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SUMMARY
Telencephalic organoids generated fromhumanpluripotent stemcells (hPSCs) are a promising system for studying the distinct features of

the developing human brain and the underlying causes of many neurological disorders. While organoid technology is steadily

advancing, many challenges remain, including potential batch-to-batch and cell-line-to-cell-line variability, and structural inconsis-

tency. Here, we demonstrate that amajor contributor to cortical organoid quality is thewayhPSCs aremaintained prior to differentiation.

Optimal results were achieved using particular fibroblast-feeder-supported hPSCs rather than feeder-independent cells, differences that

were reflected in their transcriptomic states at the outset. Feeder-supported hPSCs displayed activation of diverse transforming growth

factor b (TGFb) superfamily signaling pathways and increased expression of genes connected to naive pluripotency.We further identified

combinations of TGFb-related growth factors that are necessary and together sufficient to impart broad telencephalic organoid compe-

tency to feeder-free hPSCs and enhance the formation of well-structured brain tissues suitable for disease modeling.
INTRODUCTION

The emergence of methods to direct the formation of neu-

rons from human embryonic stem cells (hESCs) and hu-

man induced pluripotent stem cells (hiPSCs)—collectively

hPSCs—provides unprecedented opportunities for investi-

gating mechanisms behind healthy human brain develop-

ment andneurological disease. Attentionhasmost recently

turned to the creation of tridimensional structures termed

organoids or spheroids, which display spatial organization

of neural progenitors and diverse populations of neurons

and glial cells that better approximate the features of the

developing human brain in vivo than two-dimensional cul-

tures in vitro (Chiaradia and Lancaster, 2020; Velasco et al.,

2020). Thus far, organoids have been used to model a vari-

ety of disorders impacting brain growth such as micro-

cephaly and lissencephaly, and efforts to model more

complex neurological disorders that principally impact
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neural circuit formation and function such as schizo-

phrenia, autism spectrum disorders, and degenerative

conditions are under way (Amin and Pasca, 2018; Samara-

singhe et al., 2021; Zhang et al., 2021). Success in these en-

deavors, however, depends on the reproducible creation of

well-structured organoids in which neural networks can be

assembled.

Several studies have suggested that organoid reproduc-

ibility is best accomplished using protocols that direct the

formation of specific brain regions such as the cerebral cor-

tex and basal ganglia (Watanabe et al., 2017; Qian et al.,

2018; Sloan et al., 2018; Xiang et al., 2018) reflected by a

high degree of organoid consistency seen at the transcrip-

tomic level (Qian et al., 2016; Watanabe et al., 2017;

Velasco et al., 2019; Yoon et al., 2019). However, the cy-

toarchitecture of the organoids, particularly the laminar or-

ganization of the cortex, can still markedly vary (Bhaduri

et al., 2020a, 2020b). Some of these differences could arise
he Author(s).
ecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. The quality of cortical organoid formation can markedly vary depending on hPSC maintenance conditions
(A) hPSC were maintained using different media conditions, dissociated, and used to create cerebral organoids with the same
protocol.
(B) H9 hESCs maintained under either MEF-supported or FF conditions express canonical pluripotency markers such as SOX2 and NANOG.
(C–Q) Comparison of the features and quality of week 2.5 (W2.5) organoids derived from H9 cells maintained with the support of two
different batches of MEF and KSR lots (collectively termed MEFa and MEFb conditions) versus mTeSR1-based FF conditions (FF).
(R) Quantification of the percentage of FOXG1+LHX2+ or clCASP3+ cells out of total live cells per organoid (n = 9 organoids per condition,
over 4,400 cells counted for each condition, from three different batches of organoids; three organoids per batch), organoid perimeter
(nR 32 organoids per condition, from three different batches of organoids, 10–11 organoids per batch), and circumferential expression of

(legend continued on next page)
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from variabilities inherent to the PSC lines used in a given

experiment (Ortmann and Vallier, 2017) and the lack of

standardization in protocols used for neuronal differentia-

tion (Anderson et al., 2021). The importance of organoid

quality has been further raised by recent studies suggesting

that in vitro culture can impart metabolic stress and thereby

negatively impact progenitor maturation, cell type specifi-

cation, and developmental trajectories (Bhaduri et al.,

2020b). Given the importance of anatomical structure for

neural circuit formation and function in vivo, organoids

with irregular structure could serve as poor models for

studying the mechanisms behind healthy human brain

development and disease.

Previously, we established efficient and reproducible ce-

rebral organoid methods that exhibited improved struc-

tural features, including marked expansion of the outer

subventricular zone (SVZ), abundant formation of basal

progenitors and astrocytes, and enhanced production of

upper-layer neurons (Watanabe et al., 2017). We further

documented that the developmental trajectory of these or-

ganoids was strikingly like that of the human fetal brain

in vivo. Our methods also allowed use of developmental

patterning signals to create distinct forebrain regions

such as the ganglionic eminences (GE), permitting the for-

mation of cortex-GE fusion organoids in which excitatory

and inhibitory neurons can intermix to form functional

neural networks that mimic activities seen in the human

fetal cortex (Samarasinghe et al., 2021). However, in con-

ducting these experiments, we observed that optimal re-

sults were achieved when hPSCs were maintained under

certain culture conditions, suggesting that even with a

well-established organoid protocol, variability could still

arise from changes inherent to the starting stem cell

population.

While there are many potential contributors to PSC vari-

ance, one feature that has been gaining recognition is their

state of pluripotency: naive, primed, or a transition phase

termed formative (Smith, 2017; Kinoshita et al., 2020).

Naive and primed states reflect the developmental progres-

sion of pre- to post-implantation epiblast populations

in vivo. Formative PSCs have intermediate properties of

the two extremes, exhibiting features of the early post-im-

plantation embryonic stage in vivo in which lineage-spe-

cific gene expression is minimal and cells are still capable

of adopting early developmental fates such as germline

stem cells (Kalkan et al., 2017; Smith, 2017; Rostovskaya

et al., 2019; Kinoshita et al., 2020). Naive and primed PSC
NCAD (n R 35 organoids per condition, from three different batches
mean ± SEM.
(S) Organoid scoring rubric used to classify cortical organoid formati
quality (�). Scores are based upon the three criteria plotted in (R) a
Scale bars, 100 mm (B and E) and 500 mm (C and D). See also Figures
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states are interconvertible in vitro (Weinberger et al.,

2016); thus, the different ways in which hPSCs are main-

tained could potentially alter their capacity to effectively

form brain organoids.

Here, we define variances in the transcriptional state of

hPSCs maintained under different conditions including

certain mouse embryonic fibroblast (MEF) feeder-sup-

ported and feeder-free (FF) conditions, which were associ-

ated with markedly different differentiation outcomes

with respect to the efficiency and structural quality of cere-

bral organoids.We further show that some of themajor dif-

ferences are the expression and activity of transforming

growth factor b (TGFb) superfamily signals derived from

MEFs and the hPSCs themselves, which modulate the state

of hPSC pluripotency along the naive-to-primed trajectory.

