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SUMMARY
Glucocorticoids are important for proper organ maturation, and their levels are tightly regulated during
development. Here, we use human cerebral organoids and mice to study the cell-type-specific effects
of glucocorticoids on neurogenesis. We show that glucocorticoids increase a specific type of basal
progenitors (co-expressing PAX6 and EOMES) that has been shown to contribute to cortical expansion
in gyrified species. This effect is mediated via the transcription factor ZBTB16 and leads to increased
production of neurons. A phenome-wide Mendelian randomization analysis of an enhancer variant
that moderates glucocorticoid-induced ZBTB16 levels reveals causal relationships with higher
educational attainment and altered brain structure. The relationship with postnatal cognition is also
supported by data from a prospective pregnancy cohort study. This work provides a cellular and molec-
ular pathway for the effects of glucocorticoids on human neurogenesis that relates to lasting postnatal
phenotypes.
INTRODUCTION

Prenatal development affects postnatal health. The ‘‘develop-

mental origin of health and disease (DOHaD) hypothesis’’1 pro-

poses that environmental exposures during critical prenatal
1426 Neuron 112, 1426–1443, May 1, 2024 ª 2024 The Author(s). Pu
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periods have lasting effects on cells and tissues, including on

the central nervous system (CNS),2 impacting lifelong human

health.

Glucocorticoids (GCs) are steroid hormones that play a

vital role in CNS development during pregnancy.3 GCs regulate
blished by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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fetal organ development, particularly for the lungs and brain.4

Their levels are very tightly regulated during gestation in a spe-

cies-specific pattern. Corticosterone, the main GC in mice, in-

creases sharply late in gestation, whereas the levels of cortisol,

the main GC in humans, rise progressively starting at the begin-

ning of the second trimester.5

GC levels outside the physiological range and/or time win-

dow, resulting from the therapeutic use of synthetic GCs

(sGCs) or from maternal endocrine and stress-related disor-

ders, impact fetal development.3 The placenta acts as a pro-

tective barrier for endogenous maternal GCs, but stress and

depression can reduce placental cortisol metabolism.6 Further-

more, sGCs readily cross the placenta,7 leading to higher expo-

sure of the fetus. sGCs, either betamethasone or dexametha-

sone (dex), are most commonly prescribed from 22 to 33

gestational weeks (GWs) in pregnancies at high risk for preterm

delivery to facilitate fetal lung maturation, increasing survival

rates.8,9 More than 1 in 10 babies are born prematurely every

year, a number that amounts to �15 million preterm births

(<GW37),10 of which �615,000 are born extremely preterm

(<GW28),11 highlighting the clinical and societal importance of

prenatal sGC use.

Deviation from the physiological range of prenatal GCs can

have lasting postnatal effects on brain structure and behavior,

as seen in large epidemiological studies,12 and data from animal

models support direct GC effects.3 In fact, although the molecu-

lar and cellular effects of GCs on the term and adult brain are well

characterized in rodents,13 their impact on early brain develop-

ment, especially during the human neurogenic period (extending

until GW2814 in humans and thus in the time frame of sGC

administration for extremely preterm births), remains largely

unexplored.

To address this, we combined experiments in human cerebral

organoids (hCOs) and mouse embryos with human genetic ana-

lyses and mechanistically linked enhanced prenatal sGC expo-

sure to human cortical neurogenesis and lasting effects on

cognitive abilities and brain structure.
Figure 1. Glucocorticoids increase basal progenitors that co-express

(A) Treatment and analysis workflow.

(B) Representative images of day 50 hCOs at veh and dex conditions stained for P

and B00) Zoomed-in images of the areas.

(C) Quantification of the progenitor subtypes in each treatment condition normaliz

on the right.

(D) Schematic representation of the effects of dex on progenitors, highlighting th

(E) Representative images of day 50 hCOs at veh and dex conditions stained fo

neurons in the CP.

(F) Quantification of neuronal subtypes found in the CP normalized per mm2 of a

(G) Volcano plot of DE analysis in bulk RNA-seq. Gray dots, genes with non-sig

significant expression changes; orange dots, TFs labeled with their gene name.

(H) Single-cell clusters of HPS0076 hCOs treated with 100 nM dex for 10 days s

(I) UMAP plot showing ZBTB16 FDR value of dex response per cluster.

(J) Violin plot of ZBTB16 expression changes per cluster.

FDR, false discovery rate with Benjamini-Hochberg correction; DMSO, dimeth

dexamethasone; VZ, ventricular-like zone; SVZ, subventricular-like zone; BPs, bas

Cycling, cycling progenitors; IP, intermediate progenitors; Ex. Neurons, excitatory

ChP, choroid plexus. Significance was tested with two-tailed Mann-Whitney comp

75th percentile of the data with the center line representing the median and whiske

p > 0.05. Scale bars, 50 mm.

See also Figures S1 and S2 and Tables S2 and S3–S5.
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RESULTS

GCs increase the number of basal progenitors
To study GC regulation of neurogenic trajectories in the

neocortex, we treated hCOs15 with 100 nM dex for 7 days, a

dose and time consistent with therapeutic guidelines followed

in clinical settings8 (see STARMethods). This treatment was initi-

ated at day 43 (Figure 1A) in hCOs derived from two independent

induced pluripotent stem cell (iPSC) lines, HPS0076 and No.1.

Days 40–50 were chosen as a time range for when hCOs are

actively performing neurogenic processes with all the progenitor

cell types present while the birth of deep-layer neurons is peak-

ing and the birth of upper-layer neurons has started.16 First, we

analyzed the effects of dex on different progenitor cell types

defined by the expression of paired box 6 (PAX6) and eomeso-

dermin (EOMES, also known as T-box brain protein 2 or

TBR2). PAX6 is highly expressed in radial glia (RG) cells;

EOMES, but not PAX6, is expressed in intermediate basal pro-

genitors (IPs); whereas both can be expressed in certain basal

progenitors (BPs). Dex consistently led to a significant increase

of PAX6+EOMES+ BPs (Figures 1B and 1C) in hCOs derived

from both iPSC lines. These PAX6+EOMES+ cells were localized

at the basal side of the germinal zones in the subventricular-like

zone (SVZ; Figures 1D, S1A, and S1B). Moreover, we confirmed

these effects of dex by analyzing the number of progenitor sub-

types in No.1 hCOs with flow cytometry analysis (FCa). We

observed a significant increase (+11%) in PAX6+EOMES+ BPs

when hCOs were treated with dex compared with vehicle (veh;

Figures S2A–S2C). Co-administration of the GC receptor (GR)

antagonist RU486 supported that dex effects are mainly medi-

ated by the GR and not the mineralocorticoid receptor

(Figures S2D–S2F). Furthermore, the increased numbers of

these BPs seem to contribute to germinal layer expansion as

seen by increased PAX6+ zone thickness in dex-treated ventri-

cles (Figure S1C).

To further study the effects of dex on PAX6+EOMES+ BPs at

the RNA level, we analyzed single-cell RNA sequencing
PAX6 and EOMES

AX6 and EOMES. Arrows indicate cells that co-express PAX6 and EOMES. (B0

ed by mm2 of quantified total area in HPS0076 hCOs on the left and No.1 hCOs

e increased numbers of BPs co-expressing PAX6 and EOMES.

r TBR1+, BCL11B+, and SATB2+ neurons and DAPI. Arrows indicate SATB2+

rea in HPS0076 hCOs on the top and No.1 hCOs on the bottom.

nificant expression changes at an FDR cutoff of 10%; blue dots, genes with

tarting at day 60.

yl sulfoxide; IF, immunofluorescence; Seq, sequencing; Veh, vehicle; Dex,

al progenitors; CP, cortical-like plate; TFs, transcription factors; RG, radial glia;

neurons; Inh. Neurons, inhibitory neurons; Imm. ChP, immature choroid plexus;

arison between treatment and vehicle. Box and whisker plots represent 25th to

rs representing minima and maxima. ****p% 0.0001, **p% 0.01, *p% 0.05, ns
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(scRNA-seq) data of HPS0076 hCOs treated with 100 nM dex for

10 days (treatment initiation at day 60). We found a 3.38-fold in-

crease in PAX6+EOMES+ cells after dex, similar to the fold

changes we found with our immunostainings (Figure S1D;

Table S3). We sub-setted our dataset to the PAX6+EOMES+ cells

and performed differential expression (DE) analysis for treatment

effects on those. We found only two DE genes significant at a

false discovery rate (FDR) threshold of 10%, MEST and

RSPO3 (Table S2), which are both WNT signaling regulators

and very important for neurodevelopmental decisions associ-

ated with the dorso-ventral axis and the production of glutama-

tergic neurons.17,18 In addition, there were 221 DE genes signif-

icant at the nominal p value level of <0.05. We performed gene

set enrichment analysis (GSEA) to identify gene sets overrepre-

sented in the PAX6+EOMES+ cells after treatment. We uncov-

ered gene sets associated with cell fate commitment and glial

cell proliferation and differentiation (Figure S1E; Table S2),

highlighting the importance of these cells in regulating neuro-

genic processes and their potential ontological association

with RG cells.

We next sought to characterize GC effects on neuronal popu-

lations. We labeled deep-layer VI and V neurons with T-box brain

transcription factor (TBR1) and BAF chromatin remodeling com-

plex subunit (BCL11B, also known as CTIP2), respectively, and

upper-layer IV neurons with SATB homeobox 2 (SATB2; Fig-

ure 1E). Dex consistently led to a significant increase of upper-

layer SATB2+ neurons in hCOs from both iPSC lines compared

with veh-treated ones. No significant change was found in

deep-layer neurons (Figure 1F). To further validate these results,

we used FCa and found increased numbers of upper-layer IV

neurons (SATB2+ cells, a 9% significant increase; Figures S2G

and S2H) following dex. In addition, dex led to an increase of

immature neuronal somata (doublecortin [DCX+]) at the basal

parts of the germinal zone and to a decrease of the DCX zone

thickness in the cortical-like plate (CP; Figures S2I–S2K), poten-

tially pointing to later-born neurons still migrating to their final

destination.

This putatively prolongated neurogenesis could be related to

the increased numbers of PAX6+EOMES+ BPs. These BPs

have high proliferative capacity, undergoing not only neurogenic

but also self-renewing proliferative divisions, which come in

contrast to PAX6�EOMES+ IPs that primarily undergo one

neurogenic division producing two neurons.19–24 Interestingly,

PAX6+EOMES+ BPs are abundant in the inner and outer SVZ

of mammals with a gyrified brain, such as ferrets, primates,

and humans, and contribute to the increased neurogenic poten-

tial of these species.20 In lissencephalic species, like rodents,

this cell type is rare, with the vast majority of BPs being

IPs.19–24 Overall, GCs seem to increase neurogenic processes

that are enriched in gyrified species.

Transcriptional response to GCs during neurogenesis
Next, we aimed to identify genes and pathways responsible for

the effects of GCs on neurogenesis. For this, we first used bulk

RNA-seq of No.1 day 45 hCOs treated with 100 nM dex or veh

for 7 days (treatment start at day 38). At a 10% FDR cutoff, 50

genes were DE (Table S2). Given the essential role and develop-

mental specificity of transcription factors (TFs) in determining
neurodevelopmental processes,25 we decided to focus on this

class of proteins. Out of the 50 DE genes, only 4 were TFs:

TSC22 domain family member 3 (TSC22D3), Kruppel-like factor

9 (KLF9), zinc finger and BTB domain-containing protein 16

(ZBTB16), and HEY-like protein (HEYL; Figure 1G). To narrow

in on progenitor-specific responses, we used two scRNA-seq

datasets. First, to define the cell-type-specific expression of

these TFs early during neurogenesis, we used an already pub-

lished dataset of No.1 day 30 hCOs.16 HEYL and KLF9 were

very lowly expressed in the majority of cell types, TSC22D3

was found across all cell types, and only the expression of

ZBTB16 coincided with PAX6-positive cells (Figures S3A and

S3B; Table S3). Second, to study progenitor-specific effects of

chronic dex exposure, we used the aforementioned scRNA-

seq dataset of HPS0076 hCOs with 10-day dex stimulation. At

an FDR cutoff of 5%, we found 3,320 significantly DE genes in

progenitors, one of which was PAX6 (FDR = 3.53 3 10�13, log2
fold change = 0.190), and 1,869 DE genes in non-progenitor cells

(neuronal and choroid plexus cells; Table S2). Overrepresenta-

tion analysis for Gene Ontology Biological Processes pinpointed

significant enrichments for terms associated with cellular prolif-

eration, metabolism, and adhesion/mobility in the progenitor

DE genes, supporting the effects of dex on progenitor amplifica-

tion. In neuronal and choroid cells, we found significantly en-

riched terms associated with neurogenesis and differentiation,

again highlighting the importance of dex in regulating neurogenic

processes (Table S2). ZBTB16 was differentially overexpressed

exclusively in the progenitors’ clusters (Figures 1H–1J; Table S4)

and was, thus, the strongest candidate for dex effects on neural

progenitors. Additionally, ZBTB16 binding sites were enriched in

the progenitor-specific DE genes, highlighting the importance of

this TF for the effects of dex on progenitors. Among the genes

that are ZBTB16 targets and DE in progenitor cells are ZBTB16

itself but also TP53, which has been shown to regulate neural

stem and progenitor cell proliferation and neurogenesis,26 and

CRABP1, a retinoic acid signaling protein found enriched in pro-

genitor cells27 (Table S5). ZBTB16 has been associated with

regulation of the balance between self-renewal and differentia-

tion of stem and progenitor cells in multiple organ systems

including the brain.28

GCs alter the very dynamic neurodevelopmental
expression pattern of ZBTB16
In rodents, Zbtb16 is expressed until embryonic day 10.5 (E10.5)

in the forebrain,29 when it is downregulated to non-detectable

levels during neurogenesis (Figures S3C and S3D). By contrast,

in human fetal cortex, ZBTB16 is expressed during the initial

stages of neurogenesis (Figure S3E), indicating presence during

the neurogenic period in humans but not in rodents.

