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SUMMARY
Organoids (ORGs) are increasingly used as models of cerebral cortical development. Here, we compared transcriptome and cellular phe-

notypes between telencephalic ORGs andmonolayers (MONs) generated in parallel from three biologically distinct induced pluripotent

stem cell (iPSC) lines. Multiple readouts revealed increased proliferation in MONs, which was caused by increased integrin signaling.

MONs also exhibited altered radial glia (RG) polarity and suppression of Notch signaling, as well as impaired generation of intermediate

progenitors, outer RG, and cortical neurons, which were all partially reversed by reaggregation of dissociated cells. Network analyses re-

vealed co-clustering of cell adhesion,Notch-related transcripts and their transcriptional regulators in amodule strongly downregulated in

MONs. The data suggest that ORGs, with respect to MONs, initiate more efficient Notch signaling in ventricular RG owing to preserved

cell adhesion, resulting in subsequent generation of intermediate progenitors and outer RG, in a sequence that recapitulates the cortical

ontogenetic process.
INTRODUCTION

Induced pluripotent stem cells (iPSCs), generated by so-

matic cell reprogramming (Takahashi et al., 2007; Yu

et al., 2007), hold considerable promise for fundamental

biological studies into early human brain development

(Ardhanareeswaran et al., 2017; Arlotta and Pasca,

2019; Sidhaye and Knoblich, 2021). In general, two

models have been used to achieve in vitro neuronal

differentiation. In the first, iPSCs are used to generate

neuroepithelial progenitor cells (NPCs) that are then

dissociated into single cells and differentiated into neu-

rons in monolayer (MON) preparations (Chambers

et al., 2009; Shi et al., 2012). In the second, NPCs grow

and differentiate in the context of organoid (ORG) struc-

tures in three-dimensional (3D) conditions (Camp et al.,

2015; Eiraku et al., 2008; Lancaster et al., 2013; Mariani

et al., 2012, 2015).

MONs are a simpler way to differentiate human neu-

rons, but these cells are not able to segregate in layers

and compartments as occurs in normal development,

and the underlying mechanism of this failure is not

known. In contrast, ORG preparations have a sponta-

neous self-organizing ability to form a neuroepithelium

layer where cell polarity, membrane contacts, and

morphogen gradients are maintained. Under appropriate

culture conditions, proliferating progenitors within

ORGs sequentially generate early- and late-born cortical
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neurons as well as glial cells. A key difference between

MON and ORG preparations is differential contact be-

tween cells and the extracellular matrix (ECM), which

are processes that are known to affect a variety of cellular

behaviors, including cell growth, differentiation, and

motility (Engler et al., 2006; Saha et al., 2008). Yet, differ-

ences in stem cell differentiation abilities under MON

and 3D conditions have not been directly compared.

Here, we analyze the effects of cell dissociation into

MONs versus continuous growth in 3D conditions

upon the processes that lead human iPSCs to differen-

tiate into telencephalic neurons. To avoid confounds

created by differences in genetic background and reprog-

ramming methods, three iPSC lines were differentiated

into neurons as ORGs or MONs in parallel and exposed

to identical culture media and conditions. Immunocyto-

chemical, transcriptome, and proteome analyses revealed

enduring, long-term differences in neuron specification

and differentiation among the two conditions. Reversal

experiments reaggregating the MONs and culturing

them under 3D conditions corrected excessive cell prolif-

eration and some, but not all, differences in cell fate and

gene expression between MONs and ORGs. By varying

the timing of dissociation we also found that, while

cell-to-cell contacts exert an enduring influence on

regional specification and neuronal differentiation of hu-

man stem cell precursors, late dissociation seems to have

less deleterious effects upon reaggregation.
uthor(s).
ecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Comparison of 2D versus 3D In Vitro Cell Cultures
(A) Experimental design. TD, terminal differentiation day; EB, embryoid bodies; MON, monolayer; ORG, organoid.
(B) Representative images of immunocytochemical staining with the dorsal telencephalic marker PAX6, the neuroectodermal marker SOX1,
the proliferative marker Ki67, and the neuron-specific class III b-tubulin at TD11.
(C) Proportion of SOX1+ and PAX6+ cells by stereological quantification over DAPI+ nuclei.

(legend continued on next page)
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RESULTS

Cell Dissociation and MON Culture Impact Cellular

Organization and Fate

To understand how cell dissociation and themicroenviron-

ment might affect the emergence of cortical identity, we

compared the transcriptome, proteome, and cell fate of

three iPSC lines derived from adult control males differen-

tiated in parallel under two separate conditions: undissoci-

ated ORG and MON cultures (Table S1).

Telencephalic ORGs were prepared (Mariani et al., 2015)

using Noggin as neuralizing agent, by aggregating iPSCs

into embryoid bodies (EBs), patterning the EBs by BMP,

transforming growth factor b, and Wnt inhibition, and

culturing the EB-derived neuroepithelium under 3D condi-

tions. The MONs were prepared by dissociating the ORGs

at terminal differentiation day 0 (TD0) (which is the day

when ORGs are switched into mitogen-free medium) and

plating the NPCs on plastic permanox slides coated with

poly-L-ornithine-laminin. Both ORG and MON prepara-

tions were cultured in parallel in the same medium until

analysis (Figure 1A).