The quality of organoids produced by MEF-supported

hPSCs was reduced by inhibition of TGFb signaling, while

outcomes from FF hPSCswas improved by pre-treatment of

these cells with a mixture of four TGFb growth factors.

Collectively, these studies identify the state of hPSC plurip-

otency influenced by TGFb superfamily signaling as a ma-

jor source of variability that can impact brain organoid for-

mation and illustrate a strategy for modulating this state to

help ensure reliability and consistency in organoids to sup-

port developmental studies and disease research.
RESULTS

hPSC growth conditions influence their capacity to

form well-structured cortical organoids

To examine how hPSC maintenance conditions influence

cortical organoid formation, we first compared differentia-

tion outcomes of H9 hESCs cultured on certain batches of

MEFs and different lot numbers of KnockOut Serum

Replacement (KSR) media supplement (hereafter referred

to as MEFa and MEFb conditions), or under mTeSR1-based

FF conditions (Figures 1A and 1B). While hPSC mainte-

nance conditions were varied, organoid differentiation

procedures in this and all subsequent experiments were

held constant unless otherwise indicated (Figure S1A).

When the hESCs reached 70%–80% confluence, cells

were dissociated and plated to form one uniformly sized

aggregate in each well of a 96-well V-bottom plate (day 0)

(D0 in Figures 1A and S1A; see also Watanabe et al.,

2017). After 2.5 weeks in vitro (W2.5), nearly all organoids

generated from MEFa-supported H9 exhibited spherical
of organoids, 11–12 organoids per batch). Data are presented as

on at W2.5 as high quality (++), intermediate quality (+), or poor
nd indicated on panel labels in many subsequent figures.
S1 and S2.



and epithelialized morphologies with >80% of the cells

expressing canonical forebrain and cortical progenitor

markers such as FOXG1, LHX2, PAX6, and NESTIN

(Figures 1C–1G and 1R). Expression of N-CADHERIN

(NCAD) and atypical protein kinase C (aPKC; PKCz) was

continuous around the periphery of the aggregate, indi-

cating consistency in the apicobasal polarization of the

neural progenitors. Comparable results were seen with

cortical organoid formation from a second hESC line,

UCLA1, and three hiPSC lines: XFiPSC, Rett syndrome pa-

tient wild type andMECP2mutant iPSC, and Hips2, main-

tained using the same MEFa conditions (Figures S1B–S1F

and S1W–S1Y%).
By contrast, H9 cultured under the MEFb conditions

formed organoids of smaller size and mixed composition,

with irregular shape, reduced coexpression of FOXG1 and

LHX2, patchy PAX6 expression, and reduced neuroepithe-

lial characteristics (Figures 1H–1L and 1R). The quality of

cortical organoids generated from H9 cells maintained us-

ing mTeSR1-based FF conditions appeared even worse

(Figures 1M–1R). Poor outcomes were similarly seen with

XFiPSC and other iPSC lines maintained under the same

FF and MEFb conditions (Hips2, E9, and CHD2 indel

mutant; Figures 2D–2G, S1Z–S1BB%, and S5J).

Importantly, we observed that the quality of organoids at

the W2.5 time point predicted their developmental trajec-

tory. Most organoids that showed consistent expression of

cortical progenitor markers and distinct neuroepithelial ar-

chitecture at W2.5 displayed robust expression of later

cortical developmental markers and exhibited well-defined

layered organization at week 8 (W8) and later time points

(Figures S1W–S1Y%, S1CC, and S1DD%; see also Watanabe

et al., 2017).We also examined the expression of genes that

have been singled out as hallmarks of metabolic stress such

as ARCN1, GORASP2, and PGK1 (Bhaduri et al., 2020b) and

found that their expression across development in organo-

ids derived fromMEFa-supported hESCs was similar to that

seen in the developing human brain in vivo (Figures S2A–

S2C). These findings were further confirmed by immuno-

staining for ARCN1 (Figures S2D–S2G0). Conversely, orga-
noids that appeared dysmorphic at W2.5 did not improve

with continued culture, and byW8 showed patchy expres-

sion of cortical markers and inconsistent histological orga-

nization (Figures S1Z–S1BB% and S1EE–S1FF%). For these

reasons, we focused much of our attention toward identi-

fying the factors that influenced organoid quality at W2.5.

To encapsulate the structural quality of organoid forma-

tion across these and other experiments, we developed

a 9-point and three-tier rating scale considering three

criteria: perimeter size, cortical marker expression, and

extent of epithelialization. High-, mixed-, and low-

quality organoid batches were respectively assigned ratings

of ++ (8–9 points), + (5–7 points), and � (%4 points)
(Figures 1R and 1S; Table S1). We hereafter refer to the

hPSCs yielding these three outcomes as organoid-compe-

tent, semi-competent, and non-competent.

hPSCs yielding lower-quality organoids can be

improved bymodifying theirmaintenance conditions

We next examined whether the non-competent hPSCs

grown under FF conditions were forevermore fated to yield

poor-quality organoids or whether their capacity to form

well-structured organoids could be restored by adapting

the cells to the MEFa conditions (Figure 2A). XFiPSCs

cultured under FF conditions were accordingly split and

passaged in parallel under FF mTeSR1 or MEFa conditions,

then simultaneously differentiated into cortical organoids.

In as little as a single passage, XFiPSCs regained organoid

competency in stark contrast to the cells that were main-

tained under FF conditions (Figures 2B–2Q). The capacity

of non-competent FF hPSCs to transform into competent

hPSCs by theMEFa conditions was further confirmed using

H9 hESCs (Figures S1L–S1V). Together, these results

demonstrate that states of hPSC organoid competency are

malleable and can be readily altered by changes in hPSC

maintenance conditions.

Competent and non-competent hPSCs exist in distinct

transcriptomic states related to TGFb superfamily

signaling and expression of genes connected to naive

pluripotency

Given the capacity of hPSCs to switch between states of

organoid competency, we sought to define the transcrip-

tomic signatures associated with this difference. We

conducted bulk RNA-sequencing analysis on triplicate

samples of both H9 hESCs and XFiPSCs grown under

the MEFa and FF conditions. Principal component ana-

lyses based on either mRNA transcripts or long non-cod-

ing RNAs showed that each hPSC replicate group was

separated by both cell line origin and cell culture condi-

tions (Figures 3A and S3A). Hierarchical clustering using

the top 300 most differentially expressed genes revealed

that the influences of cell culture conditions predomi-

nated over cell line origin (Figure 3B). Gene ontology

(GO) analysis revealed that genes associated with growth

factor signaling, SMAD protein phosphorylation, and

developmental processes were highly upregulated in the

organoid-competent feeder-supported hPSCs (Figure 3D).