We first analyzed the pattern of ZBTB16 expression in the

hCOs. We found it dynamically expressed with high RNA (Fig-

ure 2A) and protein (Figure 2B) levels at early stages of hCO

development until approximately day 40, with a subsequent

decrease oncemature neurons emerge (microtubule-associated

protein 2 [MAP2+] cells) (day 50; Figure 2A). ZBTB16 was en-

riched in the germinal zones, mainly expressed by progenitor

cells (SRY-box transcription factor 2 [SOX2+] cells) and not ex-

pressed by mature neurons (MAP2+; Figure 2C). Thus, ZBTB16
Neuron 112, 1426–1443, May 1, 2024 1429
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Figure 2. Glucocorticoids alter the expression profile of ZBTB16

(A) RT-qPCR results for ZBTB16 and MAP2 across hCO development.

(B) Western blots of ZBTB16 and ACTIN across hCO development. Each lane contains protein from a pool of three hCOs.

(C) Representative images of day 30 baseline hCOs stained for DCX, SOX2, MAP2, ZBTB16, and DAPI.

(D) Western blots of ZBTB16 and ACTIN in hCOs treated with 100 nM dex at day 43 and analyzed 7 days later at day 50. Each lane contains protein from a pool of

three hCOs, and the six replicates were generated in two independent hCO batches.

(E) Quantification of the effect of 100 nM dex over 7 days on ZBTB16 protein expression in day 50 hCOs normalized over ACTIN.

(F) Quantification of the effect of 100 nM dex over 7 days on ZBTB16mRNA levels normalized over endogenous genes and day 40 baseline ZBTB16 expression

levels.

RT-qPCR, quantitative reverse-transcription polymerase chain reaction; hCOs, human cerebral organoids; Veh, vehicle; Dex, dexamethasone. For (E), signifi-

cance was tested with two-tailed Mann-Whitney comparison between treatment and vehicle. For (F), significance was tested with one-way ANOVA with Ben-

jamini, Krieger, and Yekutieli multiple testing correction (p = 0.0003). Box and whisker plots represent 25th to 75th percentile of the data with the center line

representing themedian and whiskers representingminima and maxima. Mann-Whitney p values for (E) or post hoc p values for (F): ****p% 0.0001, ***p% 0.001,

**p % 0.01, *p % 0.05, ns p > 0.05. Scale bars, 50 mm.

See also Figure S3.
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exhibits a very dynamic expression pattern in hCOs with high

protein expression during the initial period of neurogenesis,

consistent with data reported from human fetal cortex

(Figure S3E).

We next took advantage of the 10-day scRNA-seq data to

investigate the effects of ZBTB16 expression on the transcrip-

tional signature of progenitor cells. We sub-setted our dataset

to the progenitor clusters at veh and performed a DE analysis

for ZBTB16-positive vs. -negative cells (Table S2). We found

442 DE genes at a nominal p value cutoff of 0.05, one of which

was PAX6 (p value = 0.003, log2 fold change = 0.348). GSEA

revealed significantly enriched gene sets associated with

neuron differentiation, regulation of microtubule organization,
1430 Neuron 112, 1426–1443, May 1, 2024
and transcription, highlighting the importance of ZBTB16 in

regulating proliferative and neurogenic processes (Figure S3F;

Table S2).

Finally, we validated the dex-induced increase of ZBTB16 in

hCOs (100 nM dex for 7 days starting at day 43; Figure S3G) at

the RNA (Figure S3H, similar to our previous report after 4- and

12-h dex treatments16) and protein (Figures 2D and 2E) levels

in the progenitor cells that line the ventricular-like zone (VZ;

Figures S3I and S3J). Dex alters the tightly regulated develop-

mental expression pattern of this TF by reversing its levels to

those of day 30 and younger hCOs (Figure 2F). Together, these

results suggest that dex maintains high ZBTB16 expression in

the progenitor cells that populate the germinal zones during later
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stages of neurogenesis, at developmental time windows with

physiologically lower levels of this TF.

ZBTB16 mimics the effects of GCs on basal progenitors
To test whether the effects of dex on BPs are mediated via

ZBTB16, we overexpressed ZBTB16 and green fluorescent pro-

tein (GFP) from a bicistronic plasmid or GFP from a control

plasmid in hCOs starting at day 43 when ZBTB16 expression is

already declining (Figures 2A and 2B). Subsequent analyses

were performed 7 days after the electroporation, at day 50 (Fig-

ure 3A). To explore effects on progenitor subtypes of the VZ and

the SVZ and on neurons of the CP, we divided the electroporated

area into three bins of equal height, starting from the apical-most

part of the VZ to the outermost electroporated cell in the CP and

analyzed effects on GFP+ cells. In these analyses, the germinal

zone thickness did not differ between control- and ZBTB16-

electroporated ventricles, ensuring consistent bin formation

(Figure S4A).

ZBTB16 overexpression led to increased numbers of Ki-67+

cells (Figures 3Band3C), indicating an increase inproliferation po-

tential. In analogy with our dex experiments, we next co-analyzed

PAX6 and EOMES expression. Indeed, ZBTB16 overexpression

led to a similar phenotype to that of dex, with an overall 25.7% in-

crease in PAX6+EOMES+ BPs (Figures 3D and 3E) in bins B and

C, +23.8% and +43.1%, respectively (Figure 3F), which reflect

the basal parts of the VZ, the SVZ, and the CP. Using GFP cell

morphology reconstructions, we found the double-positive BPs

exhibiting both IP-related morphologies with no processes and

RG-related morphologies with unipolar or bipolar cells (Fig-

ure S4B), similar towhat has been described before for these dou-

ble-positive cells in macaques and humans.20,30 ZBTB16 overex-

pression thus increases the relative abundance of PAX6+EOMES+

BPs but does not bias them toward any specific morphology

(p = 0.23; Figure S4C).

We next studied the effects of ZBTB16 overexpression on

deep-layer BCL11B+ and upper-layer SATB2+ neurons. We

found a significant 19% increase of SATB2+ cells after ZBTB16

overexpression, whereas the effect on BCL11B+ deep-layer neu-

rons was less pronounced (a non-significant 11% increase;

Figures S4D–S4F), indicating increased upper-layer neuronal

production. Thus, similar to dex (Figures 1E and 1F), ZBTB16

overexpression increases the number of double-positive BPs

and upper-layer neurons.
Figure 3. ZBTB16 increases PAX6+EOMES+ basal progenitors in hCOs
(A) Schematic of HPS0076-derived hCO electroporations and analysis workflow.

(B) Representative images of day 50 hCOs at control and ZBTB16 OE conditions s

(B0 and B00) Zoomed-in images of the areas.

(C) Quantification of the total number of GFP cells that are Ki-67+.

(D) Representative images of day 50 hCOs at control and ZBTB16 OE conditions

express PAX6 and EOMES. (D0 and D00) Zoomed-in images of the areas.

(E) Quantification of total GFP cells in each progenitor subtype.

(F) Quantification of GFP cells in different progenitor subtypes in each bin and co

hCOs, human cerebral organoids; OE, overexpression; IF, immunofluorescence

between ZBTB16 overexpression and control plasmid. For (E) and (F), significa

multiple testing correction (E: p.interaction = 0.0069, F: p.interaction = 0.0002). Bo

line representing the median and whiskers representing minima and maxima. Ma

**p % 0.01, *p % 0.05, ns p > 0.05. Scale bars, 50 mm.

See also Figure S4.
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ZBTB16 is necessary for the effects of GCs on basal
progenitors
We next sought to determine whether ZBTB16 is, in fact, neces-

sary for the dex-induced phenotype. To achieve this, we used

CRISPR-Cas9 to knock out exon 2 of the ZBTB16 locus in the

No.1 iPSCs. Exon 2 encodes for more than 50% of the protein

and includes the initiating ATG, the BTB/POZ domain, and the

first two zinc fingers of the binding domain.31We created hetero-

zygous No.1 iPSCs (ZBTB16+/�) where one allele of the ZBTB16

locus is wild type and in the other exon 2 is excised. A full

knockout (KO) of exon 2 in both alleles was not viable at the

iPSC stage. We then treated ZBTB16+/+ (CRISPR control No.1

iPSCs) and ZBTB16+/� at day 43 hCOs with 100 nM dex for

7 days and analyzed ZBTB16 protein expression, as well as

the relative abundance of progenitor subtypes, with FCa and

immunofluorescence at day 50 (Figure 4A).

ZBTB16+/� hCOs showed a significantly smaller increase of

the ZBTB16 protein following dex treatment when compared

with ZBTB16+/+ hCOs (a 46% less increase; Figures 4B and

4C). FCa of the ZBTB16+/+ hCOs validated the increase of

PAX6+EOMES+ BPs under dex treatment (Figures 4D and 4E),

a 22.2% increase, similar to the No.1 wild-type hCOs

(Figures S2B and S2C). However, in the ZBTB16+/� hCOs, the

number of double-positive BPs was not significantly increased

by dex (Figures 4F and 4G; a 6% non-significant increase).

This was further validated with immunofluorescence, where

dex significantly increased the numbers of PAX6+EOMES+ BPs

in ZBTB16+/+, but not in ZBTB16+/�, hCOs (Figure S5). Together,

these results indicate that ZBTB16 is not only sufficient but also

necessary for the effects of GCs on PAX6+EOMES+ BPs.

Heterochronic ZBTB16 expression in mouse fetal brain
is sufficient to induce basal progenitors typically
enriched in gyrified species and increase neurogenesis
Although the principles of neurogenesis are similar among all

mammalian species, differences exist with respect to their tem-

poral progression and to the abundance of progenitor subtypes

populating the SVZ, which play a key role in the overall neuro-

genic potential. In lissencephalic species, BPs double positive

for PAX6 and EOMES are very rare,19 the neurogenic period

is much shorter32 (9 days in mice compared with 110 days in

humans), and ZBTB16 is not physiologically expressed at any

point during neurogenesis (Figures S3C and S3D). To analyze
tained for Ki-67, GFP, and DAPI. Arrows indicate GFP cells that express Ki-67.

stained for PAX6, EOMES, GFP, and DAPI. Arrows indicate GFP cells that co-

ndition normalized by GFP cells of each bin.

. For (C), significance was tested with two-tailed Mann-Whitney comparison

nce was tested with two-way ANOVA with Benjamini, Krieger, and Yekutieli

x and whisker plots represent 25th to 75th percentile of the data with the center

nn-Whitney p values for (C) or post hoc p values for (E) and (F): ****p% 0.0001,
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Figure 4. ZBTB16 is necessary for the effects of glucocorticoids on PAX6+EOMES+ basal progenitors

(A) Treatment and analysis workflow in hCOs derived from edited No.1 iPSCs with either ZBTB16+/+ or ZBTB16+/� genotypes.

(B) Western blots for ZBTB16 and ACTIN in ZBTB16+/+- or ZBTB16+/�-derived hCOs at veh and dex. Each lane contains protein from a pool of three organoids.

(C) Quantification of western blot results.

(D) Representative images of FCa of ZBTB16+/+-derived hCOs per treatment condition. TBR2 is an alternative name for EOMES.

(E) Quantification of the FCa results.

(F) Representative images of FCa of ZBTB16+/�-derived hCOs per treatment condition.

(G) Quantification of the FCa results.

DMSO, dimethyl sulfoxide; hCOs, human cerebral organoids; Veh, vehicle; Dex, dexamethasone; FCa, flow cytometry analysis. For (C), (E), and (G), significance

was tested with two-way ANOVA with Benjamini, Krieger, and Yekutieli multiple testing correction (C: p.interaction = 0.03, E: p.interaction = 0.0068, G:

p.interaction = 0.97). Data are represented as mean ± SEM. Post hoc p values: **p % 0.01, ns p > 0.05.

See also Figure S5 and Table S5.
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whether altered expression of ZBTB16 during neurogenesis

would lead to increased numbers of PAX6+EOMES+ BPs also

in lissencephalic species, we performed in utero electropora-
tions (IUEs) in mouse embryos at E13.5 with the same plasmids

as for the hCOs and analyzed the effects at E16.5 (Figure 5A).

Considering the more complex cellular architecture of the
Neuron 112, 1426–1443, May 1, 2024 1433
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Figure 5. ZBTB16 increases PAX6+EOMES+ basal progenitors and neurons in a lissencephalic species

(A) Workflow of in utero electroporations of ZBTB16 in fetal mice.

(B) Representative images of E16.5 fetal mouse brains at control and ZBTB16 OE conditions stained for GFP and DAPI. Box indicates the electroporated areas.

(B0) and (B00) are zoomed-in images of the areas.

(C) Quantification of the distribution of GFP cells in each bin normalized by the total number of GFP cells.

