present and expressed in Xenopus (Takase and Igu-

chi, 2007; Wu et al., 2003). To look specifically at the developing

nervous system, we conducted in situ RNA hybridization
human NPCs

et al., 2020) with the PCNet human interactome reference database (Huang

rray gene expression data (Miller et al., 2014) to construct layer-specific hcASD

t convergence of hcASD molecular interactions.

asured by the number of direct PCNet interactions among hcASD genes (p <

D gene (p < 0.001), and number of interactionswith hcASD genes and any other

ay histogram shows the null distribution of 1,000 permutations.

specific expression data than non-PCNet interactions (p = 4.78 3 10�5). 7

e p value was obtained by a paired sample t test.

y per interaction.

cted by chance (p < 0.0001), as do SP (p < 0.0001), andCPi (p = 0.0029). The red

istribution from 10,000 permutations.

ne; SVZo, outer subventricular zone; IZ, intermediate zone; SP, subplate; CPi,
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Figure 5. Drug screen identifies estrogen as a suppressor of the convergent ASD phenotype

(A) DYRK1A inhibitor alone (1.25 mM harmine) increases the ratio of NPCs to neurons (red dashed line) compared with control (DMSO, blue dashed line). See

Figure S4 for harmine validation. Each point is the mean ratio following treatment with a 10 mMNCI Approved Oncology Drugs Set VIII drug and 1.25 mM harmine.

Several estrogen pathway drugs modified the phenotype (change greater than one standard deviation [SD]), including estramustine (pro-estrogen), fulvestrant

(estrogen receptor modulator), and raloxifene (aromatase inhibitor).

(B–D) 10 mM 17-b-estradiol suppresses the convergent ASD phenotype generated by 1.25 mM harmine treatment.

(E) Quantification of (B)–(D). The p value is from a Mann-Whitney test.
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experiments and observed expression of core estrogen pathway

members in the developing Xenopus brain at stage 40, with

expression of estrogen receptor a (ERa/esr1), estrogen receptor

b (ERb/esr2), and aromatase (cyp19a1, the enzyme required for

the synthesis of 17-b-estradiol from testosterone) localizing

near the first ventricle (Figures 6A–6C, red arrows). This raised

the possibility for local estrogen production and signaling. This

location also overlaps the expression patterns of the ASD genes.

Next, we made unilateral CRISPR mutants for these compo-

nents, and in all cases, we observed changes in telencephalon

size, phenocopying ASD risk gene mutants (Figures 6D–6G; all

p < 0.05 by Mann-Whitney test). We validated ERb and

cyp19a1 CRISPRs with MOs (Figure 6G; p < 0.0001 by Mann-

Whitney test). Altogether, our results suggest that local estrogen

signaling is required during telencephalic neurogenesis and

disruption of this pathway mimics the convergent ASD

phenotype.

To generate hypotheses about the molecular pathways down-

stream of estrogen signaling in the developing brain, we con-

ducted RNA-seq and identified differentially expressed (DEX)

genes in Xenopuswhole brain following 17-b-estradiol treatment
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(Table S4). SHH signaling targets (e.g., dlx1, dlx2, nkx2.1, and

lhx6) (Ericson et al., 1995; Chiang et al., 1996; Ohkubo et al.,

2002; Fuccillo et al., 2004; Anderson et al., 1997; Shimamura

and Rubenstein, 1997) were strongly repressed, suggesting

that estrogen may inhibit SHH signaling (Figure 7A). Consis-

tently, estrogen-treated brains had midline defects (Figures 7B

and 7C), a classic SHH mutant phenotype (Chiang et al., 1996).

Next, we treated animals with cyclopamine, a specific SHH

signaling inhibitor (Chen et al., 2002), conducted RNA-seq, and

identified DEX genes. Consistent with the known role of cyclop-

amine in regulating SHH signaling, we observed repression of

downstream SHH targets (Figure 7A; Table S4). Of the 320

DEX genes following estrogen treatment, 235 (73%) are DEX in

the same direction with a fold changeR 2 following cyclopamine

treatment, a concordance that is statistically striking (Figure 7A;

Table S4; p = 8.83 x 10�213 by hypergeometric test) and sug-

gests functional overlap. Similar to estrogen, cyclopamine

decreased the ratio of NPCs to differentiated neurons and

caused midline defects (Figures 7B–7E; p < 0.001 by Mann-

Whitney test). Therefore, we predicted that SHH inhibition should

also suppress the increased NPC-to-neuron ratio observed
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Figure 6. Estrogen signaling is required for telencephalon development

(A–C) Whole-mount RNA in situ hybridization on stage 40 X. tropicalis embryos highlights expression of estrogen receptor a (ERa/esr1, A), estrogen receptor b

(ERb/esr2, B), and aromatase (cyp19a1, C) in the telencephalon (red arrows).

(D–G) Unilateral loss of estrogen pathway components reduces telencephalon size autonomously (b-tubulin stain). (G) Quantification of telencephalon size by

condition (normalized by contralateral control). p values are from nonparametric Mann-Whitney rank-sum tests, in which n.s., not significant, indicates p > 0.05.

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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following ASD risk gene inhibition. Cyclopamine treatment signif-

icantly ameliorated Dyrk1a inhibition (p < 0.001), moving the ratio

of NPCs to differentiated neurons closer to control levels (Figures

S4H–S4K). Finally, we tested whether these pathways are

opposed and found that 17-b-estradiol treatment rescued

ectopic SHH activation by Smoothened agonist (SAG) (Lewis

and Krieg, 2014) (Figures S4L–S4O; p < 0.001 by Mann-Whitney

test). Moreover, similar to cyclopamine, 17-b-estradiol treatment

caused amarked reduction in expression of the SHH target gene

patched1 (ptch1), whereas inhibiting estrogen production with

aromatase inhibitor I increased ptch1 expression (Figures 7F–

7I). Altogether, these results suggest that estrogen signaling in-

hibits SHH signaling and that this opposition may be important

for regulating neurogenesis.

Importantly, we previously showed that Dyrk1a functions dur-

ing neurogenesis in this context by regulating cell-cycle progres-

sion, potentially via its role in regulating microtubule dynamics at

the mitotic spindle (Willsey et al., 2020). This raises the salient

point that the molecular mechanism of rescue may be distinct

from the original perturbation but function in the same overall

process. A more general resilience factor that would intersect

multiple ASD risk genes would not necessarily share the same

molecular mechanisms as individual genes.