By contrast, genes associated with metabolic pathways

such as cholesterol biosynthesis were enriched in FF

hPSCs, as has previously been reported (Figure 3E; Zhang

et al., 2016; Cornacchia et al., 2019). Extending these GO

results, we identified two overt signatures among the

genes most highly expressed by organoid-competent

hPSCs: TGFb superfamily signaling and connection to

naive pluripotency. By contrast, non-competent hPSCs
Stem Cell Reports j Vol. 17 j 2220–2238 j October 11, 2022 2223



Figure 2. Feeder-free hPSCs regain cortical organoid competency when passaged under certain MEF-supported conditions
(A) Schematic depicting how FF hPSCs (condition 0) were either maintained in the same FF culture condition (condition 1) or adapted to
MEFa-supported conditions (condition 2).
(B) Quantification of the percentage of FOXG1+LHX2+ or clCASP3+ cells out of total live cells per organoid (n = 6 organoids per condition;
>6,500 cells counted per condition, from three batches of organoids, two organoids per batch), organoid perimeter (nR 25 organoids per
condition, from three batches of organoids, 8–9 organoids per batch), and circumferential expression of NCAD (n R 26 organoids per
condition, from three batches of organoids, 8–9 organoids per batch). Data are presented as mean ± SEM.
(C–Q) Morphological and immunohistochemical analyses of cortical organoid formation at W2.5. Scale bars, 500 mm (C and D) and
100 mm (E).
See also Figure S1.
showed enrichment for genes associated with primed

pluripotency (Figures 3C and S3B; Tables S2 and S3). Us-

ing Disease Association Protein-Protein Link Evaluator

(DAPPLE), a permutation algorithm that looks for signifi-

cant connectivity in genes associated with a disease

state or condition based on known protein-protein inter-

action data (Rossin et al., 2011), we found that certain

bone morphogenetic protein (BMP)-, TGFb-, LEFTY-, and

NODAL-associated molecules were highly connected in

competent hPSCs (Figure S3C).
2224 Stem Cell Reports j Vol. 17 j 2220–2238 j October 11, 2022
As organoid-competent hPSCs were prominently associ-

ated with MEF support, we performed mass spectrometry

analysis of secreted proteins present in MEF-conditioned

culture media (Figure S3D). Among the top 18 proteins

with spectral counts greater than 20, the sixth most abun-

dant was Inhibin beta A (INHBA), another TGFb superfam-

ily member whose homodimers constitute ACTIVIN A, a

growth factor used in the 5i/L/A method for naive hPSC

conversion (Theunissen et al., 2014). Thus, the strong

signature of TGFb superfamily signaling associated with



(legend on next page)
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MEF-supported hPSCs likely reflects both the paracrine ac-

tions of growth factors produced byMEFs such as ACTIVIN

A on top of the autocrine actions of signals produced by the

hPSCs themselves.

We next used cell marker enrichment analyses to

compare the transcriptomes of both organoid-competent

and non-competent hPSCs to reference datasets for naive

and primed hPSCs, along with a variety of cell lineages.

Non-competent hPSCs were most enriched for genes asso-

ciated with primed pluripotency as well as multi-lineage

differentiation (Figures S3B–S3E and Table S3). While

competent hPSCs showed increased expression of

some genes connected to naive pluripotency, they did

not strongly align with naive hPSCs in this analysis

(Figures 3D and S3B). At the same time, competent hPSCs

showed reduced association with multi-lineage differentia-

tion compared with non-competent hPSCs (Figures S3E),

suggesting that they reflect a state of pluripotency which

is neither primed nor naive.

To further assess how the observed states of organoid

competency relate to hPSC pluripotency, we compared

global transcriptomes of our undifferentiated hPSCs with

published datasets representing both naive and primed

groups, as well as intermediate states representing the

formative stages of pluripotency that accompany the

developmental transition from pre- to post-implantation

blastocysts (Takashima et al., 2014; Liu et al., 2017; Cornac-

chia et al., 2019; Rostovskaya et al., 2019). Principal

component analysis using all genes showed pronounced

separation of naive and primed hPSC samples, splitting

into two groups along the principal component 1 (PC1)

axis (Figures 3F, S3F, and S3J; Table S4). hPSCs representing

early to middle stages in formative transition formed clus-

ters in between the naive and primed states.When overlaid

onto thismap, our non-competent FF hPSCs clustered adja-

cent to the primed hPSC datasets whereas the competent

MEF-supported hPSCs formed groups that were closer to,

yet distinct from, naive hPSCs. The reference datasets
Figure 3. Cortical organoid competence is associated with a dist
family signaling and expression of genes connected to naive plur
(A) Principal component (PC) analysis based on RNA transcripts expr
XFiPSCs (XF) prior to organoid formation. ++ and� indicate the observ
experimental replicates per hPSC line and condition are displayed.
(B) Hierarchical clustering of the top 300 differentially expressed ge
(C) Heatmap showing the expression of genes associated with TGFb s
The color of the tiles indicates scaled regressed gene expression data
(D and E) Gene ontology analysis of the upregulated and downregula
(F) PC analysis relating the global transcriptome of our H9 and XFiPS
datasets for naive, formative/intermediate, and primed hPSCs. Right p
(PC1) was reversed to best match the left plot. Days of formative tra
indicated according to Rostovskaya et al. (2019).
See also Figures S3 and S4; Table S4.

2226 Stem Cell Reports j Vol. 17 j 2220–2238 j October 11, 2022
that appeared closest to our organoid-competent hPSCs

were MEF-supported cells reported by Cornacchia et al.

(2019) and those representing days 3 and 7 of formative

transition as reported by Rostovskaya et al. (2019).

We further examined the status of semi-competent

hPSCs associated with maintenance of cells under the sub-

optimal MEFb condition. Principal component analysis of

the global transcriptome showed that organoid-competent

hPSCs, non-competent hPSCs, and semi-competent hPSCs

formed distinct groupings, with semi-competent hPSCs

positioned between competent and non-competent

hPSCs along the PC1 axis that segregated cells along the

naive-to-primed pluripotency spectrum (Figure S3H).

Consistent with this finding, many genes associated with

primed pluripotency showed medium expression levels in

semi-competent hPSCs when compared with competent

hPSCs and non-competent hPSCs (Figure S3I). While we

anticipated that both TGFb superfamily molecules and

genes associated with naive pluripotency would similarly

exhibit medium expression levels relative to organoid-

competent and non-competent hPSCs, this was not the

case. Rather, TGFb molecules and naive-pluripotency-con-

nected factors were instead upregulated in semi-competent

hPSCs comparedwith competent hPSCs. These results raise

the possibility that TGFb superfamily signaling levels

might have to be finely tuned to achieve optimal cortical

organoid formation.