(D) Representative images of E16.5 fetal mouse brains at control and ZBTB16OE conditions stained for Pax6, Eomes, GFP, and DAPI. (D0 ) and (D00) are zoomed-in

images of the areas. Arrows indicate GFP cells that co-express Pax6 and Eomes.

(E) Quantification of GFP cells belonging in the different progenitor subtypes.

(F) Quantification of GFP cells belonging in the different progenitor subtypes in each bin normalized by GFP cells of each bin.

VZ, ventricular zone; SVZ, subventricular zone; IZ, intermediate zone; CP, cortical-like plate. For (C), (E), and (F), significance was tested with two-way ANOVA

with Benjamini, Krieger, and Yekutieli multiple testing correction (C: p.interaction = 0.003, E: p.interaction = 0.0003, F: p.interaction < 0.0001). Box and whisker

plots represent 25th to 75th percentile of the data with the center line representing the median and whiskers representing minima and maxima. Post hoc p values

for (C), (E), and (F): ***p % 0.001, **p % 0.01, *p % 0.05, ns p > 0.05. Scale bars, 50 mm.

See also Figure S6.
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mouse cortex, we divided the electroporated area into five bins

of equal height, where bin A includes the VZ and the SVZ; bin

B, the SVZ and intermediate zone (IZ); bin C, the IZ; and bins D

and E, the CP.
1434 Neuron 112, 1426–1443, May 1, 2024
In mice, ZBTB16 overexpression significantly changed the

distribution of the GFP+ cells. ZBTB16+GFP+ cells accumulated

in bin B with fewer cells reaching the outermost part of the CP

(Figures 5B and 5C), indicating possible identity changes and/or
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Figure 6. ZBTB16 activates a PAX6 promoter

(A) Schematic representation of the human PAX6

locus.

(B) Quantification of the luciferase reporter assay

results per promoter region and vector. Results are

normalized to control transfections. Significance

was tested with two-way ANOVA with Benjamini,

Krieger, and Yekutieli multiple testing correction (p =

0.04). Data are represented as mean ± SEM. Post

hoc p values: *p % 0.05, ns p > 0.05.
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altered timing of differentiation. Similar to hCOs, we found more

Pax6+Eomes+ BPs (Figures 5D and 5E; a 8.8% overall increase)

in bins A andB (Figure 5F; 16.5%and 11.8%, respectively). Inter-

estingly, in mice, Pax6�Eomes+ IPs, which represent the vast

majority of endogenous BPs of lissencephalic species,19 were

significantly decreased after ZBTB16 overexpression (Figures

5E and 5F; a 10.6% decrease in bin A and a 15.1% decrease

in bin B), indicating a cell-type shift upon ZBTB16 overexpres-

sion. To dissect the proliferation capacity for cells expressing

ZBTB16, we performed cell-cycle re-entry analysis in mice, as

cell-cycle dynamics are well known for this species. Mice elec-

troporated at E13.5 with a control or ZBTB16-overexpressing

plasmid received a BrdU injection at E15.5, 24 h before they

were sacrificed at E16.5. We then stained for Ki67, BrdU, and

GFP and quantified the proportion of BrdU+GFP+ cells that

are also Ki67+ to label cells that re-entered the cell cycle. Indeed,

we findmore BrdU+Ki67+GFP+ cells (as a fraction of BrdU+GFP+)

in bins A and B, the same bins where we find the increase in

Pax6+Eomes+ cells, after ZBTB16 overexpression (Figures S6A

and S6B). This indicates that ZBTB16 prompts the cells to re-

enter the cell cycle. Our results suggest that ZBTB16 overex-

pression during lissencephalic neurogenesis leads to more gyri-

fied species-enriched BPs and increased self-renewing capacity

at the expense of the endogenous neurogenic progenitors.

To further study what this means for neurogenesis, we

analyzed the neuronal output. Here, we found that ZBTB16

overexpression led to increased numbers of deep-layer

Bcl11b+ (a 33.3% significant increase) and Tbr1+ (a 4.3% sig-

nificant increase; Figures S6C and S6D) neurons but not of up-

per-layer Satb2+ neurons (Figures S6F and S6G). Given that, in

mice, neurons are generated in sequential waves with upper-

layer neurons being born mainly starting at E14.5 and not

before,33 we repeated the same experiments but performing

the IUEs a day later, at E14.5, and analyzed the neuronal output

at E17.5. Indeed, at this developmental stage, ZBTB16 overex-

pression led to increased numbers of Satb2+ cells (a 14% sig-
nificant increase; Figures S6I and S6J), as

well as of Bcl11b+ cells (a 26% significant

increase; Figure S6J). When examining

the distribution of neurons, we found an

accumulation in the SVZ and IZ areas

with fewer neurons having reached the

CP after ZBTB16 overexpression (Figures

S6E and S6H). This supports that the

higher proliferative capacity of the PAX6+

EOMES+ BPs associates with a potentially

longer neurogenic period similar to the ef-
fects of dex in hCOs. In fact, when analyzing the distribution of

neurons across the five bins 6 days, but not 3 days, post elec-

troporation at postnatal day 0, there were no significant differ-

ences with ZBTB16 overexpression (Figures S6K–S6O), indi-

cating that migratory processes are probably not affected.

ZBTB16 directly induces PAX6 expression
Considering that dex seems to sustain PAX6 expression in

EOMES+ cells via ZBTB16, even in a lissencephalic specieswhere

they are physiologically mutually exclusive,34–36 and that ZBTB16

is a TF, we analyzed the activation capacity of ZBTB16 on PAX6

human promoters. PAX6 has three promoter regions that regulate

tissue-specific expression and are highly conserved between hu-

mans and rodents: the P0, P1, and Pa promoters37,38 (Figure 6A).

Using luciferase assays, we found that ZBTB16 activates the P1

promoter of PAX6 but not the P0 and Pa promoters (Figure 6B).

This suggests that ZBTB16 could regulate PAX6 expression via

the P1 promoter, which is active during neocortical development,

in comparison with the P0 and Pa promoters, which are minimally

active.37 This could be a potential mechanism responsible for sus-

taining Pax6 expression in Eomes+ cells even in mice, whereby

ZBTB16 overexpression circumvents the negative feedback

loop that physiologically ensures that Pax6 and Eomes are not

co-expressed in rodents.34–36

GCs interact with the ZBTB16 genetic and epigenetic
landscape
To analyze themechanisms via which the physiological temporal

expression pattern of ZBTB16 is affected by GCs, we investi-

gated the gene regulatory landscape of the human ZBTB16 lo-

cus in response to GCs. ENCODE data indicate the existence

of intronic GR response elements (GREs) at the human

ZBTB16 locus (Figure 7A). We have previously shown that acti-

vation of GR leads to DNAmethylation changes in GREs of target

genes associating with changes in gene transcription.39,40 To

identify the specific enhancers by which GR induces ZBTB16
Neuron 112, 1426–1443, May 1, 2024 1435
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Figure 7. Glucocorticoids interact with the genetic and epigenetic landscape of ZBTB16 to impact postnatal neurobehavioral and structural

phenotypes

(A) Graphical representation of the ZBTB16 locus including the position of the amplicons for HAM-TBS and pyrosequencing.

(B) HAM-TBS results for CpGs with significantly altered DNA methylation levels following exposure of hCOs to 7 days of 100 nM dex vs. veh.

(C) Plot depicting MRa-PheWAS associations, as log-p value, for rs648044 with various phenotypes from the UK Biobank. Single phenotypes are depicted as

individual points. Associations are presented based on negative (negative MRa estimate, i.e., lower quantitative measures with A allele effects) or positive

(positive MRa estimate, i.e., higher quantitative measures with A allele effects) effects. Color coding reflects the different sources of GWASs depicted in the

legend. Traits that remain significant following Benjamini-Hochberg correction are shown with larger dots and are listed in Table S7. Specific neurobehavioral

traits are labeled.

(D) Illustration of significant MRa associations of rs648044 with brain imaging phenotypes mapped onto brain atlases. See also Table S7.

(E) Cortisol levels before GW28 according to rs648044 genotype and cognitive performance as assessed using the Bayley-III cognitive subscale in the data from

the ITU (InTraUterine) cohort.

(legend continued on next page)
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expression, we treated day 30 hCOs with 100 nM dex for

7 days and used highly accurate method for targeted bisulfite

sequencing41 (HAM-TBS) and pyrosequencing to measure

DNA methylation of all GREs, as identified by public GR-chro-

matin immunoprecipitation sequencing datasets, and additional

non-GR-related regulatory elements (Figure 7A). Out of 55 CpGs

covered with HAM-TBS and 8 covered with pyrosequencing, 44

were located within GREs and 19 in enhancer elements lacking

GR-binding sites. Although only 1 of the CpGs outside these

GR-binding regions showed significant DNA methylation

changes following dex stimulation, this was true for 18 of the

44 CpGs around GREs (Figure 7B; Table S6). All significantly

altered GRE-CpGs are located in enhancer regions that loop to

the transcriptional start site of ZBTB16 (‘‘GeneHancer’’ track in

Figure 7A and Bothe et al.42). Our data thus support a model in

which GR binds to these enhancer elements as evidenced by

altered DNA methylation and increases ZBTB16 transcription.

Knowing that environmental factors, includingGCs, can interact

with the genetic landscape to modulate their effects on expres-

sion,43 we next analyzed gene variants within the ZBTB16 locus.

We cataloged single-nucleotide polymorphisms (SNPs) in the

ZBTB16 locus thatwerepreviouslyassociatedwithneurobehavio-

ral and brain structural outcomes (GWAS Catalog) and identified

rs648044 as the only variant associated with both. rs648044

has been associated with educational attainment in two

genome-wide association studies (GWASs) for this trait (Lee

et al.44: N = 1,131,881, FDR = 9 3 10�9, and Okbay et al.45:

N=3,037,499,FDR=2310�8) andwithgeneralizedcortical thick-

ness46 (N=35,657 individuals, FDR=6310�9). In the latterGWAS

on cortical morphology, gene-level analysis also identified the

whole ZBTB16 locus to be significantly associated with general-

ized cortical surface area (FDR = 7.2 3 10�14) and thickness

(FDR= 1.93 10�8), thus suggesting relevance ofZBTB16 for adult

cortical morphology.

In our DNA methylation assays, CpGs surrounding this SNP

showed low methylation levels supporting its regulatory activity

(Figure S7A; Table S6). To further explore its role in gene regula-

tion, we first analyzed whether this SNP moderates dex-induced

activity of the surrounding 200 base pair (bp) enhancer elements

using a self-transcribing active regulatory region qPCR (STARR-

qPCR) approach. Indeed, this region possesses enhancer activity

that is increased with GR activation (Figure S7B). The extent of

dex-induced activity was rs648044 allele dependent, with the

allele associated with higher educational attainment (A allele),

conferring a significantly stronger increase following dex (Fig-

ure S7C). Next, we used CRISPR-Cas9 to knock out 400 nucleo-

tides surrounding rs648044 in No.1 iPSCs to identify whether this

enhancer affectsZBTB16 transcription in hCOs. The rs648044ge-

notype of No.1 iPSCs is heterozygous (G/A), with the rarer A allele

(allele frequency = 0.35) creating a degenerated partial GR-bind-

ing site (described half site47: AGXACAG, rs648044 creates:
GR, glucocorticoid receptor; ChIP, chromatin immunoprecipitation; Seq, sequenc

for targeted bisulfite sequencing; Dex, dexamethasone; veh, vehicle; MRa, Mend

(B), significance was tested with two-way ANOVA with Benjamini, Krieger, and

logarithmic regression. Box and whisker plots represent 25th to 75th percentile of t

minima and maxima. Post hoc p values: **p % 0.01.

See also Figure S7 and Tables S6 and S7.
AGC[A/G]GAG). A KO of the A allele resulted in rs648044G/� cells

that only carry the G allele (Figure S7D). Using the edited cell line

(rs648044G/�) and the control cell line carrying both alleles

(rs648044G/A), we found that the absence of the A allele confers

significantly smaller induction of ZBTB16 following 100 nM dex

in day 30 hCOs treated for 7 days (Figures S7E and S7F), suggest-

ing that the enhancer containing rs648044 modulates dex-medi-

ated transcriptional effects on ZBTB16.

GCs 3 rs648044 effects on ZBTB16 relate to beneficial
postnatal outcomes
Given the functional effects of rs648044 on GC-induced ZBTB16

expression, we used Mendelian randomization analysis at the

phenome-wide level (MRa-PheWAS) to identify causal effects of

ZBTB16 levels on 7,323 phenotypes from the UK Biobank and

the NHGRI-EBI GWAS Catalog that include, among many others,

neurobehavioral traits and adult neuroimaging data (Table S7).We

used rs648044 as exposure and the magnitude of the allele-spe-

cific enhancer activity changes following dex in the STARR-qPCR

experiment as instrument to test for these associations. MRa-

PheWAS provided strong evidence for associations with multiple

outcomes as indicated by the QQ plot (Figure S7G). MRa on

various phenotypes, including endophenotypes and diseases

(N = 4,360), showed significant associations of GC-altered

ZBTB16 expression with 22 phenotypes after multiple testing

correction. These included associations of enhanced GC-

induced ZBTB16 activity with years of schooling and whether in-

dividuals had obtained a college or university degree (Figure 7C;

Table S7), both direct measures of educational attainment. The

allele with less induced activity was associated with ‘‘fed-up feel-

ings,’’ a phenotype related to neuroticism,48 ‘‘alcohol intake,’’ and

‘‘time spent watching television’’ (Figure 7C), suggesting associa-

tions of higher dex-induced ZBTB16 levels with beneficial post-

natal outcomes. Given the previously published relationships of

both educational attainment49–52 and rs64804444–46 with cortical

volumes and white matter measures, we also ran an MRa-

PheWAS on all neuroimaging phenotypes (N = 3,143) in the UK

Biobank using the same instrument. We observed 21 significant

associations after multiple testing correction (Figures 7D and

S7H; Table S7), with the majority related to altered white matter

measures and with higher anterior circular insula thickness

(Figure 7D).