Estrogen confers resilience to multiple ASD genetic
risks in human in vitro models
Next, we tested the interaction of estrogen with the convergent

ASD phenotype in human in vitro model systems. We assayed

whether treatment with 17-b-estradiol could rescue the relative

increase in proliferative Ki67+ NPCs derived from human

CRISPRi cell lines repressing three genes of apparently dispa-

rate cellular function (DYRK1A, NRXN1, or ADNP). Indeed, in
all three ASD risk gene CRISPRi lines, treatment with estrogen

significantly moved the proportion of Ki67+ cells closer to that

of nontargeting control lines (Figure 8A). We validated this inter-

action in a 3D model of human brain development. We treated

human cortical organoids with DMSO, 17-b-estradiol, harmine,

or both and assayed proliferation by Ki67 staining. Consistent

with Xenopus and human NPCs, 17-b-estradiol treatment

decreased the proportion of proliferating cells, DYRK1A inhibi-

tion by harmine increased it, and treatment together moved it

closer to control levels (Figures 8B–8E). Thus, in both Xenopus

and human model systems, activating estrogen signaling re-

duces the number of proliferative progenitor cells andmodulates

the convergent phenotype resulting from ASD risk gene disrup-

tion. We next tested the endogenous relevance of this finding by

inhibiting estrogen signaling with a stable CRISPRi human dorsal

forebrain NPC line repressing ERb/ESR2 and assaying whether

these cells showed NPC-relevant defects during neural differen-

tiation. We observed a significant increase in NPC markers such

as EMX2, VIM, andHES1 after exposure to conditions promoting

differentiation to excitatory neurons (Figure S5; Table S5), sug-

gesting disruptions in neurogenesis. Overall, these experiments

suggest that in human cells, estrogen affects NPC biology and

can suppress the convergent ASD-relevant phenotype.

Finally, to test whether estrogen inhibits SHH signaling simi-

larly in human neurons, we used published data to identify DEX

genes following estrogen treatment of primary neurons and

glia from human PCW6–PCW10 samples (Csöregh et al.,

2009). Key SHH signaling targets NKX2.1, DLX2, LHX6, and

DLX5 (Tanabe and Jessell, 1996; Ericson et al., 1997; Ham-

merschmidt et al., 1997) were repressed (Figure 8G; Table S6).

Compared with the Xenopus estrogen treatment data, 68 of

the 82 (83%) commonly affected genes changed in the same
Neuron 109, 788–804, March 3, 2021 797
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Figure 7. Estrogen signaling inhibits Sonic hedgehog signaling

(A) Differentially expressed (DEX) genes (fold change > 2) from RNA-seq of dissected brains following 10 mM 17-b-estradiol treatment (blue) or 5 mM cyclopamine

treatment (yellow), showing significant (p < 0.0001, hypergeometric test) overlap of DEX genes (green) in the same direction.

(B–D) Treatment with 10 mM 17-b-estradiol (C) or 5 mM cyclopamine (D) causes a marked reduction in the ratio of NPCs (PCNA, green) to neurons (vGlut1,

magenta) and midline defects in the telencephalon, compared to DMSO control (B).

(E) Quantification of (B)–(D). Mann-Whitney test, ****p < 0.0001.

(F and G) Treatment with 20 mM 17-b-estradiol (G) reduces SHH target gene patched1 expression compared with control DMSO (F).

(H and I) Positive control 10 mM cyclopamine (H) reduces patched1 expression, whereas 50 mM aromatase inhibitor increases it (I).
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direction, including the same key SHH targets (Figure 8G). Alto-

gether, these results suggest that the role of estrogen in inhibit-

ing SHH signaling is conserved in human-derived models of

brain development and in human primary tissue.

DISCUSSION

Overall, using a parallelized experimental framework simulta-

neously assessing ten hcASD risk genes, we have identified a

nexus of in vivo phenotypic convergence in telencephalon neu-

rogenesis. This work expands the universe of points of overlap

in ASD from GO analyses putatively implicating synapse and

chromatin to include neurogenesis and neural progenitor matu-
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ration, as has been hypothesized by others (Packer, 2016). Key

to this discovery is unilateral mutagenesis in X. tropicalis, which

allows the comparison of mutant and control halves of the brain

within the same animal, enabling detection of subtle size

changes that might have been missed in model systems that

require interanimal comparisons. The location and timing of

this phenomenon in Xenopus correspond to a key point of

spatial, temporal, and cellular-level convergence highlighted in

prior studies of ASD risk gene expression in humans (Willsey

et al., 2013; Parikshak et al., 2013). Here we extend that work,

confirming ASD risk gene convergence within cortical neurons

while newly highlighting convergence within the SVZi during hu-

man brain development, supporting the idea that multiple points
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Figure 8. The role of estrogen is conserved in models of human brain development

(A) Quantification of the normalized percentage of Ki67+ human NPCs following CRISPRi and treatment with DMSO (control) or 5 mM 17-b-estradiol. Statistical

comparisons are nonparametric Mann-Whitney rank-sum tests, *p < 0.05.

(B–E) 5-week-old human iPSC-derived cortical organoids treated with DMSO (B) or with 20 mM17-b-estradiol (C), 2 mMharmine (D), or both (E) for 7 days, stained

for DAPI (blue, nuclei) and Ki67 (green, proliferating cells).

(F) Percentage of Ki67+ cells. The p value is from a Mann-Whitney test.

(G) Log2 fold change expression for DEX genes from 17-b-estradiol treatment in Xenopus brain versus in human PCW6–PCW10 primary neurons. Blue and

orange genes are those that change in the same direction in both species. Black genes are those that change in opposite directions. Gray dots are those that

change in Xenopus, but not in human neurons.
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of convergence will help illuminate core mechanisms, cell types,

and circuits underlying ASD. Cells in the SVZi are highly prolifer-

ative and neurogenic, providing clear hypotheses about how dis-

rupting these cells may alter forebrain size. Targeted disruption

of multiple ASD risk genes of diverse cellular functions in human

iPSC-derived NPCs altered the proportion of actively dividing

cells. Our findings are generally consistent with a series of indi-

vidual findings across multiple model systems observing brain

size changes for individual ASD risk gene perturbations (Bernier

et al., 2014; Hoffman et al., 2016; Zhao et al., 2017; Willsey et al.,

2020; Durak et al., 2016; Shen et al., 2015; Katayama et al., 2016)

and with clinical observations of gross changes in head size in

some individuals with ASD, including in those carrying variants

in genes studied here, for example, CHD8, DYRK1A, and

POGZ (Ji et al., 2015; Evers et al., 2017; van Bon et al., 2016; Ya-

sin et al., 2019; Bernier et al., 2014; O’Roak et al., 2012a; Ye

et al., 2015). The direction and magnitude of forebrain size

changes likely depend on the strength of the genetic perturba-

tion, the developmental stage at which size is assayed, and the

molecular function of the gene. For example, here we observe

chd8 Xenopus mutants have, on average, smaller telencepha-

lons, whereas patients with CHD8 haploinsufficiency exhibit

macrocephaly (Ji et al., 2015; Evers et al., 2017; van Bon et al.,

2016; Yasin et al., 2019; Bernier et al., 2014; O’Roak et al.,

2012a; Ye et al., 2015). It is well-established that affecting NPC

biology during neurogenesis can lead to increased or decreased

brain size (Shao et al., 2020; Faheem et al., 2015; Lasser et al.,

2018). For example, a delay in differentiation could cause a rela-

tive increase in NPCs that could resolve as a larger brain. Alter-

natively, a delay in cell-cycle progression could cause a relative

increase in NPCs but lead to a smaller brain. Indeed, dyrk1a in-

hibition leads to mitotic arrest and cell death in Xenopus (Willsey

et al., 2020), which could explain the relative increase in NPC

proportion despite smaller brain size. Important future work will

be to determine additional specific mechanisms for why we

observe a relative increase in NPCs regardless of whether an in-

crease or a decrease in telencephalon size is observed. Similarly,

it will be informative to determine whether loss of specific ASD

risk genes affects diverse telencephalic NPC populations differ-

ently, such as dorsal and ventral NPCs.