Additional GO analysis showed that genes that

were highly upregulated in organoid-competent hPSCs

compared with semi-competent hPSCs were associated

with extracellular matrix, negative regulation of differenti-

ation, and positive regulation of MAPK signaling (Fig-

ure S3G). One of the most enriched GO terms was ‘‘nega-

tive regulation of insulin-like growth factor receptor

signaling pathway,’’ which stood out as potentially rele-

vant given that one of the key components of the hPSC

culture media known to show variability across lots, KSR,

contains high amounts of insulin (Wataya et al., 2008).
inct transcriptomic signature defined by elevated TGFb super-
ipotency
essed by undifferentiated MEFa-supported versus FF H9 hESCs and
ed quality of organoids formed from these cells. Three independent

nes between the samples.
uperfamily signaling, naive pluripotency, and primed pluripotency.
.
ted transcripts.
C samples (annotated with dashed circles) to previously published
lot displays the same information for H9 datasets alone. The x axis
nsition from naive to primed pluripotency (day 0 to day 20+) are



By contrast, genes enriched in semi-competent hPSCs were

associated with the breakdown of small molecules and nat-

ural killer (NK) cell-mediated cytotoxicity.

Collectively, these data illustrate the wide diversity in

the states of pluripotency exhibited by hPSCs maintained

under different culture conditions, some of which are

favorable or unfavorable for cortical organoid formation.

hPSC states under MEF-dependent conditions also ap-

peared to be variable across different laboratories (Fig-

ure 3F), which may reflect the cell culture practices of in-

dividual groups but also considerable variance in the

batches of MEF and media components used in each

case. Importantly, while our best results were achieved

with MEFa-supported hPSCs that displayed increased

expression of some naive pluripotency genes, naive hPSCs

themselves yielded poor-quality organoids (Figures S1G–

S1K and S1V).

TGFb superfamily signaling in hPSCs is required for

effective cortical organoid formation

Since multiple genes associated with TGFb superfamily

signaling were upregulated in competent hPSCs and

ACTIVIN A was being secreted by MEFs, we tested whether

TGFb superfamily signaling was required for high-quality

cortical organoid formation. Five days before the start of or-

ganoid differentiation, we pre-treated MEF-supported

hPSCs with either SB-431542, a selective small-molecular

inhibitor of TGFb/ACTIVIN receptors, or LDN-193189,

which inhibits BMP receptors at low doses and both BMP

and TGFb/ACTIVIN receptors when used at higher concen-

trations (Figure S4A; Inman et al., 2002; Yu et al., 2008).

MEF-supported hPSCs exposed to either low or high doses

of these inhibitors displayed markedly reduced cortical or-

ganoid quality and size (Figures S4B–S4D). Transcriptomic

and GO analyses confirmed that the expression and activ-

ity of many TGFb signaling molecules were downregulated

after SB-431542 application along with factors associated

with naive pluripotency, while genes associated with

primed pluripotency demonstrated intermediate changes

(Figures S4E–S4H). SB-431542-treated hPSCs were also en-

riched for genes associated with sensory organ and tissue

morphogenesis, developmental growth, synapse assembly,

and forebrain development, although the expression of

differentiated cell lineage markers was minimal. Thus,

while SB-431542 changed the transcriptional profile of

the hPSCs, it did not appear to trigger premature

differentiation.

Next, we examined whether the addition of TGFb su-

perfamily molecules to non-competent FF hPSC cultures

could improve their capacity to form well-structured orga-

noids. As several TGFb superfamily molecules such as

LEFTYA, BMP4, TGFb1, TGFb3, NODAL, and ACTIVIN A

were either enriched in competent hPSCs or produced
by the supporting MEFs, we tested the effects of pre-treat-

ing FF hPSCs with each of these growth factors alone or in

pairwise combinations. Supplementation of the cultures

with most of these factors, apart from LEFTYA, improved

the overall quality of cortical organoid formation with

some additive effects (Figure S5 and Table S1). The combi-

nation of BMP4 and TGFb1 displayed the most potency

but was inconsistent (Figure S5E and Table S1). Moreover,

even when there appeared to be favorable outcomes, the

overall organoid quality scored below that routinely

achieved with MEF-supported competent hPSCs. We also

observed dose-dependent effects and the potential for

overshoot. For example, 0.1 ng/mL BMP4 improved

cortical organoid formation, but this benefit was lost

when 0.15 ng/mL was used (Figure S5C). Taken together,

these results demonstrate that BMP and TGFb superfamily

signaling in undifferentiated hPSCs is required for effec-

tive cortical organoid production, but individual or pairs

of these growth factors are not alone sufficient to convey

competence.