To further examine the importance of GC-altered ZBTB16

levels during neurogenesis for postnatal phenotypes, we used

data from the InTraUterine sampling in early pregnancy (ITU) pro-

spective cohort study53 to test the association of the rs648044 A

allele and prenatal maternal cortisol with cognitive performance.

We defined neurodevelopmental cognitive delay, using the Bay-

ley cognitive subscale, as 1 standard deviation (SD) below the

sample mean (Figure S7I). For children testing below and above

1 SD of cognitive performance, a complete set of salivary cortisol
ing; SNP, single-nucleotide polymorphism; HAM-TBS, highly accurate method

elian randomization analysis; Phe-WAS, phenome-wide association study. For

Yekutieli multiple testing correction. For (E), significance was tested with a

he data with the center line representing the median and whiskers representing
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data during pregnancy and fetal genotypes was available for 246

mother-child dyads before GW28 and for 221 mother-child

dyads after GW28 (Table S7). Using logistic regressions, we

tested the interaction of rs648044 A allele3mean cortisol levels

before GW28, after GW28, or across pregnancy on cognitive

performance at 3 years of age (see STAR Methods for covari-

ates). The interaction was not significantly associated with

cognitive performance when using maternal cortisol levels from

across pregnancy (p value = 0.055). When stratifying the data

for cortisol levels before GW28 and, thus, during neurogenesis,

the interaction of rs648044 A allele with cortisol was significantly

associated with higher cognitive performance (p value = 0.035;

Figure 7E), an effect not found with cortisol data after GW28

(p value = 0.46; Table S7), i.e., after completion of cortical

neurogenesis.

Thus, higher GC-induced ZBTB16 expression in rs648044 A

allele carriers during neurogenesis is associated with higher

cognitive performance and educational attainment, lower

neuroticism measures, and increased cortical thickness as well

as altered white matter measures postnatally. This suggests

that the genetic association of this variant with postnatal neuro-

behavioral and structural measures found in the literature could

be mediated in part by its effects on GC-induced ZBTB16 levels

in early brain development and in consequence their effects on

neurogenesis.

DISCUSSION

Precise temporal and spatial regulation of gene expression by

TFs is key for the proper unfolding of neurogenic processes.25

ZBTB16 exhibits species-specific expression patterns during

development. In lissencephalic species, like rodents, Zbtb16 is

not expressed during cortical neurogenesis,29 whereas in hu-

mans, it is expressed at early stages of neurogenesis, suggest-

ing divergent actions between species (Figures S3C–S3E).

GCs, by sustaining the expression of ZBTB16 during the neuro-

genic period, when it is not present physiologically, result in

increased numbers of Pax6+Eomes+ progenitors, indicating their

role in enhancing gyrified species-enriched neurogenic pro-

cesses. GCs can thus extend or open a sensitive developmental

time window for production of gyrencephalic-enriched BPs,

even in a lissencephalic species, via the action of ZBTB16,

resulting in enhanced neurogenic potential. ZBTB16 seems to

specifically mediate GC effects on neurogenesis since it is differ-

entially regulated only in progenitor cells, as seenwith our single-

cell data. It is unlikely that it would mediate other GC effects

reported in the literature related to neuronal function.54,55

Given the high prevalence of premature births, GC excess

during human neurodevelopment through administration of

sGCs is a very common phenomenon.11 In fact, in �615,000

extreme preterm pregnancies per year, sGC treatments, if used,

would take place in a period of active neurogenesis, before

GW28.11,14 It was recently shown that sGCs given at GW22 in-

crease the survival rate of the offspring 3.5 times.9 While endoge-

nousGCs are vital for fetal organmaturation,4 prenatal GC excess

has been extensively associated with long-term metabolic, endo-

crine, and cardiovascular problems2 and risk for neurodevelop-

mental56 and mental57 disorders in the offspring. Evidence from
1438 Neuron 112, 1426–1443, May 1, 2024
a recent meta-analysis of studies including more than 1.25 million

children re-affirms the association of sGC exposure with negative

effects on cognitive and neuropsychiatric outcomeswhen admin-

istered to children with late-preterm or term birth. However, the

authors also report a significantly lower risk for neurodevelopmen-

tal impairments in children with extremely preterm birth (<GW28)

that were treated with sGCs between GW22 and GW27.12 This

meta-analysis could point to potential differential effects of GCs

on neurodevelopmental outcomes depending on the develop-

mental time window they were administered in.

One process that is different among extremely preterm and

term or adult brains and might contribute to these dichotomous

effects is cortical neurogenesis, which peaks at �GW20 and is

reduced but present until GW28 in the SVZ of the brain.14 This

suggests that extremely preterm-born children are still treated

within the time window of active cortical neurogenesis. Such dif-

ferential effects are supported by a study in mice in which dex

administration during neurogenesis was associated with anxio-

lytic and anti-depressive-like behavior in the adult offspring,58

whereas increased, prolonged exposure to GCs following

completion of cortical neurogenesis has repeatedly been associ-

ated with increased anxiety and depressive-like behaviors and

decreased cognitive ability.59 Our research highlights a potential

molecular and cellular pathway for the lasting effects of prenatal

GC exposure during neurogenesis with ZBTB16 as a critical

mediator. Nevertheless, the association with postnatal behav-

ioral and structural outcomes should be interpreted with caution

as the increased number of neurons may ultimately not

contribute to brain function postnatally.

In conclusion, our work provides a molecular and cellular

explanation for how GC exposure during neurogenesis influ-

ences cortical cytoarchitecture. It underscores the significance

of GCs in human neurogenic processes and suggests a pathway

to understand the benefits of early sGC use on behavioral and

neurodevelopmental measures. This insight can help refine

treatment guidelines based on the timing of sGC administration

during pregnancy.
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Tzika, A.C., Tessier-Lavigne, M., Ma, L., Drukker, M., Cappello, S.,

et al. (2018). Evolution of Cortical Neurogenesis in Amniotes Controlled

by Robo Signaling Levels. Cell 174, 590–606.e21. https://doi.org/10.

1016/j.cell.2018.06.007.

64. Saito, T. (2006). In vivo electroporation in the embryonic mouse central

nervous system. Nat. Protoc. 1, 1552–1558. https://doi.org/10.1038/

nprot.2006.276.

65. Kyrousi, C., O’Neill, A.C., Brazovskaja, A., He, Z., Kielkowski, P.,

Coquand, L., Di Giaimo, R., D’ Andrea, P., Belka, A., Forero Echeverry,

A., et al. (2021). Extracellular LGALS3BP regulates neural progenitor po-

sition and relates to human cortical complexity. Nat. Commun. 12, 6298.

https://doi.org/10.1038/s41467-021-26447-w.

66. Jobe, A.H., Kemp, M., Schmidt, A., Takahashi, T., Newnham, J., and

Milad, M. (2021). Antenatal corticosteroids: a reappraisal of the drug

formulation and dose. Pediatr. Res. 89, 318–325. https://doi.org/10.

1038/s41390-020-01249-w.

67. Kelava, I., Chiaradia, I., Pellegrini, L., Kalinka, A.T., and Lancaster, M.A.

(2022). Androgens increase excitatory neurogenic potential in human

brain organoids. Nature 602, 112–116. https://doi.org/10.1038/s41586-

021-04330-4.

68. McManus, J.M., and Sharifi, N. (2020). Structure-dependent retention of

steroid hormones by common laboratory materials. J. Steroid Biochem.

Mol. Biol. 198, 105572. https://doi.org/10.1016/j.jsbmb.2019.105572.

69. Spoelhof, B., and Ray, S.D. (2014). Fludrocortisone Cortisol/

Hydrocortisone. In Encyclopedia of Toxicology, Third Edition, P.

Wexler., ed. (Academic Press), pp. 1038–1042. https://doi.org/10.1016/

B978-0-12-386454-3.00293-1.

70. Kashiwagi, Y., Kato, N., Sassa, T., Nishitsuka, K., Yamamoto, T.,

Takamura, H., and Yamashita, H. (2010). Cotylenin a inhibits cell prolifer-

ation and induces apoptosis and PAX6 mRNA transcripts in retinoblas-

toma cell lines. Mol. Vis. 16, 970–982.

71. Andrews, S., Krueger, F., Segonds-Pichon, A., Biggins, L., and Krueger

Christel, M.J. (2019). fastQC. https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/.

72. Martin, M. (2011). Cutadapt removes adapter sequences from high-

throughput sequencing reads. EMBnet J 17, 10–12.

73. Krueger, F., and Andrews, S.R. (2011). Bismark: A flexible aligner and

methylation caller for Bisulfite-Seq applications. Bioinformatics 27,

1571–1572. https://doi.org/10.1093/bioinformatics/btr167.

74. Akalin, A., Kormaksson, M., Li, S., Garrett-Bakelman, F.E., Figueroa,

M.E., Melnick, A., and Mason, C.E. (2012). MethylKit: a comprehensive

R package for the analysis of genome-wide DNA methylation profiles.

Genome Biol. 13, R87. https://doi.org/10.1186/gb-2012-13-10-R87.

75. Benjamini, Y., Krieger, A.M., and Yekutieli, D. (2006). Adaptive linear

step-up procedures that control the false discovery rate. Biometrika

93, 491–507. https://doi.org/10.1093/biomet/93.3.491.

76. Patro, R., Duggal, G., Love, M.I., Irizarry, R.A., and Kingsford, C. (2017).

Salmon provides fast and bias-aware quantification of transcript expres-

sion. Nat. Methods 14, 417–419. https://doi.org/10.1038/nmeth.4197.

77. Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of

fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 15, 550. https://doi.org/10.1186/s13059-014-0550-8.

78. Zheng, G.X.Y., Terry, J.M., Belgrader, P., Ryvkin, P., Bent, Z.W., Wilson,

R., Ziraldo, S.B., Wheeler, T.D., McDermott, G.P., Zhu, J., et al. (2017).

Massively parallel digital transcriptional profiling of single cells. Nat.

Commun. 8, 14049. https://doi.org/10.1038/ncomms14049.

79. Baranwal, A., Bagwe, B.R., and Vanitha, M. (2019). Machine Learning in

Python 12, 128–154. https://doi.org/10.4018/978-1-5225-9902-9.ch008.
Neuron 112, 1426–1443, May 1, 2024 1441

https://doi.org/10.1371/journal.pone.0075362
https://doi.org/10.1523/JNEUROSCI.2370-18.2019
https://doi.org/10.1093/cercor/bhy216
https://doi.org/10.1212/WNL.0000000000001884
https://doi.org/10.1007/s11682-016-9584-8
https://doi.org/10.1136/bmjopen-2021-049231
https://doi.org/10.1136/bmjopen-2021-049231
https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1038/nrn3138
https://doi.org/10.1136/bmjopen-2019-031197
https://doi.org/10.1136/bmjopen-2019-031197
https://doi.org/10.1001/jama.2020.3937
https://doi.org/10.1001/jama.2020.3937
https://doi.org/10.1038/tp.2017.65
https://doi.org/10.1038/tp.2017.65
https://doi.org/10.1016/j.metabol.2005.01.008
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1073/pnas.1319061110
https://doi.org/10.1038/nmeth.1591
https://doi.org/10.1016/j.cell.2018.06.007
https://doi.org/10.1016/j.cell.2018.06.007
https://doi.org/10.1038/nprot.2006.276
https://doi.org/10.1038/nprot.2006.276
https://doi.org/10.1038/s41467-021-26447-w
https://doi.org/10.1038/s41390-020-01249-w
https://doi.org/10.1038/s41390-020-01249-w
https://doi.org/10.1038/s41586-021-04330-4
https://doi.org/10.1038/s41586-021-04330-4
https://doi.org/10.1016/j.jsbmb.2019.105572
https://doi.org/10.1016/B978-0-12-386454-3.00293-1
https://doi.org/10.1016/B978-0-12-386454-3.00293-1
http://refhub.elsevier.com/S0896-6273(24)00089-8/sref69
http://refhub.elsevier.com/S0896-6273(24)00089-8/sref69
http://refhub.elsevier.com/S0896-6273(24)00089-8/sref69
http://refhub.elsevier.com/S0896-6273(24)00089-8/sref69
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://refhub.elsevier.com/S0896-6273(24)00089-8/sref71
http://refhub.elsevier.com/S0896-6273(24)00089-8/sref71
https://doi.org/10.1093/bioinformatics/btr167
https://doi.org/10.1186/gb-2012-13-10-R87
https://doi.org/10.1093/biomet/93.3.491
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/ncomms14049
https://doi.org/10.4018/978-1-5225-9902-9.ch008


ll
OPEN ACCESS Article
80. McInnes, L., Healy, J., and Melville, J. (2018). UMAP: Uniform Manifold

Approximation and Projection for Dimension Reduction. Preprint at

arXiv. https://doi.org/10.48550/arXiv.1802.03426.