It may have been anticipated that chromatin modifiers would

influence the developmental trajectory of neural progenitors.

However, the same observation for genes historically annotated

with synaptic/neuronal function, including SCN2A, NRXN1,

SYNGAP1, and ANK2, is more surprising. A primary motivation

for conducting manipulations of multiple ASD risk genes in par-

allel in vivo is to allow the identification of points of convergence

that are not bound by the constraints of existing annotation

schemes.

A lingering question in the study of ASD risk genes is whether

elaboration of underlying biological mechanisms holds promise

for illuminating the etiology of social impairment versus more

global cognitive delay. The salience of this issue is underscored

by the observation that many genes that increase ASD risk may

lead to a range of sometimes co-morbid neurodevelopmental

disorders, including, commonly, intellectual disability (ID).

Recently, study cohorts have grown sufficiently large to allow

the preliminary categorization of risk genes into those more
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frequently associated with ASD versus those more commonly

associated with both ASD and ID (Satterstrom et al., 2020).

Referencing these findings, three genes studied here fall into

the ASD predominant group (CHD8, NRXN1, and ANK2) and

the remainder fall into the ASD and neurodevelopmental delay

group (SCN2A, ARID1B, DYRK1A, SYNGAP1, CHD2, ANDP,

and POGZ). Consequently, we have identified a conserved,

convergent phenotype that is highly likely to be relevant to social

deficits and possibly relevant to cognitive disability in humans.

This finding is consistent with a range of observations suggesting

that the diversity of human neurodevelopmental phenotypes

associated with a given gene is not likely determined solely at

the level of the mutation but may be a consequence of several

mechanisms, including common polygenic background, sto-

chastic events, and environmental factors (State and Levitt,

2011). However, although our findings do not disentangle the

complex interrelationship between ID and ASD, our results

cannot be easily ascribed to the inadvertent study of a group

of genes that increase ASD risk only as a byproduct of more

global ID in humans.

Finally, we used chemical screening to identify potential resil-

ience factors, with the hypothesis that they may protect against

mutations in multiple ASD risk genes by rescuing the convergent

higher level phenotype andmay not necessarily directly intersect

the individual molecular mechanisms of each gene. This

approach identified estrogen as a suppressor of the convergent

neurogenesis phenotype in both Xenopus and human models,

across multiple apparently functionally disparate risk genes,

suggesting that it is a more general resilience factor. Again,

because the molecular mechanisms leading to defects in neuro-

genesis may be different across the diverse set of ASD risk

genes, we hypothesize that estrogen is providing resilience

through modulation of neurogenesis, rather than rescuing mo-

lecular deficits specific to each gene. We elaborated a novel

role for estrogen in opposing SHH signaling in the developing

telencephalon. SHH signaling is known to play critical and

well-established roles in regulating dorsal-ventral patterning,

proliferation, progenitor cell maturation, and cell survival

throughout the telencephalon during brain development (Britto

et al., 2002; Echelard et al., 1993; Komada et al., 2008), as well

as in the context of cancer (Wu et al., 2017). Therefore, these

findings point to novel and testable hypotheses regarding the

potential roles of these pathways in brain development and in

modulating ASD risk. In particular, the potential for estrogen

signaling to influence sexual dimorphism raises salient questions

about the strong male sex bias observed in ASD, as well as sex

biases observed in other human disorders, especially those with

a strong influence of SHH signaling.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

b-Tubulin DSHB E7; RRID:AB_528499

PCNA Life Technologies PC10; RRID:AB_2533016

vGLUT1 Abcam ab77822; RRID:AB_2187677

Ki67 Agilent M724029; AB_2687528

FITC-Ki67 Thermo Fisher 11-5698-82; RRID:AB_11151330

FACS control Thermo Fisher 11-4321-80; RRID:AB_1834375

Chemicals, peptides, and recombinant proteins

harmine Sigma 286044

17-b-estradiol Sigma E8875

TG003 Sigma T5575

cyclopamine Fisher S1146

proINDY Ogawa et al., 2010 N/A

SAG Sigma SML1314

moclobemide Sigma M3071

aromatase inhibitor I EMD Millipore 182540

NCI Approved Oncology Drug Set VIII National Cancer Institute https://dtp.cancer.gov/organization/dscb/

obtaining/available_plates.htm

Deposited data

Xenopus drug treatment brain RNA-Seq GEO GSE155554

Xenopus brain RNA-Seq time course GEO GSE155554

Human primary cells microarray data GEO GSE155552

Human NPC ESR2 CRISPRi

transcriptomics

GEO GSE155552

Experimental models: cell lines

WTC11 Mandegar et al., 2016 N/A

eWT-1323.4 Matsumoto et al., 2013 N/A

28126 Gallego Romero et al., 2015 N/A

Experimental models: organisms/strains

Xenopus tropicalis National Xenopus Resource

(RRID: SCR_013731)

Superman strain

Xenopus tropicalis Khokha Lab (Yale) Superman strain

Xenopus tropicalis Nasco, Fort Atkinson, WI LM00822

Oligonucleotides

dyrk1a Gene Tools; Blackburn et al., 2019 50-TGCATCGTCCTCTTTCAAGTCTCAT-30

ERb/esr2 Gene Tools 50-GTGCATGTAAGTGGACATTTTTAAC-30

aromatase/cyp19a1 Gene Tools 50-
GGGATTCAAGGCTTCCATAATCACG-30

Recombinant DNA

CMV:hDYRK1A-GFP Willsey et al., 2020 N/A

Software and algorithms

Fiji / ImageJ https://fiji.sc v2.0.0

GraphPad Prism https://www.graphpad.com v8.3

Scripts and data used in analyses This paper https://bitbucket.org/willseylab/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Matthew

State (matthew.state@ucsf.edu).

Materials availability
d Plasmids generated in this study are available upon request.
Data and code availability
d All code used for RNA-seq data processing and associated transcriptional analyses, as well as post-processed expression

data (e.g., raw counts, normalized counts), are under version control in BitBucket (https://bitbucket.org/willseylab/).

d Transcriptomics data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus (Edgar et al.,

2002) and are accessible through GEO Series accession number GSE155554 (Xenopus data) or GSE155552 (human data).
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models
Xenopus tropicalis adult breeding animals originated in the Khokha lab (Yale, wild-type Superman strain), in the National Xenopus

Resource (RRID:SCR_013731, (Pearl et al., 2012), wild-type Superman strain) or from Nasco (Fort Atkinson, WI, wild-type). Animals

were maintained in a recirculating system and used in accordance with approved UCSF IACUC protocols. Embryo stages 1-46

(Nieuwkoop and Faber, 1994) were used, as indicated in themanuscript. Males and females were used and clutchmateswere always

used as controls.