TFAP2C and KLF5 can serve as indicators of hPSC

competency to form well-structured cortical

organoids

Given that multiple TGFb superfamily growth factors

showed partial benefit to cortical formation, we sought to

assess the effects of more complex combinations. However,

as our primary readout was quality of organoid formation

after several weeks of differentiation, we sought amore effi-

cient screening strategy. We reasoned that the transcrip-

tional signature of TGFb superfamily signaling and naive

pluripotency genes associated with competent hPSCs

could be used to predict their capacity to produce high-

quality organoids. We thus collected RNA samples from

undifferentiated hPSCs cultured under five different condi-

tions: MEFa-dependent XFiPSCs (representing fully

competent [++] cells), FF H9 supplemented with BMP4

and TGFb1 (semi-competent [+] cells), XFiPSCs and H9

hESCs grown under mTeSR1-based FF conditions (non-

competent [�] cells), and XFiPSCs grown under E8-based

FF conditions (non-competent [�] cells), and then scored

their organoid production quality at W2.5 (Figure 4A). Us-

ing qRT-PCR analyses, we found that elevated expression of

certain naive pluripotency-associated genes in the hPSCs,

TFAP2C, KLF5, and DPPA3, predicted well-structured orga-

noid formation more so than genes associated with

TGFb superfamily signaling such as BMP4, TGFb1 ID4,

GREM1, and ZEB1 (Figure 4B). Moreover, TFAP2C, KLF5,

and DPPA3 showed very low expression in the hPSCs

that yielded the poorest-quality organoids. We further

confirmed these results for TFAP2C and KLF5 with addi-

tional replicates, cell lines, and cell culture conditions (Fig-

ure 4C).WhileTFAP2C andKLF5 levels were variable, other
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Figure 4. TFAP2C and KLF5 are prospective indicators of hPSCs that can effectively form high-quality cortical organoids
(A) Representative examples of W2.5 cortical organoids derived from hPSCs maintained under different culture conditions associated with
a range of organoid quality outcomes: XFiPSCs grown under MEFa-supported conditions (++ cells), H9 grown under FF conditions sup-
plemented with BMP4 and TGFb1 (+ cells, see Figure S5E), and XFiPSCs or H9 cells grown under either mTeSR1- or E8-based FF conditions
(� cells). All conditions shown have three independent experimental replicates per hPSC line, R12 organoids per replicate from three
different batches of organoids, and four organoids per batch. See also Table S1.
(B) qRT-PCR analyses. Expression levels displayed are normalized to XF cultured under the MEFa-supported condition. Data are presented as
mean ± SEM, nR 3 independent experimental replicates. Statistical analysis compares the combination of XF MEFa (++) and H9 FF + BT (+)
against each FF condition.
(C) qRT-PCR analysis of gene expression in additional hPSC lines and culture conditions. Expression levels were compared with E9 FF hiPSC
samples, and data represent mean ± SEM. n R 3 independent experimental replicates.
(D) Western blot analysis showing high TFAP2C protein expression in MEFa-supported or FF H9 hESCs. Lysates from UCLA1 hESCs with a
doxycycline-inducible TFAP2C transgene (Tg: + 1 mg/mL doxycycline) or gene knockout (KO) were run as controls. Expression levels
relative to GAPDH are plotted. Data are presented as mean ± SEM, n R 4 independent experimental replicates.
See also Figures S5.
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pluripotency genes such as OCT4 and SOX2 were

unchanged. We also observed elevated expression of

TFAP2C protein in MEFa-supported H9 hESCs compared

with FF H9 hESCs (Figure 4D). Based on these lines of evi-

dence, we concluded that TFAP2C and KLF5 levels could

serve as prospective indicators of hPSC competency to

create well-structured organoids.

Competency to form well-structured cortical

organoids can be conferred onto non-competent FF

hPSCs by a mixture of four TGFb superfamily

molecules

Using TFAP2C and KLF5 expression as a readout, we sys-

tematically tested the impact of pre-treating non-compe-

tent FF hPSCs with various combinations and concentra-

tions of the five TGFb superfamily growth factors that

showed positive benefits in our previous experiments. We

included BMP4 and TGFb1 in all combinations, since these

two factors had shown the most promising organoid-pro-

moting activities (Figure S5). Eight different combinations

of BMP4, TGFb1, TGFb3, NODAL, and ACTIVIN A were

tested on FF H9 hESCs and subjected to qRT-PCR analyses

3 days later (Figures 5A–5C). Significant increases in

TFAP2C and KLF5 without changes in OCT4 and SOX2

were observed with three conditions: #7, BMP4/TGFb1/

ACTIVIN A/TGFb3; #8, BMP4/TGFb1/ACTIVIN A/NODAL;

and #9, all five growth factors together (Figures 5B and 5C).

We then carried out cortical organoid formation from FF

H9 cells pre-conditioned with growth factor combinations

#4, #7, #8, and #9.

Without any growth factor supplementation, FF H9 cells

yielded poor-quality cortical organoids (Figure 5D and

Table S1). By contrast, FF H9 treated with growth factor

combinations #7, #8, and #9 all showed dramatic improve-

ment in organoid formation with quality scores above 7

(Figures 5C and 5D; Table S1). Among these three condi-

tions, the addition of four growth factors (hereafter referred
Figure 5. Identification of combinations of TGFb superfamily gro
feeder-free hPSCs
(A) FF H9 hESCs were supplemented with various combinations of TGFb
formation. Organoid differentiation conditions were held constant.
(B) List of the combinations of growth factors tested.
(C) qRT-PCR analyses identifying the combinations of TGFb superfamil
SOX2, in undifferentiated cells. Expression levels displayed are normal
presented as mean ± SEM, n R 4 independent experimental replicate
(D) Representative images of cortical organoids formed from FF H9 su
(E) Immunohistochemical analysis of 4G-derived cortical organoids a
under MEF-supported and FF conditions without 4G.
(F) At W12, 4G-derived cortical organoids typically exhibit an expande
basal radial glial cells.
(G) By W14, the cortical organoids display formation of both deep (T
(H) W12 and older organoids also contain many GFAP+ and HepaCAM
Scale bars, 500 mm (D), 100 mm (E, F, first panel in H), 50 mm (G), an
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to as ‘‘4G,’’ #7 and #8) produced the best results with little

to no difference betwen these two mixtures (Table S1). FF

H9 supplemented with the combination of BMP4/TGFb1/

NODAL (#4), which did not significantly upregulate

TFAP2C and KLF5, showed partial rescue of organoid qual-

ity (Figure 5D and Table S1), illustrating the value of these

genes in predicting organoid outcomes. We confirmed the

capacity of the 4G condition #7 (BMP4, TGFb1, TGFb3, and

ACTIVIN A) to increase TFAP2C and KLF5 expression and

enhance cortical organoid formation in FF XFiPSCs and

two additional FF non-competent hiPSC lines (Figures S5J

and S5K), suggesting that the 4Gmixturemay be of general

benefit when using FF cells.

We next examined how the overall transcriptomic state

of hPSCs was altered by 4G #7 addition (Figure 6). Many

genes encoding TGFb superfamily signaling molecules

that were characteristic of MEF-supported hPSCs were up-

regulated following 4G addition to FF hPSCs (Figures 6A

and 6B). We also found that subsets of genes connected

to naive pluripotency were similarly increased by the 4G

mixture, while genes associated with primed pluripotency

were downregulated. GO analyses of the genes that were

upregulated by 4G treatment were enriched for terms

associated with TGFb and fibroblast growth factor recep-

tor binding, ERK signaling, and both Notch and WNT

pathways (Figure 6C). In comparison, genes that were

suppressed by 4G were principally enriched for terms

associated with calcium channel signaling, extracellular

matrix, and transmembrane signaling (Figure 6D). Prin-

cipal component analysis of all genes lastly showed that

4G-treated hPSCs were shifted away from non-competent

FF hPSCs along the naive-to-primed pluripotency spec-

trum and clustered close to MEFa-supported competent

hPSCs (Figure 6E). Thus, 4G supplementation appears to

be sufficient to alter the global state of hPSC pluripotency

toward a condition that is more favorable for cortical or-

ganoid formation.
wth factors that can enhance cortical organoid production from

superfamily growth factors for 3 days prior to the start of organoid

y growth factors that upregulated TFAP2C and KLF5, but not OCT4 or
ized to FF H9 without any growth factor supplementation. Data are
s.
pplemented with or without growth factor combinations #4 or #8.
t W8. See Figure S1 for comparable analysis of W8 organoids grown

d SVZ with abundant formation of SOX2+, PAX6+, HOPX2+, and pVIM+

BR1+) and superficial-layer (SATB2+) neurons.
+ astrocytes.
d 10 mm (second panel in H). See also Figures S5 and S6.