After 11 days in terminal differentiationmedium (TD11),

the undissociated ORG preparation displayed layers of

polarized radial glial (RG) cells expressing the cortical neu-

ral progenitor markers SOX1 and PAX6 (Figure 1B). The

cell-cycle marker Ki67 was mostly located in the RG cell

layer, with cells undergoing mitosis at the apical edge,

whereas b3-tubulin+ young neurons were located on the

basal side of this layer. In MONs, cells were not polarized

or organized into layers. The number of SOX1+ RG cells

in MONs was decreased as compared with ORGs (12% ±

3.49% inMONs versus 25% ± 0.69% in ORGs). A compara-

ble trendwas observed for PAX6 (Figure 1C). In conclusion,

dissociation resulted in disorganized morphology and

cellular architecture, with poor expression of RG markers

when compared with undissociated ORGs.

On TD31,ORGs displayed a consistent ability to generate

TBR1+ (layer 6) and CTIP2+ (layer 5) cortical neurons across

the different lines, in agreement with previous results (Ma-

riani et al., 2015). In contrast, the MONs displayed lower

and highly variable counts of TBR1+ and CTIP2+ cortical

neurons (Figures 1D and 1E). Similarly, we observed a

lack of consistent GABAergic neuronal differentiation in

MONs, as shown by very low levels of GAD1/GAD67 or

GABA immunostaining, as opposed to a reproducible num-
(D) Immunocytochemical staining of excitatory (TBR1+ and CTIP2+) a
(E) Proportion of excitatory and inhibitory neurons over DAPI+ nuclei
± SEM of n = 3 biologically different iPSC lines per condition (ORG, M
line.
**p < 0.01, *p < 0.05 Student’s t test, two tailed. See also Figure S1

266 Stem Cell Reports j Vol. 16 j 264–280 j February 9, 2021
ber of GAD67+ inhibitory neurons (about 5% of all cells) in

ORGs.

To assess differential proliferative activity, we immuno-

stained ORGs and MONs for Ki67, a nuclear protein ex-

pressed only during cell division. At TD2, there were

45.65% ± 5.06% Ki67+ in MONs compared with 19.69%

± 1.64% in ORGs; the increase was highly significant (p <

0.001) (Figure S1). At TD11, no significant differences in

the number of Ki67+ cells were observed between the con-

ditions. These findings suggest a short-term proliferative ef-

fect induced by dissociation in the MON cultures.

Distinct Transcriptional Trajectories of ORG andMON

Preparations

To study each system’s individual developmental trajec-

tory, we investigated the temporal evolution of the ORG

and MON transcriptome at TD2, TD11, and TD30. For a

list of differentially expressed genes (DEGs) across all tran-

sitions and their gene ontology (GO) and canonical

pathway (CP) annotations (see Table S2).

At TD11 versus TD2, we identified 3,780 and 4,126 DEGs

for ORG and MON conditions, respectively (Figure 2A). CP

annotations for downregulated genes were mostly related

to mitosis and cell cycle (e.g., cyclins CDC2 and CDC25)

for both ORGs and MONs (Figures 2C and 2D), reflecting

the shared capability of escaping cell division for both sys-

tems. Top CP terms in ORGs for upregulated genes were

related to synaptic formation and neurotransmitter release,

synaptic vesicles, and calcium channel genes. In contrast,

the top CP terms for upregulated genes in MONs were

related to lysosome, intraflagellar transport, cilium forma-

tion, and ECM molecules and receptor interactions (e.g.,

LAMA2 and COL1A).

At the second transition, TD31 versus TD11, we identi-

fied 1,175 and 296 DEGs for ORG and MON conditions,

respectively (Figure 2B). Thus, the MON appears to be a

relatively static condition, whereas theORGs keep evolving

transcriptionally. Notably, functional analysis of downre-

gulated genes at this transition was still related to cell cycle

in the MONs, whereas in ORGs they were related to neural

crest differentiation (comprising a number of WNT

pathway genes and WNT-targeted transcription factors

[TFs]), Hippo signaling, and signaling pathways regulating

pluripotency of stem cells (Figure 2E).

Relative expression levels across samples for 34 randomly

selected human genes as revealed by RNA sequencing
nd inhibitory (GABA+, GAD67+) cortical neurons at TD31.
assessed by stereological analysis. Results in (C and E) are the mean
ON) differentiated in parallel with two technical replicates per cell

.



Figure 2. Longitudinal Differential Gene
Expression Analysis in ORGs and MONs
(A and B) Number of differentially expressed
genes (DEGs) at the first transition (TD11
versus TD2) (A) and at the second transition
(TD31 versus TD11) (B) within each model.
Blue, downregulated genes; red, upregu-
lated genes.
(C–F) Canonical pathway (CP) term enrich-
ment for genes upregulated (red) and
downregulated (blue) per transition as
indicated: (C and D) TD11 versus TD2; (E and
F) TD31 versus TD11. The x axis indicates
FDR-corrected p value in reverse order. For
full annotation see Table S2. Results are
from between two and three biologically
different iPSC lines differentiated in paral-
lel.
(RNA-seq) were generally concordant with those obtained

by qRT-PCR of poly(A) RNA, thus validating the RNA-seq

data (Table S3).

Collectively, the data suggest that ORGs downregulate

pluripotency genes and WNT signaling to progressively

differentiate into telencephalic neurons, with dynamic

up- and downregulation of relevant genes, including

neurotransmitter- and synapse-related genes and TFs, regu-

lating cell fate, whereas the regional identity of the MON

model is much less defined.