81. Blondel, V.D., Guillaume, J.-L., Lambiotte, R., and Lefebvre, E. (2008).

Fast unfolding of communities in large networks. J. Stat. Mech.: Theor.

Exp. 2008, 10008.

82. Wolf, F.A., Hamey, F.K., Plass, M., Solana, J., Dahlin, J.S., Göttgens, B.,
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Bulk RNA-seq of No.1 hCOs with

dexamethasone 100nM for 7 days

BioProject PRJNA865917

MRa-PheWAS OSFHome https://osf.io/4ud6q/

Single cell sequencing of day 30

No.1 hCOs with dexamethasone

100nM for 12 hours

Cruceanu et al.16 GEO: GSE189534

Single cell sequencing of day 70

HPS0076 hCOs with dexamethasone

100nM for 10 days

Zenodo https://doi.org/10.5281/zenodo.10391946

Targeted Bisulfite Sequencing of the

ZBTB16 locus in No.1 hCOs treated

with dexamethasone 100nM for 7 days

BioProject PRJNA1050905

Experimental models: Cell lines

HPS0076 iPSCs RIKEN BRC cell bank HPS0076-409b2

No.1 iPSCs GlobalStem GSC-3404

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

HELA N/A RRID: CVCL_0030

Experimental models: Organisms/strains

C57BL/6J Jackson Laboratory RRID: IMSR_JAX:000664

Oligonucleotides

hZBTB16- qPCR hMAP2 – qPCR hPOLR2A-

qPCR hYWHAZ - qPCR

IDT Hs.PT.58.605743

Hs.PT.58.20103440

Hs.PT.39a.19639531

Hs.PT.39a.22214858

DNA GFP- STARR qPCR IDT fwd-5’CCAGCTGTTGGGGTGTCCA rev-

50GACAGAGAACTTGTGGCCGT

DNA RPL19- STARR qPCR IDT fwd-5’TCGCCTCTAGTGTCCTCCG rev-

5’GCGGGCCAAGGTGTTTTTC

mRNA GFP- STARR qPCR mRNA RPL19-

STARR qPCR STARR qPCR

vector- sanger seuqncing

IDT 5’CAAACTCATCAATGTATCTTATCATG5’

GAGGCCAGTATGTACAGACAAAGTGG5’

GCGATGGCCCTGTCCTTTTA

ZBTB16 Exon 2 - CRISPR IDT fwd-5’GGAAGGGGCTAAAGTCTTGCTrev-

5’TAGGCCCCCTCACTACACTT

rs648044- CRISPR IDT fwd-5’GACCTGGACTTGTTGGGGAGrev-

5’TTCACCCTCCATCAGGGCTA

crRNA upstream ZBTB16 exon 2crRNA

downstream of rs648044crRNA upstream

of rs648044crRNA downstream ZBTB16 exon 2

IDT GTTGCCAAGCCCTTAGCAAG CAAGTCC

TACATCAGGTGCG ATGGGTCTACTCTAC

AGACC TCTCAGAAGGGCCTCCTACA

HAM-TBS and Pyrosequencing See Table S1 N/A

Recombinant DNA

pCAG-DsRed2 Addgene Cat#15777

Snap25-LSL-2A-GFP Addgene Cat#61575

pCAG-F2A-GFP produced in this study N/A

pCAG-ZBTB16-F2A-GFP produced in this study N/A

Software and algorithms

GraphPad Prism 9 Dotmatics Academic module

Fiji is just ImageJ 2.1 Nature Methods Schindelin et al.60

SnapGene Dotmatics Academic module

ll
OPEN ACCESSArticle
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof. Dr.

Elisabeth Binder (binder@psych.mpg.de).

Materials availability
Plasmids and iPSC lines generated in this study are available upon request. Human iPSC lines used in this study are subject to MTA

approvals.

Data and code availability
d Bulk and single-cell RNA-seq data have been deposited at GEO, Bioproject or Zenodo and are publicly available as of the date

of publication. Accession numbers are listed in the key resources table. Microscopy data reported in this paper will be shared

by the lead contact upon request.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in the key

resources table.

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

Cell lines
HPS0076 human induced pluripotent stem cells (hiPSCs) were obtained from the RIKEN BRC cell bank and reprogrammed from skin

fibroblasts of a female donor (HPS0076-409b2).61,62 No.1 hiPSCs were reprogrammed from NuFF3-RQ newborn foreskin feeder fi-

broblasts of a male donor (GSC-3404, GlobalStem).63 MTA approvals were obtained for the use of both hiPSC lines. hiPSCs were

cultured inMatrigel-coated (1:100 diluted in DMEM-F12 (Gibco, 31330-038), Corning Incorporated, 354277) Costar 6-well cell culture

plates (Corning Incorporated, 3516) in mTESR1 Basal Medium (STEMCELL Technologies, 85851) supplemented with 1x mTESR1

Supplement (STEMCELL Technologies, 85852) at 37oC with 5% CO2. Passaging was performed with Gentle Cell Dissociation Re-

agent (STEMCELL Technologies, 07174). RevitaCell Supplement (1:100 diluted, Gibco, A2644501) was added the day of the disso-

ciation for 24h to increase cell survival.

Cerebral organoids
Human cerebral organoids (hCOs) were created as previously described by Lancaster et al.15 with some modifications. Briefly,

hiPSCs were dissociated in StemPro Accutase Cell Dissociation Reagent (Life Technologies, A1110501). Nine thousand single cells

were plated into Ultra-low attachment 96-well plate round bottom wells (Corning Incorporated, 7007) in human embryonic stem cell

medium (hESC, DMEM/F12-GlutaMAX (Gibco, 31331-028) with 20% Knockout Serum Replacement (Gibco, 10828-028), 3% FBS

(Fetal Bovine Serum, Gibco, 16141-061), 1% non-essential amino acids (Gibco, 11140-035), 0.1 mM 2-mercaptoethanol (Gibco,

31350-010)) supplemented with 4 ng/ml human recombinant FGF (Fibroblast Growth Factor, Peprotech, 100-18B) and 50 mM

Rock inhibitor Y27632 (Millipore, SCM075) for 4 days and in hESC medium without bFGF and Rock inhibitor for an additional

2 days to form embryoid bodies (EBs). On day 6, the medium was changed to neural induction medium (NIM, DMEM/F12 GlutaMAX

supplemented with 1:100 N2 supplement (Gibco, 15502-048), 1% Non-essential amino acids and 1 mg/ml Heparin (Sigma, H3149))

and cultured for an additional 6 days. On day 12, the EBs were embedded in Matrigel (Corning Incorporated, 354234) drops and

transferred to 10-cm cell culture plates (TPP, 93100) in neural differentiation medium without vitamin-A (NDM-A, DMEM/

F12GlutaMAX and Neurobasal (Gibco, 21103-049) in ratio 1:1 supplemented with 1:100 N2 supplement, 1:100 B27 without Vitamin

A (Gibco, 12587-010), 0.5% non-essential amino acids, insulin 2.5 mg/ml (Gibco, 19278), 1:100 Antibiotic-Antimycotic (Gibco, 15240-

062) and 50 mM 2-mercaptoethanol) for 4 days. On day 16, hCOs were transferred onto an orbital shaker in NDM+A medium (same

composition as NDM-A with the addition of B27 with Vitamin A (Gibco, 17504-044) in the place of B27 without Vitamin A) and were

grown in these conditions at 37�C with 5% CO2. NDM+A medium was changed twice per week.

Mice
All experiments and protocols were performed in accordance with the European Communities’ Council Directive 2010/63/EU and

were approved by the committee for the Care and Use of Laboratory Animals of the Government of Upper Bavaria. All mice (Mus

musculus; C57BL/6J, Jackson laboratory) were obtained from the in-house breeding facility of the Max Planck Institute of Psychiatry

and kept in group housed conditions in individually ventilated cages (IVC; 30 cm x 16 cm x 16 cm; 501 cm2) serviced by a central

airflow system (Tecniplast, IVC Green Line – GM500). Animals had ad libitum access to water (tap water) and standard chow and

were maintained under constant environmental conditions (12:12 h light/dark cycle, 23 ± 2�C and humidity of 55%). Female mice

were time-mated and used at embryonic day 13.5 or 14.5 for in utero electroporations. Embryos of both sexes were electroporated

as at these developmental stages sex differentiation is not possible.

METHOD DETAILS

In utero electroporations of mice
Time-pregnant female mice at stage E13.5 or E14.5 were anesthetized by intraperitoneal injection of saline solution containing fen-

tanyl (0.05 mg per kg body weight), midazolam (5 mg per kg body weight), and medetomidine (0.5 mg per kg body weight) and em-

bryos were electroporated as described by Saito et al.64 In brief, plasmids weremixed with Fast Green (2.5 mg/mL; Sigma F7252) and

approx. 1 ml was injected at a final concentration of 1mg/mL using glass micropipettes (5-000-1001-X10, Drummond Scientific). The

DNA was electroporated into the cells by delivering 5 pulses applied at 40V for 50 ms in 1 s intervals. Anesthesia was terminated by

injection of buprenorphine (0.1 mg per kg body weight), atipamezole (2.5 mg per kg body weight), and flumazenil (0.5 mg per kg body

weight). The pups remained in utero for 3 or 6more days, after which euthanizing occurred and the pups’ brains were isolated. Brains

were fixed in 4% PFA (paraformaldehyde) for 16 h, cryo-preserved with 30% sucrose for at least 16 h and stored at �20�C in OCT

(optimal cutting temperature, Thermo Fischer Scientific, 23-730-571). For immunofluorescence, 12 mm cryosections were prepared

on SuperFrost� slides. For the cell cycle re-entry experiment, embryos were electroporated at E13.5 and the mother received an

intraperitoneal injection of 100 mg/kg of body weight of BrdU diluted in saline at E15.5, 24 hours before sacrifice at E16.5.

Electroporations of human cerebral organoids
HPS0076-hCOs were electroporated as described in Kyrousi et al.65 In brief, hCOs were kept in antibiotic-free NDM+A medium for

three hours prior to electroporation. Electroporation was performed in hCOs at day 43 after the initial plating of the cells, and hCOs
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were fixed at 7 dpe. During electroporation, hCOs were placed in an electroporation chamber (Harvard Apparatus, Holliston, MA,

USA) under a stereoscope. Using a glass micropipette (5-000-1001-X10, Drummond Scientific) 0.5 mL of plasmid DNA was injected

together with Fast Green into different ventricles at a final concentration of 1mg/mL. hCOs were subsequently electroporated with 5

pulses applied at 80 V for 50 ms each, at 500 ms intervals (ECM830, Harvard Apparatus). Following electroporation, hCOs were kept

for an additional 24 h in antibiotics-free NDM+Amedia and then changed into the normal NDM+Amedia until fixation at 7 dpe. hCOs

were fixed using 4% PFA for 1 h at 4�C, cryo- preserved with 30% sucrose for 16 h and stored at �20�C in OCT. For immunofluo-

rescence, 16 mm cryosections were prepared on SuperFrost� slides.

Glucocorticoid treatment in cerebral organoids and mice
hCOs

Day 43 hCOs of both lines were treated for 7 days with 100 nM of dexamethasone (dex). To achieve the concentration used, dex was

diluted in DMSO (dimethyl sulfoxide) in a concentration of 100 mMand subsequently diluted in NDM+A culture medium to a final con-

centration of 100 nM. The DMSO control (vehicle- veh) underwent the same dilutions as described for dex. Themediumwas changed

every two days. At the end of the treatment, hCOs were fixed using 4%PFA for 1 h at 4�C, cryo-preserved with 30% sucrose for 16 h

and stored at �20�C in OCT. For immunofluorescence, 16 mm cryosections were prepared on SuperFrost� slides.

Concentration and timing rationale

The concentration of 100 nM was chosen to mimic the antenatal corticosteroid therapy scheme used during pregnancy. The guide-

lines for sGC use are four doses of 6 mg dex every 12 h given intramuscularly8,66 when used in at risk for preterm birth pregnancies. A

single dose of 6mg reaches a Cmax of 65-95 ng/ml at Tmax 3 h66 which equals to a concentration of�162 nM-245 nM, whereas 1.5 mg

would equal to �40.4 nM-61.25 nM. The maternal to fetal steroid hormones ratio has been reported anywhere from 0.4 and higher,

days after the treatment.66 So, from a single 6mg dose wewould expect at the very least�64.8 nM-98 nM reaching the fetus 3 h post

treatment. Similarly, from 1.5 mg given each day we would expect at least�16.16 nM-39.2 nM reaching the fetus 3 h post treatment.

A previously published study that used 100 nM of androgens, which are also steroid hormones, in hCOs measured an actual con-

centration of 16 nM.67 They attributed this phenomenon to the fact that steroid hormones have high affinity to plastic due to their

lipophilic nature.68 Since our primary aim was to study the role of sGC therapy schema, the use 100 nM of dex should parallel the

amounts reaching the embryo by the clinically used concentrations. Asmentioned, the schema of antenatal corticosteroids treatment

is four doses during a 2 days’ time. Dexamethasone is a long-acting corticosteroid with a biological half-life of 36 to 54/72 h.69

Considering the active administration time and the biological half-life of the steroid, we would expect dex effects on the fetus for

5-7 days, with peak exposure for 2-3 days and then a decrease. Thus, we chose to administer dex for 7 days.