Figure 6. 4G supplementation shifts the transcriptome of hPSCs to a more naive state
(A) Heatmap showing the effects of different hPSC culture conditions on the expression of genes associated with TGFb superfamily
signaling, naive pluripotency, and primed pluripotency. The color of the tiles indicates scaled regressed gene expression data.
(B) Volcano plot demonstrating the fold change of gene expression (x axis) and adjusted p value (y axis).
(C and D) Gene ontology analysis of the upregulated (C) and downregulated (D) transcripts in 4G-treated hPSCs.
(E) Principal component (PC) analysis showing that FF hPSCs treated with 4G become transcriptionally similar to MEFa-supported cells. In
both plots, the y axis (PC2) was reversed to facilitate comparisons with the plots presented Figures 3 and S3.
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Cortical organoids derived from 4G-treated FF hPSCs

reproducibly exhibit well-defined laminar

architecture

We next examined whether organoids created from non-

competent hPSCs using the 4G supplementation method

exhibited the histological organization and expression of

molecular markers of cortical development seen in our pre-

vious studies using MEFa-supported hPSCs (Watanabe

et al., 2017; Samarasinghe et al., 2021). In our protocol,

we add leukemia inhibitory factors (LIF) at W5 to activate

STAT3 signaling and thereby stimulate basal radial glial

cell (bRGC) expansion and, subsequently, astrogliogenesis

(Watanabe et al., 2017). AtW8, 4G-associated organoids ex-

hibited prominent layered organization with a well-

defined ventricular zone containing LHX2+PAX6+ apical

radial glial cells, SVZ containing TBR2+ intermediate pro-

genitors (IP), and subplate/cortical plate compartment

withmany CTIP2+ neurons (Figure 5E). The layered organi-

zation was also reproducible across individual organoids

within the group. By contrast, organoids derived from FF

H9 without 4G showed patchy expression of PAX6 and

LHX2, reduced numbers of TBR2+ IP and correspondingly

thinned SVZ, and a poorly defined subplate/cortical plate

with relatively few CTIP2+ neurons (Figures S1FF–S1FF%).
With continued culture, the 4G-associated organoids

came to exhibit a well-defined outer SVZ with abundant

formation of dispersed bRGCs expressing canonical

markers such as SOX2, PAX6, HOPX, and pVIM yet nega-

tive for the IPmarker TBR2 (Figure 5F). In our previous pub-

lication, LIF addition also improved upper-layer neuronal

production and laminar organization of the organoids (Wa-

tanabe et al., 2017). The same appeared true with W14 4G-

associated organoids, which displayed abundant formation

of SATB2+ upper-layer neurons that were localized outward

in the cortical plate (Figure 5G), reminiscent of the distribu-

tion of deep- and upper-layer neurons seen in organoids

derived from MEFa-supported hPSCs and gestational

week 15.5 human cortices (Watanabe et al., 2017). GFAP+

astrocytes with characteristic star-shaped morphologies,

along with a smaller number of HepaCAM+ cells, were

also produced (Figure 5H). Together, these experiments

illustrate how the addition of a mixture of diverse TGFb su-

perfamily molecules to undifferentiated non-competent

hPSCs can alter their developmental trajectory and pro-

mote the reproducible formation of high-quality cortical

organoids that exhibit key cytoarchitectural features of

the developing human cortex in vivo.

4G supplementation can enhance the quality of

cortical organoids generated from FF hPSCs using

other protocols

Given the benefits of 4G treatment for FF hPSCs with our

cortical organoid protocol, we sought to test whether it
2232 Stem Cell Reports j Vol. 17 j 2220–2238 j October 11, 2022
could also improve differentiation outcomes from FF cells

using other approaches such as the widely used spheroid

method (Yoon et al., 2019). We accordingly generated

cortical spheroids from H9 hESCs grown under two FF me-

dia conditions: Spheroid Essential 8 (SE8) and mTeSR1

(SmTeSR), with or without 4G addition. 4G treatment ap-

peared to have a positive impact, as spheroids derived

from 4G-treated cells showed greater numbers of

FOXG1+LHX2+ cortical progenitors and enhanced epitheli-

alization at W2.5 compared with the untreated controls,

without any change to overall size of the spheroids, abun-

dance of NESTIN+ neural progenitors, or extent of cell

death (Figures S6A–S6Q). The appearance of the spheroids

at W2.5 again seemed to predict outcomes at later time

points, as W8 organoids derived from 4G-treated hPSCs

showedmarked improvements in the expression of cortical

markers such as PAX6, TBR2, pVIM, and CTIP2, which

tended to be patchy in spheroidsmade fromuntreated cells

(Figures S6R–S6Y). Collectively, these data suggest that 4G

administration may be of general benefit for creating

cortical organoids/spheroids starting from FF hPSCs.

4G-treated hPSCs display a broad capacity to form

cerebral, ganglionic eminence, and hippocampal

organoids

We lastly tested whether hPSCs exposed to the 4G mixture

are biased toward forming cortical organoid structures or

broadly capable of forming different telencephalic regions.

During development in vivo, organizers secrete patterning

molecules to form signaling gradients that specify posi-

tional identity (Monuki, 2007). For example, high levels

of Sonic hedgehog (SHH) provide ventral patterning to

form the GE whereas high concentrations of BMPs/WNTs

provide dorsal patterning to form the dorsomedial telen-

cephalon (DMT), which includes the choroid plexus,

cortical hem, and hippocampal primordium. Neuroepithe-

lial cells that are not exposed to any of these signals default

to forming cerebral cortex. To mimic the ventralizing ac-

tions of SHH in vivo, we exposed organoids to varying con-

centrations of Smoothened agonist (SAG) at W2.5 (Fig-

ure 7A) as previously described (Kadoshima et al., 2013;

Watanabe et al., 2017; Samarasinghe et al., 2021). In the

absence of SAG, W5 organoids exhibited staining for

many cortical markers, including FOXG1, NCAD, LHX2,

CTIP2, and TBR1 (Figures 7B and 7C). Following the addi-

tion of 1 mM SAG, GE markers such as FOXG1, NKX2.1,

OLIG2, GSX2, and CTIP2, were highly expressed while

cortex-specific markers (LHX2 and TBR1) were sup-

pressed (Figures 7B–7D). By W10, SAG-treated organoids

expressed multiple markers of differentiated interneurons

including GAD65, SOMATOSTATIN (SST), CALRETININ,

and PARVALBUMIN, which contrasted with the untreated

organoids that lacked these markers and instead exhibited



(legend on next page)
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cortical features (Figures 7B–7E). AtW14, themature inhib-

itory neuronmarker GABAwas expressed throughout these

ventralized organoids. Hence, forebrain organoids derived

from 4G-treated hPSCs can be readily differentiated into

GE-like organoids upon SHH pathway activation.

We next dorsalized early forebrain organoids through a

combination of BMP and WNT pathway stimulation at

W2.5 (6.5 ng/mL BMP4 and 3 mM CHIR 99021), as previ-

ously described (Sakaguchi et al., 2015). At W6, we

observed formation of distinct DMT compartments within

the organoids including choroid plexus-like regions posi-

tive for TTR and OTX2 adjacent to a cortical hem-like re-

gion that expressed OTX2 alone (Figures 7F and 7G).