Telencephalic Patterning andNeuronal Fate Genes Are

Downregulated in MON Cultures

Next, we compared differential gene expression between

the isogenic MON and the ORG preparations at each

time point, TD2, TD11, and TD31. The DEGs and their

GO and CP annotations are listed in Table S3. ORG and

theMONDEGs decreased with time (Figure 3A), suggesting

a possible convergence of the two systems. More detailed

analyses revealed that, whereas the majority of the DEGs

present at TD2 were transient and not shared at later time
points, 72% and 78% of the DEGs between MONs versus

ORGs at TD31 were also present, respectively, at TD2 and

TD11 (Figure 3B). In contrast, the relative number of strong

transcriptional alterations (i.e., abs (log2 fold change) > 2)

increased with time (Figure 3C), suggesting that MONs

and ORGs evolve along divergent trajectories.

We next explored the biological identities of the two sys-

tems. For downregulated genes in MONs with respect to

ORG, GO and CP enrichment analysis revealed similar

top annotations at all time points, i.e., neuronal system,

axon guidance, neurogenesis, and synaptic transmission.

In contrast, top CP annotation terms for upregulated genes

were cell cycle at TD2, and ECM organization and focal

adhesion at both TD11 and TD31 (Figures 3D–3F).

To better understand these signatures, we constructed a

manually curated list of genes which we call Neurodevelop-

mental Genes and subdivided it into relevant sublists

according to specific criteria (see the Experimental Proced-

ures): Neuronal Cell Fate (168 genes), Cell Adhesion (247

genes), Axon Guidance (175), and Extracellular Matrix (86

genes) (Tables S4A–S4D). Overall, 66% of genes in the
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Figure 3. Comparison of MON and ORG Transcriptional Profiles at Three Different Stages of Neuronal Differentiation (TD2, TD11,
and TD31)
(A) Total number of DEGs (gray bar), downregulated DEGs (blue bar), and upregulated DEGs (red bar) in MONs versus ORGs.
(B) Venn diagram of DEGs in MONs versus ORGs at each time point.

(legend continued on next page)
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Neuronal Cell Fate sublist were downregulated in MONs

versus ORGs (Figure 3G) at most of the time points consid-

ered. This is consistent with the failed upregulation of

neuronal determinants in MONs, noted earlier in the lon-

gitudinal analysis. Interestingly, genes of the Notch

pathway, which regulate neurogenesis from RG cells,

were uniformly downregulated in MONs as compared

with ORGs, including Notch ligands (DLL1, DLL3, and

DLL4), Notch receptors (NOTCH1 and NOTCH4), down-

stream transcriptional regulators (HES5, HEY1 and HEY2),

and downstream basic-helix-loop-helix neurogenic genes,

which are the earliest determinants of dorsal and ventral

telencephalic fates (ASCL1, NEUROG1, NEUROG2, NEU-

ROD1, NEUROD2, NEUROD4, and NEUROD6). Among the

genes significantly downregulated in MONs versus ORGs

were a large number of homeodomain genes and other

TFs that pattern the telencephalon (LHX2, PAX6, EMX1,

EMX2, and FOXG1), specify pyramidal neuron fates

(TBR1, CTIP2, and POU3F2) and GABAergic neuron fates

(ASCL1, DLX2, and FOXG1) (Figure 3G).

We then examined differential gene expression in the

Cell Adhesion sublist of genes, encompassing cell-to-cell

adhesion molecules. A large spectrum of genes of the

IgCAM family (e.g., N-CAM and NCAM1), cadherin and

protocadherin (CDH2, CDH22, CDH7, and PCDH10), neu-

rexins (NRXN1, NRXN2, and NRXN3), and contactin (e.g.,

CNTN2 and CNTN3) superfamilies, were downregulated

in theMONs versusORGs at all time points, as well as genes

in the Axon Guidance sublist, such as EPH/ephrins (Figures

S2A, S2B, and S3A). By comparison with lists of genes that

are expressed in the dorsal frontal cortex and basal telen-

cephalon of human fetal brains (see the Experimental

Procedures), ORGs exhibited a clear dorsal and ventral

telencephalic signature,most evident at TD31, and no clear

shift in fate was observed in MONs compared with ORGs

(Figures 3H and 3I).

The very first cells that express neurogenic determinants

in the developing cortex are RG daughter cells that delam-

inate from the apical layer to form the intermediate precur-

sor cell (IPC) layer and the outer RG cell layer, which are

much expanded in the human cortex (Johnson et al.,

2015; Pollen et al., 2015). Hence, we further investigated

the RG subtype composition in MONs and ORGs by exam-
(C) Ratio between the number of highly differentially expressed genes
in MONs versus ORGs along the time course.
(D–F) CP term enrichment for genes upregulated (red) and downregul
(E), and TD31 (F), with the FDR-corrected p value in reverse order on
(G) Heatmap displaying the log2 fold change values of transcripts from
MONs versus ORGs.
(H and I) Expression level (log2 (RPKM +1)) in MONs and ORGs of gene
(DFC) (H) versus basal telencephalon (lateral ganglionic eminence
striatum) or highly expressed in basal telencephalon versus DFC (I).
ining the expression of key marker genes for various types

of RG (Nowakowski et al., 2017) in our dataset. While we

observed increased expression levels of some ventricular

RG (vRG) transcripts (e.g., ANXA1, CTGF, and CYR61)

and truncated RG (tRG) transcripts (CRYAB and GPX3)

in the MONs compared with the ORGs, there was a strong

downregulation of outer RG-specific transcripts (FAM107A,

HOPX, MT3, and PTN) in MONs, particularly at the later

time points (Figure S3C), suggesting failed evolution of

neurogenic RG diversity and fate in MONs.