Immunofluorescence
Sections were post-fixed in 4%PFA for 10min at RT and permeabilized with 0.3%Triton in PBS for 5 min. Sections were subsequently

blocked with 0.1% TWEEN, 10% Fetal Bovine Serum and 3% BSA. Primary and secondary antibodies (see key resources table) were

diluted in blocking solution and nuclei were visualized using 0.5 mg/mL 4,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich). Cover slips

weremounted with Aqua Poly/Mount (Polysciences, 18606-20). For PAX6, EOMES, BCL11B, ZBTB16, SOX2, Ki-67, TBR1 and SATB2

antigen retrieval was performed before post-fixingwith PFA. Briefly, sectionswere incubated with citric buffer (0.01M, pH 6.0) for 1min

at 720 Watt and 10 min at 120 Watt, left to cool down at RT for 20 min and washed three times with PBS for 5 min.

Protein isolation and western blot
Proteins were isolated on ice in RIPA buffer (Sigma-Aldrich, R0278) supplemented with protease (Sigma Aldrich, P8340) and phos-

phatase inhibitors (Sigma Aldrich, 4906845001). For each experiment three biological replicates were included each bearing the ho-

mogenate of three individual hCOs. 30 mg of protein extracts were separated by SDS-PAGEwith an 8%gel. Proteins were transferred

to a PVDF membrane (Millipore, IPVH00010). For detection, membranes were incubated with primary antibodies (key resources ta-

ble) for 16 h at 4oC andwith horse- radish peroxidase-labeled secondary antibodies (key resources table) at RT for 1 h. Subsequently,

they were treated with Immobilon Western HRP Substrate Luminol Reagent and Solution (Millipore, WBKLS0500) to visualize the

bands. The quantification was performed in the Bio-Rad Image Lab Software (Version 6.1). Relative protein expression levels

were quantified and normalized with ACTIN as endogenous control.

RNA isolation and quantitative PCR
Total RNA was extracted from hCOs using the RNeasy Mini extraction kit (Qiagen, 74104) according to the manufacturer’s instruc-

tions. For each experiment three biological replicates were included each bearing the homogenate of three individual hCOs. Comple-

mentary DNA (cDNA) synthesis was performed using the Maxima H Minus Reverse Transcriptase (Thermo Fisher, EP0751)

with oligo(dT)16 primers (Invitrogen, N8080128) and random hexamers (IDT DNA Technologies, 51-01-18-25) in a 1:1 ratio. Quantita-

tivePCR (RT-qPCR) reactionswere run in quadruplicate usingPrimeTimeqPCRPrimerAssays (IDTDNATechnologies, key resources

table) and PrimeTime� Gene Expression Master Mix (IDT DNA Technologies, 1055770) on a LightCycler 480 Instrument II (Roche).

Relative gene expression levels were quantified using the relative quantification method and normalized with POLR2A and YWHAZ

as endogenous control genes. Data shown are additionally normalized over the vehicle samples so that vehicle samples have values

of approximately one.
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Plasmids preparation
Multiple PCR inserts were simultaneously cloned by In-Fusion HD Cloning Plus into the linearized vector pCAG-DsRed2 (Addgene,

#15777) to create the pCAG-ZBTB16-F2A-GFP plasmid. More specifically, the human ZBTB16 ORF (NM_006006.5, 2034 bp)

sequence was amplified from a plasmid delivered fromGenScript and the F2A-GFP from the Snap25-LSL-2A-GFP vector (Addgene,

#61575). PCR primers were designed for the sequence of interest with extensions that are complementary to the ends of the linear-

ized vector or the corresponding fragment (key resources table). PCR was performed using the CloneAmp HiFi PCR Premix (Takara

Bio, 639298) following manufacturer’s instructions

After cloning the fragments for 3 h at 37�C, the new construct was transformed into StellarTM competent cells and grown for 16 h

on agar plates containing 100 mg/ml ampicillin. Single colonies were picked, plasmidic DNA was isolated with Qiagen plasmid kits

(12123, 12143) and the genotype was checked with Sanger sequencing. The pCAG-F2A-GFP plasmid was created by cutting the

ZBTB16 fragment out of the pCAG-ZBTB16-F2A-GFP plasmid using the BamHI and BglI restriction enzymes.

Luciferase reporter assays
Luciferase assays were designed to assess the activity of the three human PAX6 promoters,70 P0, P1 and Pa under ZBTB16 over-

expression. The promoter sequences were cloned into the firefly luciferase (Luc2) reporter expression pRP vector by VectorBuilder.

The human ZBTB16 expression plasmid was generated by VectorBuilder using the pRP backbone. 500 ng of total plasmid DNA (75%

of human ZBTB16 expression plasmid, 15% of reporter plasmid and 10% of the pCAG-F2A-GFP, as internal control of transfection

efficiency) were transfected into 72,000 HeLa cells in a well of a 24 well plate using Lipofectamine 2000 (ThermoFisher Scientific)

followingmanufacturer’s instructions. All transfections were carried out in triplicates. HeLa cells were cultured in DMEM-F12medium

(Gibco, 11320033) supplemented with 10% FBS (Gibco, 16141-061) and 1x Antibiotic-Antimycotic (Gibco, 15240-062). The medium

was refreshed the next day and 48 h later transfected cells were PBSwashed and incubated for 15min at RT in 1x passive lysis buffer

(Biotium, 99821). Plates were kept at least 1 h at -80�C.Next, the lysate was scraped and centrifuged at full speed for 30 s at 4�C. 20 ml
of the supernatant was subjected to the luciferase assay with the addition of 50 ml D-luciferine (Beetle Juice luciferase assay, PJK,

102511-1) by using a Tristar multimode reader (Berthold). The luminescence measurement was done for 5 s using 2 s delay. In addi-

tion, 50 ml of the lysate were assessed for GFP fluorescence. The luciferase reading was normalized over the GFP results for each

well. Data is shown as fold changes over the control plasmid.

CRISPR-Cas9 editions of hiPSCs
CRISPR-Cas9 editing was used to create genomic deletions of the ZBTB16 exon 2 and of 744 bp of the regulatory element centered

on rs648044 an intronic ZBTB16 variant. Genome editing was done by electroporation of gRNA pairs (crRNA/tracrRNA duplexes, alt-

CRISPR IDT) and recombinant S.P. HiFi Cas9 V3 nuclease (IDT DNA Technologies, 1081060). crRNAs were designed using the

Benchling webtool and analysed for self- or heterodimers using the IDT OligoAnalyser� tool (key resources table). To delete the re-

gion of interest, 300,000 No.1 iPSCs were transfected with 35 pmol of each gRNA (crRNA/tracrRNA duplex 1:1 in 1x Arci annealing

buffer (STEMCELL Technologies, 76020), IDT DNA Technologies), 40pmol of Cas9 and 100pmol of electroporation enhancer (IDT

DNA Technologies, 1075915) in 26.57 ml of the P3 primary cell 4D_X Kit S (Lonza, V4XP-3032) using the 4D-Nucleofector X Unit

(Lonza, AAF-1003X) with the CA-137 program. Edited cells were plated into one well of 24-well plate coated with Matrigel 1:100

and cultured in supplemented mTESR1 Basal Medium and, for the day of the edition, with RevitaCell (1:100) at 37�C with 5%

CO2. For control editions, cells were electroporated with Cas9 without the addition of gRNAs. The next day themediumwas changed

to supplemented mTESR1 and cells were propagated approximately for 2-3 days till they reached 80-90% confluence. Next, cells

were passaged into a well of a 6-well plate coated with Matrigel using Gentle Cell Dissociation Reagent and propagated until conflu-

ence. Subsequently, 89.5% of the cells were expanded, 10% of them were taken for bulk genotyping analysis and 0.5%were plated

in a well of a 6-well plate coated withMatrigel to generate single-cell-derived clonal cell lines. Bulk and single cell DNA extraction was

done using 30 ml of QuickExtract DNA Extraction Solution (Lucigen, QE09050). Briefly, cells were dissociated, pelleted, resuspended

in the extraction solution and incubated at 65�C for 10 min and 98�C for 5 min. PCRwas performed using the primers in key resources

table, the Q5 high fidelity master mix (New England Biolabs, M0494S) and 40ng of cell extract in a total volume of 10 ml. The thermal

cycling profile of the PCR was: 98�C 30 s; 35 3 (98� 10 s, 65�C 15 s, 72�C 60 s); 72�C 2 min. Automated electrophoresis technique

(DNA screen tape analysis, Agilent) and Sanger sequencing (Eurofins, primers in key resources table) were used to confirm the pres-

ence of CRISPR-Cas9-mediated knockout mutants in the bulk population and the single clones. For the ZBTB16 exon 2 edition we

selected a heterozygous KO cell line (termed ZBTB16+/- and ZBTB16+/+ for the control edition) showing by western-blot analysis a

�46% reduction in protein expression (key resources table). The rs648044 is a heterozygous SNP in the iPSC cell line used

(rs648044G/A). From the edited single clones, we selected a heterozygous KO cell line of the enhancer element harboring the A ge-

notype (termed rs648044G/- and rs648044G/A for the control edition). The effect of the KO on ZBTB16 expression was assessed by

RT- qPCR in veh and dex conditions and using POLR2A and YWHAZ for normalization (key resources table).

Flow cytometry
No.1- ZBTB16+/+ and ZBTB16+/- hCOs were collected for Flow Cytometry analysis (FCa) at day 50 after 7 days of treatment with veh

or 100nM dex and/or 1mM of the GR antagonist RU-486 (Selleck, S2606). Three to four samples per batch were analysed and each

sample contained two individual hCOs. hCOs were enzymatically dissociated with accutase supplemented with DNase I
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(ThermoFisher Scientific, EN0521) at 37�C for maximum 40min. During incubation, every 10min the hCOswere additionally manually

dissociated with a P1000 pipette. Once dissociated, the hCOs were centrifuged for 5 min at 300g and the pellet was resuspended in

PBS to wash. Next, cells were centrifuged and the cell pellets were fixed with 70% EtOH at -20�C for 1 h. Subsequently, after the

addition of 5 ml washing buffer (PBS + 1% FBS) fixed cells were centrifuged for 30 min, at 4�C and 500g. The cell pellet was resus-

pended in 200 ml staining solution (wash buffer supplemented with anti-PAX6 and anti-EOMES, key resources table) and incubated

for 30 min on ice. After the primary antibody incubation, 1 ml of washing buffer was added and the stained cells were centrifuged for

30 min, at 4�C, at 500g. The cell pellet was resuspended in 200 ml secondary antibody staining solution (wash buffer supplemented

with anti-rabbit 488, anti-sheep 594 and DAPI, key resources table) and incubated for 30 min on ice. The stained cells were filtered

through an 100 mm cell strainer and diluted in additional 200 ml wash buffer. FCa was performed at a FACS Melody (BD) in BD FACS

Flow TM medium, with a nozzle diameter of 100 mm. For each run, 20,000 cells were analysed. For the 488 fluorophore we used the

488 nm laser coupledwith the 530/30 filter and for the 594 fluorophore we used the 561 nm laser coupledwith the 613/18 filter.Gating

strategy: SSC-A/FSC-A gates were used to exclude cell debris and FSC-H/ FSC-W to collect single cells. Gating for fluorophores was

done using samples stained with secondary antibody only. The flow rate was set below 30 events/s. Further analysis was done using

the software of the FACS Melody (BD) and the online free software Floreada.io.

Targeted bisulfite sequencing
Targeted bisulfite sequencing was performed following the original protocol.41 DNAwas isolated from day 30 hCOs that were treated

with 100 nM dex or veh for 7 days with the NucleoSpin Genomic DNA kit (Macherey-Nagel). Bisulfite treatments were performed in

triplicate for 200 ng of DNA from each sample with the EZ DNA Methylation Kit (Zymo Research, D5001) and then pooled to run one

PCR amplification per amplicon to reduce cost and maximize the number of samples per sequencing run. Twenty nanograms of

bisulfite-converted DNA and 49 amplification cycles were then used for each PCR amplification (Table S1) with the Takara EpiTaq

HS Polymerase (Clontech, R110A). PCR amplicons were then quantified with an automated electrophoresis technique (2200 DNA

screen tape analysis, Agilent) and pooled in equimolar quantities for each sample. AMPure XP beads (Beckman Coulter, A63880)

were used for a double size selection (200–500 bp) to remove primer dimers and high molecular DNA fragments. Libraries were

generated using the TruSeq DNA PCR-Free HT Library Prep Kit (Illumina, 20015963) according to the manufacturer’s instructions.

Each library was quantified with the Qubit� 1.0 (ThermoFisher Scientific), normalized to 4 nM and pooled. Library concentration

and fragment sizes were checked with the Agilent’s 2100 Bioanalyser (Agilent Technologies) and quantitative PCR using the Kapa

HIFI Library quantification kit (Kapa Biosystems, KK4824). Paired-end sequencing was performed on an Illumina MiSeq Instrument

(Illumina) with their MiSeq Reagent Kit v3 (MS-102-3001, 2Å�300 cycles) with the addition of 15%of PhiX Control v3 library (Illumina,

FC-110-3001) generating 300 bp long paired-end reads. Reads were processed as described by Roeh et al.41 In brief, read quality

was verified using FastQC,71 and cutadapt v1.1172 was applied to trim reads. Subsequently, reads were aligned to a restricted refer-

ence consisting of the amplicon sites using Bismark v0.18.2.73 Paired-end reads were stitched together using an in-house perl script.