Next to these hem-like regions were cells with the charac-

teristics of hippocampal primordium including PAX6,

LEF1, NEUROPILIN2 (NRP2), and ZBTB20 expression (Fig-

ure S7A). By W9, ZBTB20 and NRP2 levels increased, and

additional hippocampal markers such as the dentate gyrus

(DG) granule cell marker PROX1 appeared adjacent to the

choroid plexus and cortical hem-like regions (Figures 7H

and S7B–S7F). With additional time, expression of the kai-

nate receptor GLUK1, a characteristic feature of CA3 neu-

rons, also became evident in these organoids (Figures S7F

and S7G). The GLUK1+ cells notably segregated away

from PROX1+ cells, reminiscent of the separation of DG

and CA3 compartments in vivo. Compared with untreated

samples, BMP4- and CHIR-treated organoids, as well as

choroid plexus-like structures that were isolated from these

organoids, showed upregulation ofDMTmarkers including

OTX2, TTR, LMX1A, and MSX1 by qRT-PCR analyses

(Figures 7I and S7H). ZBTB20 and LHX2 are both expressed

in the neocortex and hippocampal primordium but not in

the choroid plexus in vivo (Mangale et al., 2008; Sakaguchi

et al., 2015). Consistentwith in vivo expression patterns, we

observed reduced expression of ZBTB20 and LHX2 in the

isolated choroid plexus-like structures compared with un-

treated samples and intact BMP4- and CHIR-treated orga-

noids. Together, these results demonstrate that non-
Figure 7. hPSCs cultured under 4G conditions can form multiple
and dorsomedial telencephalon
(A) Schematics showing the organoid protocols used to create cortex
structures. The DMT includes choroid plexus (CP), cortical hem (CH),
(B and C) Representative examples of immunostaining of cortical and
(D and E) qRT-PCR analyses of GE progenitor and inhibitory neuron gen
SAG application. Data are presented as mean ± SEM. n R 3 independ
replicate.
(F and G) DMT induction with the application of BMP4 and CHIR. C
OTX2+TTR� CH cells. HP, distinguished by LHX2 and PAX6 costaining, a
(H) HP was distinguished by staining for ZBTB20 and NEUROPILIN2 (
(I) qRT-PCR analyses of DMT markers. Expression levels are normalize
sented as mean ± SEM. n R 3 independent experimental replicates a
All scale bars, 100 mm. See also Figure S7.
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competent FF hPSCs pre-treated with the 4G mixture of

TGFb-related growth factors possess broad developmental

competence and can be directed to form diverse telence-

phalic structures.
DISCUSSION

hPSC-derived brain organoids offer unprecedented oppor-

tunities for studying the mechanisms of human brain

development and neurological disease. Success in these en-

deavors critically depends on the reproducible creation of

organoids that approximate the human brain in vivo both

in gene expression patterns and histological structure.

Our studies show that the state of hPSC pluripotency is a

key variable that needs to be considered, as the structural

features and consistency of organoids can markedly differ

depending on how hPSCs are maintained prior to

differentiation.

Pluripotency in vitro has been primarily described in the

context of three major stages: naive, formative/intermedi-

ate, and primed, referring to pre-, early post-, and later

post-implantation epiblasts in vivo. Here, we show that

hPSCs maintained under different culture conditions can

exhibit marked variance in their transcriptional states span-

ning the spectrumof naive to primedpluripotency. Notably,

cortical organoids formed from cells that exhibit a particular

intermediate state defined by the expression of certain genes

associated with TGFb superfamily signaling and naive plu-

ripotencydisplayed better structural organization thanorga-

noids generated fromhPSCs at themore extreme ends of the

pluripotency spectrum.We further observed that a subset of

genes associated with naive pluripotency, exemplified by

TFAP2C and KLF5, can serve as predictive indicators of the

quality of cortical organoids that the cells can produce.

Moreover, activation of TGFb superfamily signaling in

non-competent hPSCs can alter their transcriptional profile

and boost their capacity to form organoids with desired
telencephalic organoid subtypes: cortex, ganglionic eminence,

, ganglionic eminence (GE), and dorsomedial telencephalon (DMT)
and hippocampal primordium (HP).
GE organoids (B) and summary of marker expression (C).
e expression. Expression levels are normalized to organoids without
ent experimental replicates are plotted, about 5–10 organoids per

P regions are distinguished by TTR and OTX2 staining adjacent to
lso formed adjacent to the CH as is seen in vivo (schematized in G).
NRP2), as well as the dentate gyrus granule cell marker PROX1.
d to organoids without BMP4 and CHIR application. Data are pre-
re plotted, about 5–10 organoids per replicate.



cytoarchitectural features. These findings together suggest

means for both identifying and modulating PSC states to

help ensure the overall quality and consistency of organoids

across experiments.

At one extreme, naive hPSCs are locked into a program of

self-renewal and genomic hypomethylation from which

the cells need to be released to respond to inductive cues.

At the opposite extreme, primed hPSCs are associated with

the expression of lineage-specific fate determinants that

limit the range of cell types intowhich they can differentiate

(Weinberger et al., 2016;Morgani et al., 2017).We foundthat

naive hPSCs were unable to directly form cortical organoids,

consistent with recent studies showing that these cells must

first pass through formative/intermediate states before un-

dergoing lineage-specific differentiation (Rostovskaya et al.,

2019). Moreover, cell lineages that are established early in

embryonic development, such as germline stem cells, are

more effectively produced when starting from the formative

intermediate state rather than the primed state. It is notable

that several transcription factors expressedduring the forma-

tive state, such as OTX2, OCT6, SOX2, and SOX3, are also

highly expressed in the early neuroectoderm (Morgani

et al., 2017; Smith, 2017), thus suggesting a predisposition

for these cells to form neural structures.

When compared with reference datasets collected from

hPSCs spanning the range of naive to primed pluripotency,

we found that both our FF and MEF-supported hPSCs clas-

sified as transcriptionally intermediate yet were markedly

distinct from each other. On a global transcriptomic level,

optimal MEF-supported cells appear to be shifted more to-

ward, yet distinct from, naive hPSCs compared with FF cul-

tures or suboptimal MEF-supported cells. Indeed, the

optimal feeder-supported cells that we classified as compe-

tent hPSCs most closely resembled formative hPSCs partly

through their capacitation trajectory (Rostovskaya et al.,

2019). These results strongly suggest that there are hPSC

states within the spectrum of naive and primed pluripo-

tency that are either more or less capable of effectively

formingwell-structured neuroectodermal organoids. These

intermediate hPSC states could be neuroectoderm-specific

or universal to other lineages. It then follows that as cells

become primed, they may become increasingly heteroge-

neous with subpopulations biased or committed to specific

lineage identities includingmesoderm and endoderm (Mo-

hammed et al., 2017; Nguyen et al., 2018), which are less

favorable for brain organoid formation.