Increased Integrin Signaling inMONCultures Triggers

Cell Proliferation

Next, we examined DEGs in the Extracellular Matrix sublist

of the curated Neurodevelopmental Genes list (Table S4D). In

contrast to cell-to-cell adhesion molecules, there was a

strong overexpression of major ECM components in

MONs compared with ORGs (Figure S4A), which is concor-

dant with topCP term enrichment for genes upregulated in

MONs at both TD11 and TD31 (Figures 3E and 3F). This

overexpression was most pronounced for laminins and in-

tegrins (e.g., ITGA1, ITGA5, ITGB1, ITGB5, and ITGB6). In-

tegrins are ab heterodimeric ECM receptors where b1 sub-

units (ITGb1) form non-covalent complexes with many a

subunits that bind laminin in the CNS (Milner and Camp-

bell, 2002). Consistently, integrin signaling was strongly

upregulated at both TD2 and TD11 in MONs, as compared

with ORGs, by western blot analyses for phospho-FAK (p-

FAK), an adherens junction protein that localizes at sites

of integrin receptor accumulation and becomes phosphor-

ylated at different tyrosine residues after engagement of in-

tegrin with ECM proteins (Figures 4A and 4B).

Integrin signaling has been involved in the proliferation

of neural precursor cells (Long et al., 2016). To test the role

of these ECM proteins in the regulation of neuronal stem

cell and precursor behavior, we performed an independent

experiment where we differentiated one iPSC line into

MONs and ORGs with three separate technical replicates

each. The MON cultures were treated with a monoclonal

b1-integrin-blocking antibody that was previously demon-

strated to block integrin function (Iba et al., 2000). In the

majority of integrin receptor heterodimers, ITGb1 is

the major mediator of signaling pathways sensing
(absolute value [log2 fold change > 2]) and the total number of DEGs

ated (blue) in MONs versus ORGs at each time point, TD2 (D), TD11
the x axis. For full annotation see Table S3.
the Neuronal Cell Fate sublist (Table S4A) differentially expressed in

s that are highly expressed in human dorsolateral prefrontal cortex
, medial ganglionic eminence, caudal ganglionic eminence, and
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Figure 4. b1 Integrin Signaling Increases MON Cell Proliferation at Early Stages of Differentiation
(A and B) Western blot analysis (A) and quantification of protein expression level (B) of phospho-FAK in ORG, MON and MON treated with
either an isotype control antibody (Iso Ctrl) or an anti-b1-integrin antibody (anti- b1ITG) at TD2 and TD11.
(C and D) Representative images (C) and stereological quantification (D) of immunostaining with the proliferative marker Ki67 and the
neuron-specific marker TUJ1 at TD2 under the conditions described above.
(E) Relative expression level of a subset of genes from the Neuronal Cell Fate list (Table S4A) at TD2.
(F and G) Western blot analysis (F) and quantification of protein expression level (G) of TBR1, DCX, and NEUROG2 at TD11. GAPDH was used
as loading control.
Data are expressed as mean ± SEM of n = 3 preparations per condition (ORGs or MONs with or without each antibody) from one iPSC line.
*p < 0.05, ***p < 0.01, ****p < 0.001; MONs versus ORGs; #p < 0.05 MONs + anti-ITGb1 versus MONs + Isotype Ctrl. One-way ANOVA with
Tukey multiple comparisons test. See also Figure S4.
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microenvironments rich in laminin. We first confirmed

that the p-FAK protein level was decreased upon treatment

of MON cultures with the anti-ITGb1 antibody, both at

TD2 and TD11 (Figures 4A and 4B), as compared with an

isotype control antibody. We then assessed whether integ-

rin blockade was able to revert the increased proliferation

in MONs. As compared with the isotype control antibody

condition, in which the number of proliferative cells was

similar to that in medium alone (39.20% ± 2.84% and

45.65% ± 5.06%, respectively), blocking ITGb1 at TD2

significantly reduced the percentage of proliferative cells

in the MONs to values close to the ORG preparation

(23.38% ± 0.9%) (Figures 4C and 4D).

To understand the potential effect of ITGb1 signaling on

neuronal differentiation, we then assessed levels of several

cell fate- and neurogenesis-related transcripts by qPCR,

whose expression levels were lower in MONs as opposed

to the ORGs in the RNA-seq experiments. We confirmed

that MONs had a several-fold decrease in the expression

of FEZF2, FEZF1, NEUROG2, NEUROD1, DLL1, and HES5

transcripts with respect to ORGs. However, the expression

level of these transcripts did not change in the MONs as a

consequence of blocking ITGb1, either at the RNA or the

protein level (Figures 4E–4G). Together, these data suggest

that the increase in proliferation in MONs is triggered by

integrin signaling, whereas the neurogenesis defect in

MONs is not. Furthermore, the increased proliferation

and decreased production of cortical neurons in the MON

condition are independent from each other as they can

be uncoupled by manipulating integrin signaling.