Cell lines
Cell lines WTC11 (male) (Mandegar et al., 2016), eWT-1323.4 (female) (Matsumoto et al., 2013), and 28126 (male) (Gallego Romero

et al., 2015) were grown at 37�C in culture conditions indicated by cell line below.

METHOD DETAILS

Obtaining Xenopus tropicalis embryos and tadpoles
Induction of ovulation was achieved by injection of human chorionic gonadotropin (Sigma) into the dorsal lymph sac according to

standard procedure (Sive et al., 2000) and in accordance with approved UCSF IACUC protocols. Natural matings and in vitro fertil-

izations were performed. Embryos and tadpoles were staged by Nieuwkoop and Faber (1994). Clutch mates were always used as

controls.

Xenopus whole mount RNA in situ hybridization
A full probe plasmids list is presented in Table S1. Briefly, Xenopus tropicalis coding sequences for generating antisense probe were

obtained from the IMAGE clone library (Morin et al., 2006) or TOPO cloned from X. tropicalis cDNA (iScript Reverse Transcription

Supermix, BioRad, and TOPO II dual promoter kit, Fisher). The following were received as kind gifts: ngn1-3 (Nieber et al., 2009)

and ptch1 (Koebernick et al., 2001). 11-UTP-Digoxygenin-labeled antisense probes were generated and whole-mount RNA in situ

hybridization was conducted according to standard procedures with an anti-DIG AP antibody (1:3000, Sigma) and BMPurple (Sigma)

(Harland, 1991). These stainings were done in a high-throughput basket format to accommodate many samples in parallel, using

100 mm mesh (Sive et al., 2007) and 3D-printed racks (3D printer files are available at https://willseyfroggers.org/home/resources/

). Embryos were imaged on a Zeiss AxioZoom.V16 with a 1X objective and extended depth of focus.

Xenopus brain time-course transcriptomics
Individual brains from untreated tadpoles stages 40-47 were dissected and immediately put in 200 ml of cold Trizol (Thermo Fisher),

pipetted with a fine needle to dissociate, and frozen at �80�C. 3 brains were pooled and 3 samples per condition were processed.

RNA extraction, polyA selection, and low-input library preparation (500 bp size selection) were performed by the Functional Geno-

mics Laboratory (UC Berkeley). Samples were processed together, barcoded, and spread across a sequencing lane to reduce batch

effects. 150 base pair paired end sequencingwas performed on an IlluminaHiSeq 4000 by theGenomics Sequencing Laboratory (UC

Berkeley).

RNA-Seq reads were aligned to the X. tropicalis v9.1 reference genome using STAR v2.7.3 (Dobin et al., 2013) in gene annotation

mode. RNA-Seq quality control metrics were generated using Picard (v 2.21.1). Genes with greater than one count per million in at
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least three samples were retained and full quantile normalization was performed across samples. X. tropicalis tadpole brain time

course RNA-Seq data can be queried at https://willseyfroggers.org/home/resources/.

To compare the Xenopus developmental trajectory to human brain development, we performed a principal component analysis

(PCA) of the BrainSpan human brain developmental transcriptome dataset ((Kang et al., 2011), https://www.brainspan.org/static/

download.html) and then projected the Xenopus samples to PCA coordinate space. We used both the exon microarray and RNA-

Seq (Gencode v10) datasets, summarized to gene level in order to confirm our results were not platform-dependent. The BrainSpan

RNA-Seq dataset was subset to expressed genes defined as those having greater than three RPKM in at least five samples. Next, all

gene expression datasets were reduced to a common gene set between the Xenopus dataset and human datasets (9,986 genes in

BrainSpan RNA-Seq and 10,675 genes in BrainSpan exon array). In the Xenopus dataset, human gene orthologs in Xenopus which

had multiple transcripts were collapsed and the median value across the three replicates was retained. Finally, the BrainSpan micro-

array data is summarized as log2(intensity) and therefore, we transformed both the Xenopus and the BrainSpan RNA-Seq datasets

into log2(RPKM).

The BrainSpan data was zero centered and scaled prior to computing the principal components, and the Xenopus data were simi-

larly centered and scaled prior to projection onto the PCs. Similar to findings reported in Kang et al. (2011), we observe that time

appears to be the predominant contributor to variation in gene expression (PC1 orders by developmental stage). We then calculated

an equivalent vector representing the scaled and centered Xenopus time course data and projected it onto the BrainSpan PCA co-

ordinate space using the center point and rotations. In both BrainSpan datasets, the Xenopus time course samples trend in order

from Stage 40-47 along PC1, suggesting a clear pattern of maturation, and developmentally span early mid prenatal to late prenatal

human brain development (Figures S1C and S1D). For visual simplicity, we plot PC1 of both the RNA-Seq and exon array data, shown

as bands of the 95% confidence interval of the mean for each major developmental stage, and then overlay the Xenopus sample

projections along that trajectory in Figure 1B.

To approach this question with a different method, we leveraged Specific Expression Analysis (SEA) across brain regions and

development (http://genetics.wustl.edu/jdlab/csea-tool-2/) (Xu et al., 2014). This tool takes as input a set of gene symbols and per-

forms an enrichment analysis of gene expression across six brain regions and ten developmental stages as defined by BrainSpan.

Each gene is given a Specificity Index threshold (pSI) which represent the gene’s specificity for the given spatiotemporal window as

specified. For each Xenopus stage we calculate the top 10% of expressed genes with a human gene ortholog and input this to SEA.

Like the PCA above, we see a significant enrichment (BH adjusted p value < 0.05) for early fetal to early midfetal at stage 40, to late

fetal at stages 45-47 across five brain regions. We again observe ‘aging’ as the Xenopus stages increase, providing evidence the

analysis is sensitive enough to show gradual trends. For visual clarity and phenotypic relevance, we show the cortex specific values

in Figure S1E and provide all p values for all regions in Table S2.

Xenopus tropicalis microinjections
Xenopus tropicalis embryonic microinjections were performed as in Sive et al. (2000). Microinjections were performed at the 2-cell

stage using a Narishige micromanipulator, Parker Picospritzer, and Zeiss Stemi microscopes. Injection volume was calibrated

with an eye-piece micrometer. Embryos were grown between 22-25�C in 1/9 Modified Ringer’s (MR) solution, which was refreshed

daily. Male and female embryos were analyzed. See following sections and Table S1 for CRISPR injection details. The following

morpholinos were used: dyrk1a (translation-blocking, 4 ng, 50-TGCATCGTCCTCTTTCAAGTCTCAT-30 (Blackburn et al., 2019));

ERb/esr2 (translation-blocking, 4 ng, 50-GTGCATGTAAGTGGACATTTTTAAC-30); aromatase/cyp19a1 (translation-blocking, 4 ng,

50-GGGATTCAAGGCTTCCATAATCACG-30).