While our study shows that it is critical to understandhow

exogenous factors influence hPSC states, genetic back-

ground also matters. Many of the TGFb superfamily growth

factors that influence pluripotency and developmental tra-

jectory are produced by the hPSCs themselves and could

vary because of intrinsic differences. If the specific genetic

background of a given hPSC line were to favor the mainte-
nance of intermediate states that are more or less conducive

for efficient neuroectodermal differentiation, it could poten-

tially influence organoid formation and thereby cloud the

analysis of how a given disease-associated mutation affects

neural development and function. An important future

endeavor will be to characterize the intrinsic states of hPSC

pluripotencyacrossgeneticallydiversehPSCsanduse this in-

formation to achieve culture conditions that uniformly

maintain organoid competence.

Many patient-derived induced PSCs have been derived

under FF conditions owing to its convenience and a desire

to eliminate exposure of hPSCs to animal products to

enable their use in clinical applications (Amit and

Itskovitz-Eldor, 2006; Seifinejad et al., 2010). While MEF

support remains a benchmark standard in many labs, our

findings show that similar organoid results may be

achieved with FF cells by pre-conditioning the cultures

with the 4G mixture of TGFb superfamily growth factors

defined in our studies. Furthermore, organoids produced

from 4G-treated hPSCs display a high degree of develop-

mental potential, as they can be readily transformed into

different regions of the forebrain. It is nevertheless impor-

tant to note that the intrinsic production of TGFb growth

factors could markedly vary between cell lines or FF media

conditions. Thus, the concentrations of the 4G factors that

we utilized in our study should be viewed as starting guide-

lines and may need to be adjusted for different cell lines.

Indeed, our experiments show that it is possible to over-

shoot with certain proteins such as BMP4.

Although the transcriptional state of hPSCs can be pro-

foundly impacted by maintenance under FF or MEF-sup-

ported conditions, other contributing influences should

not be overlooked. There can still be batch variabilities in

other cell culture components as well as procedural differ-

ences in hPSC culture techniques. For example, our compar-

ative transcriptomic analysis showed that MEF-supported

H9 ESCs reported by the Smith lab clustered more toward

primed hPSCs compared with MEF-supported H9 grown in

either the Studer lab or our own lab. These observations

demonstrate how the same hPSC line maintained in

different labs can show significant variability in their state

of pluripotency, which could, in turn, influence perfor-

mance in organoid differentiation protocols. The systematic

implementation of uniform hPSC maintenance conditions

across laboratories may thus be an essential prerequisite to

achieving consistent organoid differentiation outcomes.
EXPERIMENTAL PROCEDURES

Telencephalic organoid differentiation
Cerebral and basal GE organoid formation was performed as

described inWatanabe et al. (2017). Of note, KSR is known to affect

differentiation efficiency, and we carried out the differentiation
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protocol using the same KSR lots (Invitrogen, KSR 10828010 and

10828028; lot 1670543) as in Watanabe et al. (2017). For the for-

mation of dorsomedial telencephalic (DMT) organoids, we used a

modified version of previously described methods (Sakaguchi

et al., 2015). From day 18 to day 24, 6.5 ng/mL BMP4 (Invitrogen,

P2026055) and 3 mM GSK3 inhibitor (CHIR 99021; Fisher Scienti-

fic, 442310) were added with DMEM/F-12 (Hyclone) supple-

mented with 1% N2 (Invitrogen), 1% chemically defined lipid

concentrate (CDLC; Invitrogen), and 10% fetal bovine serum

(FBS qualified source US region; Invitrogen, 10437028) under

40% O2 and 5% CO2 conditions at 37
�C. On day 42, DMTorgano-

ids were cut in half and the base medium was changed to Neuro-

basal medium (Invitrogen), supplemented with 1% N2 (Invitro-

gen), 1% CDLC, 10% FBS, 2% B-27 supplement without vitamin

A (Invitrogen), GlutaMAX (Invitrogen), and 100 mg/mL Primocin

(InvivoGen). After day 42, DMT organoids were cut in half every

2 weeks. From day 56, DMT organoids were cultured in Lumox

dishes (Sarstedt). Medium was subsequently changed every

2–3 days until the organoids were collected for analysis.

Tissue processing and immunohistochemistry
Brain organoids were fixed, cryoprotected, embedded, frozen, and

cryosectioned as previously described (Watanabe et al., 2017).

Sectioned tissues were collected onto Superfrost Plus slides (Fisher

Scientific) and blocked for 30 min in PBS with 1% heat-inactivated

equine serum (Hyclone), 0.1% Triton X-100, and 0.01% sodium

azide, and incubated in primary antibodies (see Table S6) in the

blocking solution overnight at 4�C. After three washes in PBST

(0.1% Triton X-100), tissue was incubated with secondary anti-

bodies for 1 h at room temperature. After three washes, tissue

was mounted in ProLong Diamond (Invitrogen) with coverslips

and stored in darkness at 4�C prior to imaging. Gestation week

13–14 human fetal brain tissue was fixed in 4% paraformaldehyde

in PBS for 3–4 days at 4�C. Gestation week 7 human fetal brain tis-

sue was fixed overnight at 4�C. Brain tissue was then washed twice

in PBS and immersed in 30% sucrose in PBS overnight at 4�C. The
tissue was lastly frozen in optimal cutting temperature compound

and cryosectioned at 20 mm thickness.

RNA isolation and processing for RNA-sequencing analyses

Samples were lysed in QIAzol and RNA extracted following manu-

facturer’s instructions (miRNeasy Micro Kit; Qiagen). For RNA-

sequencing analyses, hPSCs, particularly H9 hESCs and XFiPSCs,

were collected with three replicates (three independent experi-

ments, four conditions, 12 samples in total) for feeder-dependent

and feeder-independent conditions. RNA integrity was confirmed

with the Agilent 2200 TapeStation (RNA integrity number >8) and

sent to the UCLA Neuroscience Genomic Core. cDNA libraries

were generated using TruSeq with Ribo-Zero Gold (Illumina) and

sequenced using an IlluminaHiSeq 4000 system, yielding about 50

million reads per sample. We utilized paired-end RNA sequencing

with 75 bp reads.

Additional experimental procedures and descriptions of mate-

rials can be found in the supplemental information.

Data and code availability

All RNA-sequencing data reported in our study were deposited

within the Gene Expression Omnibus (GEO) repository and are

accessible through the series accession number GEO: GSE140057

(https://www.ncbi.nlm.nih.gov/geo/). The proteomic analyses
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were deposited to PRIDE Archive (https://www.ebi.ac.uk/pride/

archive/) with the accession number PXD013662.
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