Differences in Neurogenic Cell Fate Are Partially

Reversed by Reaggregation

We reasoned that decreased cortical neurogenesis inMONs

could be attributable to decreased cell-to-cell contact,

rather than increased cell-to-substrate adhesion. To assess

whether cell-to-cell interactions per se were responsible

for the failure of MONs to properly differentiate, we per-

formed an experiment inwhich a portion of the dissociated

NPCs were immediately re-aggregated and cultured in 3D
Figure 5. Dissociation followed by Immediate Reaggregation
(A) Experimental design.
(B) Number of DEGs, at each time point, for the comparisons REAGs v
(C) Representative images of immunocytochemical staining for N-cad
REAGs, and MON preparations (DAPI+ nuclei in blue).
(D and E) Heatmap showing the log2 fold change (D) and bar graph of m
gene sublist (Table S4A).
(F and G) Representative images of immunocytochemical staining w
cortical neuron markers TBR1 and CTIP2 (F) with proportion of differe
seq analysis are from n = 2 biologically different iPSC lines per condi
Immunocytochemical data are expressed as mean ± SEM of n = 3 biolog
replicates per cell line were analyzed. **p < 0.01, *p < 0.05, MONs ve
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in parallel to the MON and ORG preparations, using the

same TD medium. We call this preparation a re-aggregated

culture (REAG) (Figure 5A).

We then compared the transcriptomes of REAGs and

ORGs (the lists of DEGs, and their GO and CP annotations,

are shown in Table S5). In comparison to MONs versus

ORGs, the number of DEGs at TD2 and TD11 was much

less pronounced in REAGs versusORGs (Figure 5B). Howev-

er, the number of DEGs at TD30 were comparable with

those in MON versus ORG preparations, and functional

enrichment analysis of the DEGs in REAGs versus ORGs

still revealed similar top GO and CP annotations as for

the DEGs in MONs versus ORGs, i.e., neurogenesis and

neuronal differentiation. Interestingly, in the Extracellular

Matrix sublist, 66% of the genes were differentially ex-

pressed in MONs versus ORGs and only 24% in REAGs

versus ORGs (Figures S4A and S4B; Table S4D), suggesting

that the overexpression of ECM transcripts noted in

MONs were partly compensated by reaggregation. Corre-

spondingly, no changes in FAK phosphorylation were

noted in the REAG versus ORG comparison (Figures S4C–

S4F). Confirming the causal relationship between integrin

signaling and cell proliferation, the increase in cell prolifer-

ation previously noted in MONs versus ORGs was no

longer evident when REAG cultures were compared with

ORGs (19.69% ± 1.64% in ORGs and 20.24% ± 4.31% in

REAGs at TD2, Figure S1). Hence, the prompt reaggregation

after dissociation prevents the upregulation in ITG

signaling as well as other dissociation-induced short-term

transcriptional alterations.

IgCAM family members (cadherin and protocadherin)

were also partially restored under the REAG conditions.

In the Cell Adhesion sublist, 51% of the genes were differen-

tially expressed in MONs versus ORGs and only 20% in

REAGs versus ORGs (Figures S2A–S2D). However, immuno-

cytochemical analyses showed mislocalization of N-cad-

herin (CDH2) protein to a similar extent in both MONs

and REAGs, as compared withORGswhere CDH2 is strictly

localized in the apical RG cell feet (Figure 5C). This misloc-

alization was concomitant with a partial disruption in cell
ersus ORGs and MONs versus ORGs.
herin (CDH2, green) and b-catenin (CTNNB1, red) at TD11 in ORG,

RNA expression level by qPCR (E) of DEGs from the Neuronal Cell Fate

ith neuronal progenitor markers (PAX6, SOX1), and the excitatory
nt cell types assessed by stereological analysis (G). Results of RNA-
tion (ORG, REAG) differentiated in parallel.
ically different iPSC lines per condition (ORG, REAG). Two technical
rsus ORGs analyzed by t test, two tailed. See also Table S5.



polarity of the neuroepithelium and a lack of segregation

between layers of dividing progenitors and postmitotic

neurons. The apical-basal polarity loss after dissociation

was confirmed by absence of b-catenin at the apical endfeet

of RG in both REAGs and MONs (Figure 5C). Progenitor

cells did express SOX1 and PAX6, but the RG layer was

thinner as compared with the ORG preparation, with

TBR1+, CTIP2+, and b3-tubulin+ neurons dispersed

throughout rather than being excluded from the RG pro-

genitor layer (Figures 5F and S1). There appeared to be

some improvement in cortical cell fate with respect to

MONs, as the number of DEGs in theNeuronal Cell Fate sub-

list was 66% inMONs versus ORGs and only 35% in REAGs

versus ORGs (Figure 5D, Table S4A). In addition there was a

recovery in expression of axon guidance transcripts (Fig-

ures S3A and S3B) and outer RG gene markers in REAGs

(Figures S3C and S3D). However, the expression of some

Notch-related transcripts (NOTCH1, DLL1, and HES5),

telencephalic neurogenic genes (NEUROG2 and NEU-

ROD1), and key telencephalic cell fate genes, such as

FOXG1, LHX2, FEZF1/2, EMX1, TBR1, and EOMES, were

still downregulated in REAGs versus ORGs, both by RNA-

seq and qPCR (Figures 5D and 5E). Immunocytochemical

characterization of the REAG cultures revealed persistent

variability in cortical cell fate, as determined by counts of

cortical neuron precursors expressing the layer-specific

TFs TBR1 andCTIP2 (Figures 5F and 5G). Althoughwithout

ultrastructural data we cannot ensure total restoration of

membrane contacts, the data suggest that not cell adhesion

per se, but proper orientation and polarity of cell-to-cell

contacts, which was not entirely restored in the REAGs,

must be responsible for persistent neurogenic defects in

REAG preparations.