Xenopus CRISPR/Cas9 genome editing
Single guide RNAs (sgRNAs) were designed against the X. tropicalis genome version 9.1 with the CRISPRscan algorithm (Moreno-

Mateos et al., 2015). sgRNAs were selected to have no predicted off-targets, to be high efficiency, and to target an exon as 50 within

the gene as possible, as long as that exon was well conserved within vertebrates. A full list of sgRNA and genotyping sequences is

presented in Table S1. sgRNAs were synthesized in vitro as in Bhattacharya et al. (2015) from DNA oligos (IDT DNA oligos, EnGen

sgRNA synthesis kit) and purified (Zymo RNA clean & concentrator kit). For each embryo, 3 ng of purified Cas9-NLS protein (Macro-

labs, UCBerkeley), 800 pg sgRNA, and a dextran dye conjugated with Alexa-555 (Invitrogen) were injected into 1 cell of a 2-cell stage

embryo. The day following injection at stages 14-20, embryos were sorted left from right according to the dye.

Xenopus genotyping
To select high-efficiency sgRNAs, we first injected the sgRNA, Cas9-NLS protein, and a fluorescent dextran tracer into both cells at

the 2-cell stage. At tadpole stages, DNA was extracted from surviving animals. Briefly, tadpoles were incubated in 1X thermopol

buffer (NEB) with 2 mg/ml proteinase K for 1 hour at 55�C, followed by 10 minutes at 95�C. 2 ml of the resulting supernatant was

used as template for a standard genotyping polymerase chain reaction (PCR) reaction. PCR primers were designed such that the

resulting amplicon would include 200 bp upstream of the PAM site and 300 bp downstream. A full list of primer sequences is pre-

sented in Table S1.

PCR products were Sanger sequenced with the forward primer (GeneWiz) and traces were deconvolved with TIDE (Tracking of

InDEls) software (Brinkman et al., 2014), a tool used to estimate sgRNA efficiency in Xenopus and zebrafish (Etard et al., 2017; DeLay
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et al., 2018) since this mutagenesis approach largely generates insertion/deletion (INDEL) mutations (Moreno-Mateos et al., 2015).

We tested at least two sgRNAs per gene and selected the sgRNAs with the highest mean efficiency, with the intention of creating

severe loss of function mutations to be able to identify clear phenotypes (Figure S1; Table S1). These are likely conservative estima-

tions of mutational efficiencies since this assay only quantifies INDEL mutations, and we only assayed animals that survived to

tadpole stages as bilateral mutants.

Xenopus whole mount immunofluorescence
Tadpoles were fixed in 4% paraformaldehyde, bleached, and stained whole-mount according to (Willsey et al., 2018b). These stain-

ings were done in a high-throughput basket format to accommodate many samples in parallel (Sive et al., 2007), but with a coarser

mesh (200 mm) and 3D-printed racks (3D printer files are available at https://willseyfroggers.org/home/resources/). Primary anti-

bodies used were against b-Tubulin (DSHB, E7, 1:100); PCNA (PC10, Life Technologies, 1:50); vGLUT1 (Abcam, ab77822, 1:100).

Xenopus microscopy
All Xenopus images were acquired on a Zeiss Axio Zoom.V16 microscope with apotome and a 1X or 2.25X objective. For fluores-

cence images, a Zeiss 506 monochrome camera was used, and for color images, a Zeiss 105 or 712 color camera was used. A

tadpole stamp was 3D-printed and used to make agarose molds to hold tadpoles during imaging, similar to that from Truchado-Gar-

cia et al. (2018) (3D printer files are available at https://willseyfroggers.org/home/resources/). Images were processed using Fiji

(Schindelin et al., 2012).

Xenopus brain size measurements
Brain region size was calculated from stereoscope images of brain immunostainings using the freehand select and measure func-

tions in Fiji (Schindelin et al., 2012). For mutants, the injected side was compared to the uninjected side (internal control). Because

there is no clear morphological demarcation separating the diencephalon and mesencephalon, they were measured together to in-

crease the reproducibility of the measurement. These measurements were from two-dimensional images taken from a dorsal

perspective and are a reflection of relative size differences, not a direct quantification of cell number. We have previously shown

that this staining and imaging strategy recapitulates conclusionsmade from fixed sections, as our staining penetrates the entire brain

and our imaging is projections of optical sections (Willsey et al., 2018b). Higher resolution imaging and quantification is technically

achievable, but not feasible here due to the number of animals required for each assay (Figure S2).

CRISPRi experiments in human NPCs
Neural progenitor cells (NPCs) were generated from a derivative of themaleWTC11 iPSC line that has been genetically engineered to

contain a constitutively expressed dead Cas9 (dCas9) fused to the transcriptional repressor domain ‘KRAB’ (dCas9-KRAB) (Mande-

gar et al., 2016). NPCs were generated by dual SMAD inhibition and Wnt signaling inhibition of iPSCs using an adapted small mole-

cule protocol (Qi et al., 2017). Specifically, cells were treated with LDN193189, SB431542, and XAV939 for 6 days, were passaged,

and then treated with only XAV939 for an additional 2 days to obtain NPCs. NPCs were maintained on Matrigel (Corning) coated tis-

sue culture plates in neural progenitor medium (NPM) (DMEM/F12, 1x N2, 1x B27 -Vitamin A, 1x GlutaMAX, 1xMEM-NEAA, 10 ng/ml

FGF2, 10 ng/ml EGF).

sgRNAs were designed using ‘‘CRISPRiaDesign’’ and cloned into the PLG15 lentiviral vector for expression from amouse U6 pro-

moter (Horlbeck et al., 2016). The sgRNA sequences are: DYRK1A (50-AGAGCGGACACCCCGAGCGG-30); NRXN1a (50-
GACTGCTGCTGCCTTTTCAG-30); ADNP (50-GGTGGGAGAGGCGGCTTCAC-30); CHD2 (50-GGCAGAGCGCGCTCTCTCTA-30);
POGZ (50-GCGCTCGGCGAGGCGTTCAG-30); non-targeting sgRNA #1 (50-GCAGGCCCGTTTGCTTACGA-30); and non-targeting

sgRNA #2 (50-GTCCACCCTTATCTAGGCTA-30). Lentivirus was produced by transfecting Lenti-X 293Twith standard packaging vec-

tors using Lipofectamine 2000 Transfection Reagent (Invitrogen). Viral supernatant was harvested 72 hours following transfection and

filtered through a 0.45 mm PVDF syringe filter. Filtered virus was using Lenti-X concentrator (Takara Bio) and HEK293 media was re-

placed with NPMmedia. To construct the CRISPRi cell lines, WTC11 dCas9 NPCs were lentivirally transduced. The sgRNA was ex-

pressed using a lentiviral U6 based expression vector derived from pSico that co-expresses BFP (Chen et al., 2013). We performed

quantitative PCR to validate gene repression efficiency.