Using the R package methylKit v.1.6.374 increasing Phred score quality cutoff to 30, methylation levels were extracted. Further

filtering was conducted in R. We excluded artifacts on a per sample basis, including low-coverage amplicons (sequencing

coverage < 1000, 0 samples excluded) and samples with bisulfite conversion efficiency lower 95% (0 samples excluded). To test

for significance, individual CpGs of the same enhancer element were tested with two-way ANOVA and corrected for multiple com-

parisons with the two-stage step-up method of Benjamini, Krieger and Yekutieli.75

Methylation analysis by bisulfite pyrosequencing
DNA was isolated from day 30 hCOs that were treated with 100 nM dex or veh for 7 days with the NucleoSpin Genomic DNA kit

(Macherey-Nagel). Bisulfite treatments were performed in triplicate for 300 ng of DNA from each sample with the EZ DNAMethylation

Kit (Zymo Research, D5001) and then pooled to run one PCR amplification per amplicon in order to reduce cost and maximize the

number of samples per sequencing run. Twenty nanograms of bisulfite-converted DNA and 45 amplification cycles were then used

for each PCR amplification (Table S1) with the PyroMark PCR Kit (Qiagen, 978703). Pyrosequencing primers were designed with the

MethMarker software and carried out on a PyroMark Q48 Autoprep using PyroMark Q48 Magnetic Beads (cat. no. 974203),

PyroMark Q48 Discs (cat. no. 974901) and PyroMark Q48 Absorber Strips (cat.no. 974912), according to the manufacturer’s recom-

mendations. To test for significance, individual CpGs were tested with two-way ANOVA and corrected for multiple comparisons with

the two-stage step-up method of Benjamini, Krieger and Yekutieli.75

Bulk RNA sequencing
RNA was isolated from day 45 No.1- hCOs in triplicates with 2–3 organoids pooled per replicate, either treated with 100 nM dex for

7 days or veh (DMSO). Sequencing libraries were prepared using the QuantSeq 30 mRNA Fwd kit (Lexogen) following manufacturer’s

instructions. Sequencing was performed on an Illumina HiSeq4000 sequencer generating 150 bp long single-end reads. Read quality

was verified using FastQC version 11.4.71 For adapter trimming and quality filtering the software cutadapt version 1.9.172 was used.

For read alignment and gene quantification salmon version 0.43.176 was applied setting the parameters noLengthCorrection and

perTranscriptPrior to account for the tag sequencing approach. Differential gene expression was assessed using the R package

DESeq2.77 Data are openly available as BioProject with accession number PRJNA865917.
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HPS0076 chronic single-cell dataset
Single-cell RNA-sequencing data of 70-day-old hCOs (HPS0076 derived) treated with 100 nM of dexamethasone for 10 days prior to

collectionwere obtained fromhttps://zenodo.org/records/10391946.We sub-setted the dataset to cells from70-day-old organoids and

recomputed 4000 highly variable genes (HVGs) (using log-normalized counts and the ‘‘cell_ranger’’ flavor78), principal components,79 a

nearest neighbor graph,80 louvain clustering (https://github.com/vtraag/louvain-igraph),81 and partition-based graph abstraction

(PAGA)82 using default parameters in scanpy83 v1.9.3. The layout obtained from plotting the PAGA results with a threshold of 0.01

was used as initialization to compute Uniform Manifold Approximation and Projection (UMAP)80 with default parameters.

We used theMASTRpackage84 v1.20.0 (R v4.1.2) to compute differential expression between different groups of cells as specified

below. Unless stated otherwise, we only used cells from samples with more than 10 cells in the dataset. We furthermore removed any

genes which were expressed in less than 5% of the cells and controlled for the number of expressed genes in the expression model.

We used the likelihood ratio test to compute the statistical significance of differential expression and corrected for multiple testing

using false discovery rate (FDR) correction.

Differential expression was computed for the following groups: between treatment and control for each of the eight cell-types in the

dataset; between ZBTB16 positive and negative cells in the combined population of vehicle-treated Radial Glia and Intermediate Pro-

genitor cells; between treatment and control in cells positive for PAX6 and EOMES (due to low cell numbers in this case without the

filtering of samples containing more than 10 cells); between treatment and control in progenitors (combining the RG, Cycling and IP

clusters) and all non-progenitors (all remaining clusters).

Enrichment of ZBTB16 target genes in the progenitors and non-progenitors significant DE genes (treatment vs. control; FDR cor-

rected p value > 0.05) was computed using the Python implementation of Enrichr85,86 via the GSEApy83 package v1.0.5 with default

parameters. ZBTB16 target genes were obtained from the CollectTRI87 database, via the Python implementation of decoupler88

v1.4.0. This analysis was repeated with manually adding PAX6 (found as a target in Singh et al.89) as an additional target gene of

ZBTB16 in an otherwise identical setting.

For Gene Set Enrichment Analysis, we used the R package Cluster Profiler (release 3.17)90,91 and plotted the results using

EnrichPlot.92

For overrepresentation analysis for the DE genes in progenitor and non-progenitor clusters we used FUMA GENE2FUNC93 anal-

ysis based on Gene Ontology (GO, 94,95, analysis references the NHGRI-EBI GWAS Catalog96 (https://www.ebi.ac.uk/gwas/) most

recently updated on 27 September 2023). Default parameters were used in FUMA, with all genes expressed in either the progenitor or

the non-progenitor DE analysis as the background list. We used an FDR cutoff of 5% for statistical significance.

No.1 single-cell dataset
Uniform Manifold Approximation and Projection plots (UMAP)80 were used to visualize the expression of five genes (ZBTB16, PAX6,

TSC22D3, KLF9, HEYL) in a previously published single-cell RNA seq dataset (Cruceanu et al.16). Specifically, gene expression was

plotted in the day 30 subsets from cell-line 1 of the aforementioned dataset using the SCANPY83 python package. The software envi-

ronment and data processing used to produce these Figure s was identical to the environment and processing steps used to produce

expression-UMAPs in Cruceanu et al.16 Using the same data subset, the number of cells positive (>0 raw counts) and negative (0 raw

counts) for the five genes were computed across the cell-type clusters defined in the associated publication. The percentages of the

positive, for each gene, cells in each cluster depicted in Figure S3B were calculated as a fraction of the total cells positive for each

gene in all clusters using the Wilson/Brown method with 95% confidence intervals.

STARR (Self-Transcribing Active Regulatory Region sequencing)-qPCR
rs648044 cloning into STARR reporter plasmid

For the STARR-qPCR assay, candidate sequenceswere cloned in the 30-UTR of the sgGFP reporter gene driven by the SCP1minimal

promoter.97 Once transfected into GR expressing cells, active regulatory elements would modulate GFP expression under dex treat-

ment.98 201 bp long DNA inserts (gblock, IDT) containing 200 bp putative regulatory element centered on the rs648044 (reference and

alternative allele) and flanked by 15bp sequence homologous to the STARR reporter construct (key resources table) were inserted by

in-Fusion HD Cloning Plus into the human STARR-seq vector digested with SalI and AgeI following the manufacturer’s instructions

(Takara Bio, 102518). The inserts had additionally 2 bp to reconstitute the AgeI and SalI restriction sites lost during cloning. Subse-

quently, the constructs were transformed into Stellar� competent cells (Takara Bio, 636763) and grown for 16 h on agar plates con-

taining 100 mg/ml ampicillin. Single colonies were picked, plasmidic DNA was isolated with Qiagen plasmid kits (12123, 12143) and

the genotype was checked with Sanger sequencing (key resources table).

U2OS-GR18 cells transfection

U2OS cells stably transfected with rat GRa (GR18 cells)99 were cultured in Dulbecco’s Modified Eagle Medium- high glucose sup-

plemented (Gibco, 11965084) with 10% FBS (Gibco, 16141-061) and 1x Antibiotic-Antimycotic (Gibco, 15240-062). Twomillion cells

were transfectedwith 2 mg of plasmid in triplicates using the Amaxa Nucleofector II Kit V and programX-001 (Lonza Bioscience). After

16 h cells were treated with 100 nM dex or veh for four hours. RNA was isolated with the RNeasy Mini extraction kit (Qiagen, 74104)

according to the manufacturer’s instructions.
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cDNA conversion and qPCR

cDNA was generated using two gene specific primers for plasmid GFP and RPL19 as endogenous control (key resources table) and

the Quantitect Reverse Transcriptase (Qiagen) kit following manufacturer’s instructions. Regulatory elements activity was assessed

with qPCR using primers for RPL19 and GFP (key resources table). The qPCR was analysed with the relative quantification method

and GFP expression was normalized over the RPL19 expression. Data are shown both as expression values (2-DCt) and as fold

changes of the expression values (dex/veh).

Mendelian randomization analysis (Mra) and Phenome-wide association (PheWAS) study
All processing and analysis were conducted using R software.100 To assess the potentially causal effect of ZBTB16 on a range of

phenotypes, rs648044 was used as genetic proxy with log fold-changes of the effect allele (A), averaged over STARR-qPCR exper-

iments, (b= 1.475794, SE= 0.1015) used as exposure effect and variance estimates.

Outcome phenotype selection

Outcome phenotypes were selected from theMRC IEUOpenGWAS platform focusing on phenotype batches originating from the UK

Biobank study, the NHGRI-EBI GWAS Catalog, and a GWAS on brain imaging phenotypes based on UK Biobank data

(Table S7).96,101,102 From the initial phenotype list originating from these batches, 8979 phenotypes from GWAS of European pop-

ulations were selected after filtering out duplicates and phenotypes not of interest to this study (e.g., ‘‘Patient Care Technician

responsible for patient data’’ or ‘‘Day-of-week questionnaire completion requested’’). Duplicates were filtered using a semi-auto-

mated procedure including deletion of phenotypes with identical names and smaller GWAS sample size as well as manual filtering

of phenotypes with high similarity in trait names (quantified using the restricted Damerau-Levenshtein distance >0.8 implemented in

the stringdist package).103 This procedure resulted in a final phenotype list of 7,503 phenotypes.

Mendelian armonizedon analysis (Mra)

The TwoSampleMR package was used for Mra.104 Outcome data for rs648044 were extracted from phenotype summary data, which

were available for 7,323 outcomes, and effect and reference alleles were armonized with exposure data. Wald ratio Mra estimation

was applied as method of choice for single-SNP Mra for all remaining outcome phenotypes.105 To account for the multiple compar-

isons, P-values from all 7,323 comparisons were corrected using the Benjamini-Hochberg method.106

Illustration of PheWAS associations

Significant phenome-wide associations with brain region phenotypes were illustrated by overlaying human brain atlas regions as prox-

ies of the regions of interest onto theMNI template inMRIcroGl (version v2.1.58-0, https://www.nitrc.org/projects/mricrogl/). Due to the

different analysis streams and granularities of the significant brain phenotypes, different atlases were used to portray the results. For

illustration purposes, regions taken fromprobabilistic atlaseswere thresholded at 10%.As a proxy for the circular anterior insular cortex

thickness, we used the anterior insula of the ‘‘Hammersmith atlas107’’. Medial lemniscus, cingulate gyrus part of cingulum, cingulum

hippocampus, uncinate fasciculus, posterior limb of internal capsule, inferior fronto-occipital fasciculus, uncinate fasciculus, anterior

corona radiata and the corticospinal tract were portrayed using the JHU ICBM DTI 81 white matter labels,108 the acoustic radiation

was visualized using the Juelich histological atlas,108 the inferior longitudinal fasciculus, and the thalamic radiation by the JHU White

Matter Tractography109 and the superior thalamic radiation by the XTRACT HCP Probabilistic tract atlas.110

Scripts and data for the Mra-PheWAS analyses are openly available via https://osf.io/4ud6q/ for full transparency.

InTraUterine prospective pregnancy cohort study
Study Cohort

The InTraUterine sampling in early pregnancy (ITU) is a prospective pregnancy cohort study with the overarching aim to unravel

maternal-placental-fetal mechanisms involved in the programming of health and disease.53 It comprises 943 women and their

singleton children born alive in Finland between 2012–2017. The women were recruited at the voluntary national 21-trisomy screen,

offered to all pregnant women at gestational weeks 9 to 21. Of these women, 543 (57.6%) were referred for fetal chromosomal testing

at Helsinki and Uusimaa Hospital District Fetomaternal Medical Center (FMC) and thereafter cleared for fetal chromosomal abnor-

mality. The rest, 400 (42.4%) women, had a negative 21-trisomy screen result and were not referred for fetal chromosomal testing.

Ethics approval

The ITU study was conducted according to the World Medical Association’s Declaration of Helsinki and the research protocol was

approved by the ethics committee of the Helsinki and Uusimaa Hospital District (approval date: 06.01.2015, reference number: 269/

13/03/00/09). All women provided written informed consent. In compliance with the General Data Protection Regulation of the Eu-

ropean Union, the personal data of all participants were de-identified, protected at all times, and confidentiality agreements were

signed by all personnel with ITU data access.

Data availability

A complete set of salivary cortisol, fetal rs648044 genotype (genotype frequencies of AA = 0.234, GG = 0.284, AG = 0.482, Hardy-

Weinberg-Equilibrium [HWE] p = .630), and child neuropsychological assessment at 35.6 months of age (range 24.5 to 42.5) was

available for 246 mother-child dyads (46.7% female sex) before and for 221 mother-child dyads (49.1% female sex) after gestational

week 28.
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Salivary cortisol assessment

Salivary cortisol sample collection, storage, and competitive enzyme immunoassay were previously described.52 Briefly, mothers

collected saliva in early (<22 weeks, T1), mid- (22-35 weeks, T2), and late pregnancy (R36 weeks, T3) when waking up (S1), 15

(S2) and 30 min (S3) thereafter; at 10 am (S4), noon (S5), 5 pm (S6), and when going to sleep (‘‘lights out’’, S7). Gestational week

at assessment was computed using the ultrasound-based date of conception and self-reported date of cortisol assessment.