Gene Network Analyses Suggest Relationships

between Cell Adhesion and Cell Fate

To obtain additional insights into the proposed interplay

between cell-to-cell adhesion molecules and disruption

of neural cell fate, we applied weighted gene co-expression

network analysis (WGCNA) (Langfelder and Horvath,

2008) to the full set of MON and ORG samples. We iden-

tified 42 co-expression modules (Table S5A), all of which

survived robustness testing. We found that 35 of the 42

modules are enriched in DEGs for MONs versus ORGs at

one or more time points (Table S6B), and seven modules

(blue, brown, orange, purple, red, turquoise, and yellow) are

strongly enriched in DEGs at all three time points (more

than 20 genes and false discovery rate [FDR] < 0.05).

Among those, the blue, brown, orange, and yellow are en-

riched in DEGs mostly downregulated in MONs, whereas

the purple, red, and turquoise are enriched in DEGs mostly

upregulated in MONs (Figure 6A). Most of the modules

downregulated in MONs were annotated by neuronal
functions. The blue module was enriched in neurogenesis

and cell adhesion GO terms, with most differentially ex-

pressed proneural, neurogenic genes, cadherins, and pro-

tocadherins clustered in this module, suggesting a rela-

tionship between cell adhesion and neurogenesis (Tables

S6E and S6F). The brown module was enriched in synaptic

genes; while the orange and yellow modules were enriched

in DNA binding, RNA metabolism, and transcriptional

regulation. Notch ligands, receptors, and downstream

molecules clustered in both the blue (RFNG, RBPJ,

MAML3, DLL3, DLL4, MFNG, NOTCH4, and DTX1) and

yellow (MAML1, HEYL, DLL1, NOTCH1, HES5, HES6,

DTX4, and NEURL1B) modules. In contrast, the three

modules upregulated in MONs displayed non-neuronal

annotations: the purple module was enriched in actin,

focal adhesion, and ECM, with most of the differentially

expressed ITG receptors clustered into this module; the

turquoise module was enriched in cell-cycle and DNA repli-

cation terms, and the red module was enriched in peptide

and vesicle transport (Figure S5A; Tables S6C and S6D).

Module eigengene analysis can provide a simplified global

picture of the system. Consistently with enrichment in

DEGs, the blue, brown, orange, and yellow modules showed

higher eigengene expression in ORGs, and the purple, red,

and turquoise showed higher expression in MONs (Fig-

ure 6B). Correlation analysis between module eigengenes

showed positive correlation between the orange, blue, and

yellowmodules and a negative correlation between the pur-

ple and those in the blue and orange modules (Figure 6C).

To explore the mechanism of these relationships, we per-

formed TF analysis using the Enrichr online database

(see the Experimental Procedures) for the genes in each

module and identified a set of putative TF-target gene

pairs. At the network level, we find that TFs upstream of

genes in the blue module belong to the blue, orange, and

yellowmodules, indicating that the strong positive correla-

tions among these modules may represent, at least in silico,

TF-target regulatory relationships. Focusing on the blue

module and its putative TFs, we filtered out upstream TFs

whose targets were not in the list of DEGs at any time

points, resulting in a set of 60 TFs regulating the bluemod-

ule (Table S7A). Among these, 41 TFs targeted both cell

adhesion- and neurogenesis-related genes (Table S7B),

and, among those, 12 (MYT1, INSM1, ZSCAN18, SCRT1,

EBF3, DPF1, MEIS3, UNCX, NEUROD4, ZNF536, ST18,

and DEAF1) were co-expressed with their targets in the

blue module (Figure 6D; Table S7C). Interestingly, 11 out

of these 12 TFs are downregulated in MONs versus ORGs

at least at one time point. The co-expression of these TFs

and their targets within the same module support a regu-

latory relationship, suggesting that this set of TFs is at least

in part responsible for downregulating cell adhesion and

neurogenic genes in MONs.
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Figure 6. Characterization of the Seven Transcript Modules Differentially Expressed between MONs and ORGs
(A) Modules’ overlap q values (as –log10 [q-value]) with DEGs in MONs versus ORGs at each time point.
(B) Barplots of modules’ eigengenes versus time in MONs and ORGs. Reported also are the top scoring functional annotation for each
module.
(C) Module to module correlation plots. Represented are the eigengenes as dots and the corresponding correlation coefficients.
(D) Blue module subnetwork, focusing on inferred TFs and associated target genes, as described in Table S7C, after filtering out any edge
with an absolute value of the correlation coefficient <0.5. Yellow ovals, cell adhesion (CCADh)-related genes and neurogenesis (NGEN)-
related genes, differentially expressed between MONs and ORGs that are TF targets. Blue, upstream TF; arrows, direction of TF-target
relationship.
See also Figure S5 and Tables S6 and S7.
Dissociation-Induced Transcriptional Alterations Are