Human CRISPRi NPC proportion quantification
To quantify the proportion of proliferative NPCs in our CRISPRi lines, we first dissociated the cultures into single cells using Accutase

(StemCell Technologies, Inc.). We performed one-step intracellular staining for proliferation marker Ki67 using eBioscience Foxp3 /

Transcription Factor Staining Buffer Set (Thermo Fisher Scientific) as described in the product manual. We utilized the FITC-conju-

gated anti-Ki67 primary antibody (Thermo Fisher Scientific; Catalog # 11-5698-82) and its isotype control antibody (Thermo Fisher

Scientific; Catalog # 11-4321-80) at 1:1000 dilution. We ran flow cytometry on BD FACSCanto II to quantify the percentage of Ki67-

positive cells in each sample. We normalized each sample to its paired non-targeting sgRNA control line.
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PCNet hcASD gene interconnectivity analysis
We downloaded PCNet-V1.3 (Huang et al., 2018) via the Cytoscape v3.8.1 NDEX browser (also available at https://www.ndexbio.

org/#/network/4de852d9-9908-11e9-bcaf-0ac135e8bacf). We then exported from Cytoscape the PCNet-V1.3 Edge Table (Upda-

ted_PCNetv1.3_default_edge.csv), and extracted interactions to a 2-column format (generate_PCNet-V1.3_interactions.sh).

To assess interconnectivity of hcASD genes in PCNet (Figure 3B), we calculated 3 measures of interconnectivity: (A) total number

of pairwise connections between hcASD genes, (B) total number of hcASD genes connected to another hcASD gene (e.g unique

genes from A), and (C) number of direct connections between hcASD genes and any other PCNet genes. To determine the signifi-

cance of these observations, we performed permutation testing.We permuted hcASD genes by randomly selecting sets of 102 genes

from all autosomal genes characterized in Satterstrom et al. (2020) (the majority of these genes are not significantly associated with

ASD); we weighted gene sampling probability by total gene mutability, calculated by summing the individual probabilities for protein-

truncating variants, missense A variants, and missense B variants from Satterstrom et al. (2020). We generated 1,000 sets of

permuted hcASD genes (permute-hcASD-genes.R), and calculated the 3 measures of connectivity described above. We then esti-

mated the significance of the observedmeasures of hcASD gene interconnectivity based on the number of times out of 1,000 that we

observed a permuted value R the observed value (permutationTest_PCnet-connectivity.R).

Constructing hcASD networks
We defined hcASD genes as the 102 ASD genes for which FDR < 0.01 in Satterstrom et al. (2020). To construct the hcASD network,

we identified all PCNet interactions for which at least one gene in the interaction was an hcASD risk gene. We defined nodes of the

hcASD network to be all hcASD genes and their direct interactors. We subsequently used PCNet interaction data to fill in edges be-

tween these nodes (parse_PCNet.R, Satterstrom_2020_TADA_asd_xlsx).

BrainSpan layer-specific data
We obtained region- and layer-specific gene expression data from the BrainSpan Prenatal LMD Microarray Dataset (Miller et al.,

2014). The data can be downloaded directly fromBrainSpan at http://www.brainspan.org/static/download.html. This dataset profiles

gene expression in four brains spanning 15–21 post-conception weeks. In each brain, gene expression profiles were assessed for

hundreds of laser microdissected tissue samples from subdivisions distributed across cortical and non-cortical regions. For more

information on data generation, please see the corresponding technical white paper on the project website (http://www.

brainspan.org/).

We trimmed the BrainSpan expression data to samples fromPCW15 and PCW16 donors and utilized expression data correspond-

ing to frontal neocortex only (as done inWillsey et al., 2013). Within the frontal neocortex, we assessed samples from 7 of the 9 layers:

outer cortical plate, inner cortical plate, subplate zone, intermediate zone, outer subventricular zone, inner subventricular zone, and

ventricular zone (listed from cortical to ventricular surface). We excluded subpial granular zone andmarginal zone layers due to insuf-

ficient sample numbers (< 5). For each layer, we collapsed expression data from probe- to gene-level by removing probes not de-

tected above background (DABG) in one or more samples, then calculating the median expression, per gene, of remaining probes

within each sample. We also removed genes that were not represented in PCNet (parse_layer-specific-data.R).

PCNet average gene connectivity
To determine whether PCNet identifies molecular interactions that tend to correspond to higher gene expression correlations within

BrainSpan data, we calculated Spearman’s correlations for all gene-gene pairings for genes that were both expressed in the layer

and represented in PCNet. We grouped these gene-gene interactions into 1) within PCNet, or 2) not within PCNet, and calculated

the average of gene-gene interaction for each group. We subsequently performed a paired t test (paired by layer) to determine

whether therewas a difference in average gene-gene correlation for interactions in PCNet versus interactions not in PCNet (Figure 4C)

(parseBrainspan_pcw15-16.R, Pcnet_avgGeneCor.R, Satterstrom_2020_TADA_asd.xlsx).

BrainSpan layer-specific hcASD network connectivity analysis
To assess the relevance of the hcASD network to each of the seven fetal layers, we recreated the hcASD network within each layer

(based on expression data from samples collected within that layer only) and then assessed its connectivity. Specifically, we trimmed

the interaction network to expressed genes only and then determined Spearman’s correlation coefficients between connected

hcASD network genes, using expression data from each layer separately. By summing the absolute values of these correlations,

we were able to estimate the overall connectivity of the networks layer-by-layer. We calculated normed correlations in order to re-

move biases that have to do with global changes in connectivity.

Let i and j denote genes and k denote layer. Define rijk as the Spearman’s correlation between genes i and j in layer k, and define rk

as the average correlation, over all pairs of the genes measured in layer k. Then define a normed correlation as: cijk =

�
rijk =rk

�
. We

then calculated normalized connectivity of a network in layer k by summing the absolute value of cijk for all pairs in the network, and

calculated average hcASD risk gene network connectivity (Figures 3D and 3E) by dividing layer connectivity by the number of edges

in the hcASD network.
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We assessed the significance of these observed layer-specific connectivities by permuting layer-specific correlations. We con-

ducted permutation testing separately for each layer, as individual layers have slightly different hcASD networks based on differences

in gene expression. Within each layer, for each connected hcASD network gene pair, we calculated the normalized Spearman’s cor-

relation coefficient from a randomly selected layer. If this could not be calculated from the sampled layer (e.g., one of the genes is not

expressed), we continued sampling until the gene pair is recovered.We normalized the randomly sampled correlation value based on

the average correlation (rk ) for the randomly sampled layer. We then calculated the permuted connectivity by summing the sampled

correlations for every gene pair, and average permuted hcASD gene network connectivity by dividing by the number of edges in the

interaction network. We conducted 10,000 permutations for SP, SVZi and CPi; and 1,000 permutations for the rest of the layers (as

p = 1 after 1,000 iterations for these layers). We estimated the significance of the observed connectivity based on the number of times

we observed a permuted value R the observed value (Figures 4D and 4E) (connectivity_byLayer.R, makePermutationTestPlots.R).