Salivary cortisol samples were available for 690women (307with and 383without chromosomal testing) of which 15were excluded

due to corticosteroid treatment111 resulting in a total of 9,992 (70.49%) out of themaximum number of 14,175 samples in 675women.

Samplesmeasured in duplicate were averaged and thosewith a coefficient of variation greater than 0.25 (1.6%, 164/9,992) excluded.

Cortisol values below the lower limit of the assay range were truncated at 0.05 mg/L (2.4%, 240/9,992, no values fell above the upper

limit). For some women, multiple assessment days (i.e., 24) fell into the same pregnancy stage and only the one with most complete

observations, protocol adherence, or absence of day-specific outliers (i.e., >2 SD of the day-specific mean) was kept, leading to the

exclusion of 159 samples. For 6 women, date records were missing, and their 89 samples were excluded. Further exclusion criteria

were self-reported illness on the day of sampling (89 samples, leading to the exclusion of all samples of 2 women), getting up before

the first sample (108 samples), sampling of S2 or S3 more than 60 min after awakening (10 samples), or S4 sampling within the first

60 min after awakening (17 samples). Missing sampling times (0.1%, 19/9,992) were imputed according to sampling protocol for S2

to S6 or sample median for S1 and S7. The distribution of the cortisol samples was positively skewed, and thus natural log+1 trans-

formed. To further reduce skewness, outliers (i.e., >4 SD pregnancy stage-specific mean) were winsorized (9 samples).

The resulting dataset consisted of 9,356 samples from 667 women (292 with and 375 without chromosomal testing). Of these, 589

provided salivary samples before gestational week 28 (range 12.3 to 27.9 weeks) and 499 after gestational week 28 (range 28.14 to

41.3 weeks). Total cortisol output per pregnancy stage was estimated based on the area under the curve with respect to ground

(AUCg) of all seven saliva samples using the trapezoid rule.112 When multiple occasions fell into the same gestational interval (i.e.,

gestational week <28 or >28 weeks), the total cortisol output and gestational week at assessment were averaged.

Fetal genotypes

DNA was extracted from cord blood leucocytes using a bead-based method optimised by tissue type (Chemagic 360, Perkin Elmer)

and genotyping performed on Illumina GSA-24v2-0 A1 arrays according to themanufacturer’s guidelines. Genotyping quality control

and imputation were previously described in Kvist et al.53 In total, the rs648044 genotypewas available for 446 (genotype frequencies

of AA = 0.226, GG = 0.285, AG = 0.489, HWE p = .704) out of a maximum of 944 samples.

Child neuropsychological assessment

At 35.48months (range 24.5 to 42.5 months) follow-up, children’s cognitive skills were assessed by trained psychology students (su-

pervised by a clinical pediatric neuropsychologist) using the Bayley-III screening test.113 The Bayley-III is a norm-referenced test de-

signed to identify infants and toddlers at risk for developmental delay. Scores were calculated using normative data tailored for exact

age, with higher scores indicating better performance. The Bayley cognitive assessment was available for n = 618 (50.5% female) out

of a maximum of 944 children. Neurodevelopmental delay was defined as 1 SD below the sample mean.

Maternal and child covariates

All mothers consented to link their data to Finland’s detailed nationwide registers. Maternal sociodemographic and pregnancy char-

acteristics used in this study includedmaternal age at delivery [years], parity [nulli-/multiparous], whether the mother was referred for

fetal chromosomal testing [yes vs no], maternal education [primary/applied university/university education], which was self-reported

in early pregnancy, and pre-pregnancy BodyMass Index [BMI, weight (kg)/height^2 (m^2)] verified by measurement in the first ante-

natal clinic visit between 7-10 gestational weeks. Child characteristics included gestational age at delivery and child sex.

Logistic regressions

Binomial logistic regressions were run using the ‘‘glm’’ function of the ‘‘stats’’ package in R (version 3.6.1).100 We tested the asso-

ciation of the interaction effect of mean cortisol * rs648044 A allele on delay in cognitive performance as defined by the Bayley cogni-

tive subscale, using the following covariates: gestational week at cortisol assessment, child sex, child age when the Bayley question-

naire was done, gestational age at birth, maternal age and education, parity, maternal body mass index and case vs control as

women were either recruited at routine care (controls) or after referral for chromosomal testing (cases). Cases all tested negative

for chromosomal abnormality). The plot on Figure 7E was done using the ‘‘ggplot2’’ package114 in R.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis and quantifications
Immunostained fluorescent stainings were visualized using a Leica laser-scanning microscope and analysed with FIJI ((Fiji Is Just)

ImageJ 2. 1. 0/1.53c; Java 1. 8. 0_172 [64 bit]).60 For analysis of the hCOs, we included ventricles that fulfilled the following criteria:

clear ventricular structure with elongated, radially-organized cells surrounding the ventricular zone (VZ- determined with DAPI stain-

ing), at least one cell electroporated in the VZ (for electroporation experiments) and expression of PAX6 and EOMES to define dorsal

cortical ventricles. In addition, we stained with EMX1 to ensure the dorsal telencephalic identity of our ventricles/hCOs (Figure S2L).

Cell counting was performed in one representative plane of a z stack using the cell counter tool in FIJI. For electroporations binning

analysis was done.
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Electroporations on hCOs

For each experiment, at least seven independent ventricles from five different HPS0076-hCOs generated in three independent prep-

arations grown in different times were analysed. Analysis of the ZBTB16 phenotype in the electroporation experiments was per-

formed by always comparing hCOs electroporated with ZBTB16-F2A-GFP plasmid vs F2A-GFP control plasmid in the same

batches. Throughout the area of the electroporation, bins were set as follows: the maximal distance between the most migrated

GFP-positive cell and the apical surface of the ventricle where the first GFP-positive cells are located was measured and divided

into three equally-heighted bins. Bin A is mainly comprised of the VZ, bin B of the outer-most basal part of the VZ and the SVZ

and bin C of the CP. As normalization we used the number of GFP-positive cells in total or per bin as specified in each section.

For the GFP cell morphology reconstructions, the afore-mentioned electroporated ventricles were re-imaged with a step size of

0.2 mm to ensure that we captured the whole cell including its processes. The tracking of the cells was done using the SNT plugin115

of ImageJ on the 3D images. In total, 34 GFP-electroporated cells and 22 ZBTB16-GFP- electroporated cells were traced.

Dexamethasone effects on hCOs

For each experiment, at least twelve independent ventricles from six different HPS0076-hCOs and at least five independent ventri-

cles from three different No.1-hCOs, generated in two independent preparations for HPS0076 and in one preparation from No.1

iPSCs grown in different times were analysed. For analysis of the dex effects in hCOs, VZ and SVZ (subventricular like-zone) were

defined by the cell shape and proximity to the apical zone. The VZ area presented elongated, radially-organized cells positive for

radial glia markers (PAX6, SOX2) but not for basal progenitors’ markers (EOMES). The area on top, assigned as SVZ, was positive

for EOMES. Areas were defined and measured in FIJI using the ROI Manager tool. As normalization we used the surface of the

measured area. For the quantification the PAX6 zone thickness in Figure S1Cwemeasured the length of the PAX6+ zone and normal-

ized that to the total length of the germinal zone (defined by radially placed DAPI+ nuclei) and the length of the cortical plate (defined

by BCL11B+ staining). For each ventricular structure we analysed at least 3 different sides of it and averaged the results in order to

account for intra-ventricle variations. For Figures S1C and S4A we quantified the thickness of the germinal zone, as defined by elon-

gated and radially placed DAPI+ nuclei, and the thickness of the PAX6 zone, as defined by PAX6 positive staining, in all ventricles that

were quantified in Figure 1B and Figure 3D respectively.

In utero electroporations of fetal mice

For each experiment and condition, at least eight mouse cortical sections from five different embryos collected from two mothers

were analysed. The GFP- and ZBTB16-GFP plasmids were electroporated in different embryos of the same mother. For analysis

of the in utero electroporations in mice, we used binning analysis. We chose a cortical column that had the majority of electroporated

cells and we set the bins as follows: the maximal distance between the most migrated GFP-positive cell in the cortical plate and the

apical surface of the ventricle was measured and divided by five. The width of the bin was the width of the 40x lens image and it was

the same for all sections and mice. As normalization we used the number of GFP-positive cells in total or per bin as specified in each

section.

Statistics & plots
The statistical analysis was performed in GraphPad Prism (Version 9. 1.0 (2021)). Groups were then compared with a two-tailed

Mann-Whitney test or a one-way or a two-way ANOVA with multiple comparisons corrected with the two-stage step-up method

of Benjamini, Krieger and Yekutieli,75 according to the type of data and their distribution. More specifically, p-values for

Figures 1F, 3E, 3F, 4C, 4E, 4G, 5C, 5E, 5F, and 7B and for Figures S1A–S1C, S2C, S2E, S4A, S4F, S5B, S5D, S6B, S6D, S6F,

S6G,S6I,S6K–S6N, and S7A, S7B, S7E, and S7F were calculated using two-way ANOVA with Benjamini, Krieger and Yekutieli mul-

tiple testing correction. P-value for Figures 2F and 6B were calculated using one-way ANOVA with Benjamini, Krieger and Yekutieli

multiple testing correction. P-values for Figures 1C, 2E, 3C and for Figures S2H, S2J, S2K, S3H, S3J, and S7C were calculated using

Mann–Whitney (two-tailed) comparison between the two treatment/electroporation groups (veh-dex or ZBTB16 overexpression

plasmid- control plasmid). P-value for Figure S4C was calculated with a Fisher’s exact test. On the plots, the p-values depicted

are the Mann-Whitney comparison p-value or for the ANOVAS the corrected post-hoc p-values. For each statistical test the N equals

the dots depicted in each plot.

Dots in plots of Figures: 1C&F, 3C,E&F and of Supplemental Figures S1A–S1C, S2J, S2K, S3J, S4C, S4F, S5B, and S5D represent

individual ventricles. Specifically, for HPS0076 hCOs results in Figures 1C and 1F and for Figures S1A and S1B dots represent indi-

vidual ventricles from six different HPS0076-hCOs generated in two independent preparations grown in different times. For No.1

hCOs results in Figures 1C and 1F dots represent individual ventricles from three different No.1-hCOs generated in one preparation.

For Figures 3C,3E, and 3F and for Figure S4F dots represent individual ventricles from at least five different HPS0076-hCOs gener-

ated in three independent preparations grown at different times. For Figures S2J, S2K, S3J dots represent individual ventricles from

three different hCOs generated in two independent preparations per iPSC line grown at different times. For Figure S5 dots represent

individual ventricles from 4 different hCOs per condition and per genotype generated in one preparation for each genotype.

Dots in plots of Figures 2E, 7F, 4E, 4G, and 7B and of Figures S2C, S2E, S3H, S8B, S8C, S8E, and S8F represent replicates each

containing RNA/DNA/protein/cells extracted from a pool of two to three organoids each, i.e, 3 pools each containing 2 to 3 organoids

so 6 to 9 organoids in total. More specifically, dots and western lanes in Figures 2E, 2F and 4B represent protein and RNA expression

values from an isolate of a pool of three hCOs each. The hCOs were generated in two independent preparations grown in different

times per iPSC line. For Figures 4E and 4G dots represent FCa results from an isolate of a pool of two hCOs each. The hCOs were
Neuron 112, 1426–1443.e1–e11, May 1, 2024 e10



ll
OPEN ACCESS Article
generated in two independent preparations per iPSC line grown at different times. For Figure 7B and for Figure S7B results of two or

three replicates for dex respectively and 3 for dmso are depicted and they represent methylation levels from an isolate of a pool of two

hCOs each. For Figures S2C, S2E, and S2H dots represent FCa results from an isolate of a pool of two hCOs each. The hCOs were

generated in one preparation for panel 2E and in two preparations for panel 2C and 2H. For Figures S3H dots represent RNA expres-

sion values from an isolate of a pool of two hCOs each. The hCOswere generated in two independent preparations grown in different

times per iPSC line. For Figures S7E and S7F dots represent RNA expression values or fold changes from an isolate of a pool of two

hCOs each. The hCOs were generated in one preparation per iPSC line.

Dots in plots of Figures 5 and S6 represent individual embryos. Each dot represents average counts from at least two cortical sec-

tions from one embryo. Embryos collected from two independent mothers were analysed for each staining.

For Figure 6 dots represent luciferase activity values of cells from independent cell culture wells for each condition and promoter.

Dots in Figures S7B and S7C represent RNA expression values or fold changes from isolates of independent cell culture wells for

each genotype and treatment.

Box and whisker plots represent 25th to 75th percentile of the data with the center line representing the median and whiskers rep-

resenting minima and maxima. Bar plots with error bars showing standard error of the mean (SEM). Plots and statistics for all figures

were generated using the GraphPad Prism 9 software.

Significance: ****p % 0.0001, ***p % 0.001, **p % 0.01, *p %0.05, ns p > 0.05.
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