Independent of Neural Induction Protocol

To assess the reproducibility of the observed dissociation-

induced transcriptional alterations, we repeated the ex-

periments using the same iPSC lines with a different
274 Stem Cell Reports j Vol. 16 j 264–280 j February 9, 2021
neuronal induction protocol that uses the Dual-SMAD

inhibition (Figure 7A). Similarly to our previous experi-

ment, we generated ORGs, as well as parallel MONs

and REAGs, after early dissociation at TD0, and used

RNA-seq to infer transcriptional alterations in MONs



Figure 7. Consistency of Transcriptomic Changes between MONs and ORGs across Protocols and Times of Dissociation
(A) Experimental design. Cells derived from three iPSC lines were processed for transcriptomic or proteomic analysis. Abbreviations as in
the text.
(B) Venn diagram showing overlap between early dissociated MON versus ORG DEGs under Noggin (n = 2 biological different iPSC lines per
condition) or Dual-SMAD neuronal induction protocol (n = 3 biologically different iPSC lines per condition).
(C) Top CP-based annotations for the sets of DEGs between early dissociated MONs versus ORGs under Noggin and Dual-SMAD protocols,
respectively.
(D) Total number of DEGs (gray bar), downregulated DEGs (blue bar), and upregulated DEGs (red bar) in early and late dissociated MONs
versus ORGs at TD25.
(E and F) Volcano plots of MON_diss.0 versus ORG (E) and MON_diss.11 versus ORG (F) DEGs after early and late dissociation. Dots above the
horizontal line are statistically significant (FDR < 0.01).
(G) Total number of DEGs (gray bar), downregulated DEGs (blue bar), and upregulated DEGs (red bar) in early and late REAGs versus ORGs at
TD25.
(H) Multidimensional scaling plot of RNA-seq data at TD25 for all conditions.

Stem Cell Reports j Vol. 16 j 264–280 j February 9, 2021 275



and REAGs, compared with the intact ORGs, our refer-

ence preparation. The samples generated in this replica-

tion experiment, the DEGs between MONs and REAGs

compared with ORGs, and their GO and CP annotations

are listed in Tables S8A–S4D. We identified 1,088 DEGs in

MONs versus ORGs, which we tested for overlap with the

1,386 previously identified DEGs under the Noggin pro-

tocol. We observed a significant overlap between the two

lists of DEGs (368 genes, p < 10�165) (Figure 7B), strong

correlation in log2 fold change in gene expression (corre-

lation coefficient ~0.76; not shown), and virtually iden-

tical top CP and GO terms for the sets of 1,088 and

1,386 DEGs comparing MONs versus ORGs under

Noggin and Dual-SMAD protocols (Figure 7C), suggest-

ing that dissociation-induced key transcriptional alter-

ations are not specific to the Noggin protocol.

Time of Dissociation Has Marginal Effects on

Transcriptional Alterations

To investigate whether there is a critical period when cell-

to-cell contact must be maintained for proper forebrain

neurogenesis, we generated MON and REAG cultures after

a later dissociation time point at TD11 (respectively,

MON_diss.11 and REAG_diss.11) along with those

described previously after dissociation at TD0, using the

Dual-SMAD inhibition protocol described above. We then

compared DEGs between the early dissociated MONs

versus ORGs (1,088) with the DEGs between the late disso-

ciated MONs versus ORGs (1,667) (Figure 7D). We found

nearly 500 DEGs in common, which also displayed good

correlation in direction of change (correlation coefficient

r = 0.795) (Figures S6A and S6B). Early and late dissociation

DEGs sets showed overlap of CP and GO terms, specifically

Extracellular Matrix-related terms for genes upregulated in

MONs and Nervous System Development and Neurogenesis

for genes upregulated in ORGs (Figures S6C–S6F; Tables

S8A–S8D). Top upregulated genes in both early and late

dissociated MON preparations included several collagen

types (COL1A1, COL1A2) and gene products involved in

ECM organization (SERPINE1, CTGF, GREM1, ANXA1,

and ANXA2), and top downregulated genes included

many neurogenic TFs (NEUROD2, EMX1/2) and deep

and upper cortical layer neuronal markers (BCL11B,

FEZF2, and CUX2) (Figures 7E, 7F, and S6G).

When gene expression in the REAG conditions was

compared with the ORGs, early (REAG_diss.0) and late (RE-

AG_diss.11) dissociation revealed only 417 and 523 DEGs

(Figure 7G; Table S8A), respectively, confirming a weaker

transcriptional perturbation compared with theMON con-

dition, as described previously with the Noggin protocol

(Figure 5B).

Indeed, multidimensional scaling showed a clear sepa-

ration along the V1 axis between MON conditions and
276 Stem Cell Reports j Vol. 16 j 264–280 j February 9, 2021
everything else (REAGs and ORGs), while along the V2

axis we observed a separation associated with the early

versus late dissociation, more pronounced in MONs

than in REAGs. Also, there was a wider spread in early

dissociation versus late dissociation, more pronounced

in REAGs, perhaps suggesting that late dissociation re-

sults in lower line-to-line variability, possibly because of

a less drastic perturbation on the phenotype. In partic-

ular, the late dissociation REAGs seem closer to the

ORGs, further supporting the idea that a later dissocia-

tion has less disruptive effect on neural development

(Figure 7H).