All code used for PCNet and BrainSpan data processing and associated connectivity analyses, as well as post-processed inter-

action and expression data, are under version control in BitBucket (https://bitbucket.org/willseylab/), and will be made publicly avail-

able on the date of publication.

Xenopus small molecule treatments
Small molecules used were: harmine (Sigma 286044, 0.6-1.5 mM); TG003 (Sigma T5575, 10 mM); 17-b-estradiol (Sigma E8875,

5-20 mM); cyclopamine (Fisher S1146, 2.5-10 mM); proINDY (5 mM; (Ogawa et al., 2010)); SAG (Sigma SML1314, 5 mM); moclobemide

(Sigma M3071,10 mM); aromatase inhibitor I (EMDMillipore 182540, 50 mM). Small molecules were resuspended as 10 mM solutions

in DMSO. For treatment, solutions were diluted in 1/9 MR solution. DMSO controls were DMSO added at the same volume as the

small molecule in 1/9 MR. Moclobemide (a monoamine oxidase inhibitor) was used as a control for harmine since its predicted

off-target is monoamine oxidase (Lieberman et al., 1994). Animals were treated in 5 mL solutions in 6-well culture plates with small

molecules at stage 30 at given concentrations unless otherwise indicated. Drug solutions were not refreshed. Any dead animals were

removed as soon as they were found. Animals were grown between 22-24�C and always alongside their DMSO control. See key re-

agents above for small molecule product information. The NCI Approved Oncology Drug Set VIII was received from the National Can-

cer Institute of the National Institutes of Health (https://dtp.cancer.gov/organization/dscb/obtaining/available_plates.htm) and all

compounds were tested at 10 mM in combination with 1.25 mM harmine.

Xenopus drug treatment transcriptomics
For drug treatment transcriptomics, individual brains from stage 46 tadpoles treated with DMSO, 10 mM 17-b-estradiol, or 5 mM cy-

clopamine starting at stage30weredissectedand immediately put in 200ml of coldTrizol (ThermoFisher), pipettedwith afineneedle to

dissociate, and frozen at�80�C. 3 brains were pooled and 3 samples per condition were processed. RNA extraction, polyA selection,

and low-input library preparation (500 bp size selection) were performed by the Functional Genomics Laboratory (UCBerkeley). Sam-

ples were processed and barcoded together, then spread across sequencing lanes together to reduce batch effects. 150 base pair

paired end sequencing was performed on an Illumina HiSeq 4000 by the Genomics Sequencing Laboratory (UC Berkeley).

RNA-Seq reads were aligned to the XenBase X. tropicalis v9.1 reference genome using STAR v2.7.3 (Dobin et al., 2013) in gene

annotation mode. Alignment, RNA-Seq, and hybrid-selection quality control metrics were generated using Picard (v 2.21.1). Principal

component analysis (PCA) of the quality control matrices did not indicate any sample outliers. Genes with more than 1 count per

million in at least three samples were retained for clustering and differential gene expression (DEX) analysis. To determine any sample

outliers by gene expression, we performed complete-linkage clustering based on the Euclidean distance of the Pearson correlation

matrix. We defined an outlier as a sample which only shared the deepest node with replicates. No outliers were detected. Filtered

genes were tested for differential expression using DESeq2 v1.24.0 (Love et al., 2014) with shrinkage estimator apeglm (Zhu

et al., 2019). Significantly DEX genes were genes that pass a 0.05 significant threshold. Gene Ontology enrichment analysis of an-

notated DEX geneswas performed using the PANTHER online classification tool (Mi et al., 2010) using all expressed genes as a back-

ground (N = 10784) and the GO-Slim annotation Table Sets for Xenopus tropicalis. Restricting our DEX lists to genes with an absolute

log2 fold change greater than 1, there were 320 DEX genes when comparing 17-b-estradiol to DMSO treatment, 1112 DEX genes

when comparing cyclopamine to DMSO treatment, and 235 genes occurred in the same direction in both lists. We used a one-tailed

hypergeometric test to the likelihood of enrichment between DEX lists over all expressed genes and determined the overlap was sig-

nificant (p = 8.83e-213).

Human CRISPRi NPC estrogen treatment
We reconstituted 17-b-estradiol in DMSO. We seeded NT-sgRNA and ASD gene-sgRNA NPCs generated as described above on

Matrigel coated wells of 12 well plates and treated the cells with DMSO or 5 mM 17-b-estradiol for 5 days. We included 3 wells

per treatment per cell line. We refreshed DMSO or 17-b-estradiol containing NPM daily for 5 days and then quantified Ki67+ propor-

tion by FACS as described above. Samples were normalized to paired non-targeting control lines. Since NPC proportion following

POGZ repression was not significantly different (Figure 3E), we did not carry it forward for testing with estrogen. In testing CHD2

repression, the plate became confluent before we were able to quantify, and therefore the experiment was excluded. Differences

in effect size compared to the experiments in Figure 3 are likely due to differences in confluency, since cells were grown 2 days longer

for drug treatment.
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Organoid generation and drug treatment
Cerebral organoids were generated based on a previously published method (Paşca et al., 2015) with several modifications. Briefly,

hiPSCs cultured onMatrigel were dissociated into clumps using 0.5mMEDTA in Ca2+/Mg2+-free DPBS and transferred into ultra-low

attachment 6-well plates in neural induction media (GMEM containing 20% (v/v) KSR, 1% (v/v) penicillin-streptomycin, 1% (v/v) non-

essential amino acids, 1% (v/v) sodium pyruvate, and 0.1mM2-mercaptoethanol). For the first nine days, neural inductionmedia was

supplemented with the SMAD inhibitors SB431542 (5 mM) and dorsomorphin (2 mM) and theWnt inhibitor IWR1-ε (3 mM), with amedia

exchange performed every three days. Additionally, the Rho Kinase Inhibitor Y-27632 (20 mM) was added during the first six days of

neural induction to promote survival. Between days 9-25, organoids were transferred to a neural differentiation media (1:1 mixture of

Neurobasal and DMEM/F12 containing 2% (v/v) B27 without vitamin A, 1% N2, 1% (v/v) non-essential amino acids, 1% (v/v) Gluta-

max, 1% (v/v) antibiotic/antimycotic, 0.1mM2-mercaptoethanol) supplemented with FGF2 (10 ng/mL) and EGF (10 ng/mL). Between

days 25-35, organoids were maintained in neural differentiation media without FGF or EGF. From Day 35 onward, organoids were

maintained on a shaker in neural differentiation media containing B27 with vitamin A with media exchanges three times per week.

For the drug treatments, two organoids per condition were placed in eachwell of a 24-well plate and treated with DMSO, 20 mM17-

b-estradiol, 2 mM harmine, or the combination of both drugs for seven days. Media changes were performed every two days with

addition of fresh drugs. After seven days, organoids were fixed in 4% PFA for 1 hour, washed three times with PBS for 10 minutes,

incubated in 30% sucrose overnight, and frozen in OCT/30% sucrose 50/50 (v/v) for further cryosectioning.

Organoid staining & imaging
Frozen organoids underwent cryosectioning into 14 mm sections (CryoStar NX50), with 8-10 serial sections made from each orga-

noid. For immunostaining, first the sucrose/OCT media was washed away by a brief wash in PBS. Antigen retrieval was done by

a 15-minute wash in boiling 10 mM Sodium Citrate (pH = 6) solution. Blocking was a 1-hour wash in donkey blocking buffer

(DBB: 10% donkey serum and 1% triton-X in PBS) in a humidified slide box. Primary mouse Ki67 antibody (Dako, MIB1 clone,

M7240) was diluted 1:200 in DBB + 1% Triton X-100 and subsequently added to each slide. The samples were incubated in a hu-

midified slide box at 4�C overnight. The next day, the slides were washed 3 times for 20 minutes each with PBSTx (PBS + 0.1%

triton-X). In the humidified slide box, samples were incubated in secondary antibody (anti-mouse IgG conjugated to Alexa546,

1:1000 in DBB + 1% triton-X) at room temperature for 2 hours. After washes in PBSTx for 1 hour, 200 mL of DAPI Fluoromount-G

(SouthBiotech) was added before coverslipping. The slides were dried at room temperature and sealed with nail polish.

Sections were imaged on a Leica SP8 confocal with 40X objective. Images were processed using FIJI/ImageJ (NIH) and compiled

in Illustrator (Adobe). Number of Ki67+ and DAPI+ cells in each image were acquired in FIJI using standardized thresholding and the

‘analyze particles’ function. At least two independent lines and organoids were quantified for each condition, with representative im-

ages presented.

Human PCW6-10 transcriptome analysis & comparison to Xenopus

Rawmicroarray data from Csöregh et al. (2009) was downloaded from GSE17645 and GSE10097. This included two Table Sets, the

first comparing primary PCW6-10 neuron culture with and without 2 mM 17-b-estradiol treatment for 7 days and the other doing the

same for PCW6-10 neuron plus glia culture. In both cases, cells originated in dorsal and ventral regions of the developing brain. The

GCRMA package v2.56.0 was used to read the CEL files, adjust for optical noise and non-specific binding, and finally perform quan-

tile normalization. Quality of the microarray was evaluated pre- and post- normalization using the arrayQualityMetrics package

v3.40.0 and identified no outlying samples. Probes with a maximum normalized expression value less than 4 were removed for

low representation. Geneswithmultiple probes were collapsed and themedian value of the probe set groupwas retained. Differential

expression analysis was performed with the limma package v3.40.6 comparing the two estradiol treatments against the two primary

cultures. Given the high intra-group variability across the neuron culture and neuron plus glia culture, we expect to detect genes with

strong transcriptional changes in both conditions but do not expect them to necessarily reach statistical significance, which is what

we ultimately see. Of the 7,109 final genes tested in the microarray, 6,231 were found to have homology with genes in Xenopus tro-

picalis, recovering 536/1461 DEX genes identified in the estrogen treatment in Xenopus. Of the 536 Xenopus DEX genes, 82 also

showed a strong transcriptional response in human primary tissue, 68 of which were in the same direction.

All code used for RNA-Seq data processing and associated transcriptional analyses, as well as post-processed expression data

(e.g., raw counts, normalized counts), are under version control in BitBucket (https://bitbucket.org/willseylab/), andwill bemade pub-

licly available on the date of publication.

ESR2 CRISPRi in NPCs
A humanCRISPRi NPC line for ESR2was generated as abovewith sgRNA (50-GCGAGCTGCGACGGGCTCTG-30) and compared to a

non-targeting control sgRNA (NT-sgRNA) (50-GTCCACCCTTATCTAGGCTA-30). NPCs were grown in NPMmedia (50% DMEM F12,

50% Neurobasal media, 1x Glutamax, 0.5x N2, 0.5x B27 minus vitamin A, 20 ng/mL basic FGF). We measured ESR2 transcript

expression and validated sgRNA repression efficiency by quantitative PCR (qPCR) (Figure S5). We extracted total RNA from

NPCs with non-targeting sgRNA and NPCs with ESR2 sgRNA using Rneasy Mini kit (QIAGEN). Then we converted the total RNA

into cDNA using a High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) according to the manufacturer protocol.

We performed qPCR using PowerUp SYBR Green Master Mix on QuantStudio 6 Flex Real-time PCR machine (Thermo Fisher
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Scientific). The primers used for ESR2 were 50-GATCGCTAGAACACACCTTACC-30 and 50-AGTGAGCATCCCTCTTTGAAC-30. The
fold change of ESR2 in the ESR2 CRISPRi NPCs was calculated by comparative Ct.

ESR2 and NT-sgRNA CRISPRi NPCs were differentiated for 6 days on Matrigel in neuronal differentiation medium (DMEM/F12, 1x

N2, 1x B27 -Vitamin A, 1x GlutaMAX, 1x MEM-NEAA, 0.5 mM dibutyryl cAMP, 0.2 mM ascorbic acid, 1 mM PD0325901, 5 mM

SU5402, 10 mM DAPT, 20 ng/mL BDNF) with media changes every other day. Cells were harvested for RNA extraction and cDNA

synthesis at differentiation days 0 and 6. We used cDNA converted from 10 ng total RNA for each sample to generate libraries

with the Ion Ampliseq Transcriptome Human Gene Expression Chef-Ready Kit (Life Technologies) according to the recommended

protocol. The resulting libraries were templated onto Ion 540 Chips using the Ion Chef system and sequenced on the Ion GeneStudio

S5 System.

ESR2 CRISPRi transcriptomic analysis
Raw data was processed with the Ion Torrent Suite Server v5.8.0 (ThermoFisher). Reads were aligned to the hg19 AmpliSeq Tran-

scriptome reference (v1.1) with the coverageAnalysis plugin v5.8.0.8. This plugin also generated quality information. Reads were

quantified using the ampliSeqRNA plugin v5.8.0.3 with default settings. Genes with greater than 1 count per million in three samples

were retained for clustering and DEX analysis. No outlier samples were determined. Genes were tested for differential expression

using DESeq2 v1.24.0 (Love et al., 2014) with shrinkage estimator apeglm (Zhu et al., 2019). Significantly DEX genes are genes

that pass a 0.05 significance threshold.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism software version 8.3 was used to graph data and determine statistical significance for all Xenopus and organoid

experiments. Changes in variance were tested by a Brown-Forsythe test. Mean comparisons were tested for statistical significance

using a nonparametric Mann-Whitney rank-sum test. For all tests, p values less than 0.05 were considered significant. The effects of

CRISPR-induced mutations are likely underestimated considering animals were not genotyped before phenotyping, due to the

necessarily high-throughput nature of this work. Therefore, many animals are likely not mutant or are mosaic and penalize the sta-

tistical tests.

ADDITIONAL RESOURCES

3D printer files and Xenopus time course brain transcriptomic data can be accessed at: https://willseyfroggers.org/home/resources/.
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