Next, we usedmass spectrometry-based label-free quanti-

tative proteomics in two cell lines to interrogate proteome

alterations between early dissociated MON and ORG con-

ditions.We quantified 4,783 peptides across all conditions,

with approximately 90% overlap with the list of expressed

genes (Figure S6H). We then tested proteins for differential

expression in MON_diss.0 versus ORG and identified 199

differentially expressed proteins (DEPs) (FDR < 0.05) with

107 upregulated (i.e., up in MONs) and 92 downregulated

proteins (i.e., up in ORGs) (Figure S6I). The list of DEPs

and their GO and CP annotations are presented in Tables

S8E and S8F.

While comparison of the DEPs with the DEGs (Fig-

ure S6J), under identical conditions, resulted in modest

overlap (about 30 DEPs also found as DEGs), this is consis-

tent with previous work (Freiberg et al., 2016; Ghazalpour

et al., 2011; Pacheco et al., 2017), and is likely related to

the generally poor correlation between protein and tran-

script abundance (Haider and Pal, 2013; Vogel and

Marcotte, 2012). Nevertheless, among the top GO terms

associated to the upregulated proteins in MONs we find

terms all related to focal adhesion and the cell-substrate

adherens junction (Figure S6K). Among the top DEPs,

also in overlap with the cell-substrate adhesion annota-

tions, were gene products, such as FLNA/B, VCL, TLN1/

2, ACTN1/4, PLEC, and ILK/Integrin linked kinase, link-

ing the plasma cell membrane with the cortical actin cyto-

skeleton and interacting with integrins and other trans-

membrane receptors. Therefore, there is a consistent

functional annotation between gene and proteins upregu-

lated in MONs, both supporting a role of cell adhesion

and ECM in disrupting cellular organization and fate.

Interestingly, the DEPs offer a different, complementary

picture with respect to the differential gene expression,

providing insights into potential additional mechanisms

that are impacted by variations in cell-to-cell contacts,

e.g., the cell cytoskeleton, including contractile proteins,

such as actin, myosin, and associated molecules, that in-

fluence cell shape as well as the symmetry of cell divi-

sions, processes which may be highly disrupted by culture

on a 2D substrate.



DISCUSSION

In this work, we compare the ability to generate cortical

neural progenitor cells, and subsequently neurons, from

three human iPSC lines differentiated under 3D ORG

versus 2D MON conditions, using two different directed

differentiation protocols. Longitudinal transcriptome ana-

lyses revealed that dissociation introduced a wave of tran-

sient transcriptional alterations dissipating over time, as

the number of DEGs decrease from about a total of 8,500

to 8,000 at TD2 to 1,300 to 1,000 at TD31. However, the

proportion of strong transcriptional alterations increased

with time, delineating a picture of divergent systems with

a more and more defined identity. Important signaling

molecules and cell fate determinants were altered in the

MONs at all time points analyzed, including a downregula-

tion of cell-to-cell adhesion molecules, Notch pathway

genes, and cortical cell fate genes, with a concomitant

upregulation of cell-to-substrate adhesion molecules,

including collagens, integrins, and laminins. Thus, con-

trasting MON with ORG transcriptomes over time and

both preparations with fetal human brain (Figures 3H

and 3I) does not support a maturational delay, i.e., a closer

similarity of MONs to ORGs or to fetal brain at the later

time point.
This is consistent with previous findings of divergent

changes in cell membrane and ECM molecules when

comparing 3D versus 2D differentiations (Simao et al.,

2018). The potentially permanent result of this dynamic

process may have led MONs onto a different develop-

mental trajectory, at least within the observed temporal

window.

Inhibiting ITGb1 receptor signaling in MONs decreased

cell-to-matrix adhesion and normalized cell division to

levels comparable with ORGs, suggesting that increased

ITG-laminin interactions are causing excessive prolifera-

tion. This is consistent with previous works showing that

laminin promotes human primary neurosphere growth

(Hall et al., 2008). However, suppressing ITGb1 signaling

in MONs did not change the downregulated expression

of neurogenic and telencephalic cell fate genes. Thus,

excessive ECM signaling causes abnormalities in cell prolif-

eration but is not related to aberrant cell fate in this model.

A likely reason for the impaired differentiation of MONs

is that loss of cell-to-cell contacts decreases intercellular

signaling, while at the same time enhancing relatively un-

specific cell-ECM contacts with laminin. In support of this,

the prompt reaggregation of the dissociated neuronal pro-

genitor cells partially restored aberrant cell fate. However,

REAG preparations still displayed a disorganized architec-

ture, with decreased RG cell polarity, smaller rosette struc-

tures, and loss of clear separation between RG and the

postmitotic cell layer due to intermixing of newly born
neurons with progenitor cells. Dissociation at a later time

point did not substantially improve the differences in

gene expression between MONs and ORGs, although tran-

scriptomes of late dissociated REAGs were closer to those of

ORGs. Overall, the data suggest that even a temporary

disruption of cell-to-cell contacts, especially at early time

points, has profound and possibly permanent effects.

Crucial components of layer- and compartment-specific

cell adhesion are proto-cadherins and cadherin surface

molecules. Cadherin-mediated junctions are located be-

tween the apical endfeet of RG cells and regulate mitotic

spindle orientation, cortical architecture, and cell fate (Chi-

lov et al., 2011; Gloerich et al., 2017; Tuncay and Ebnet,

2016). We show that, along with decreased CDH2 protein

expression along their apical endfeet, the polarized organi-

zation of RG cells is almost completely lost in MONs and

REAGs. Focused cell-to-cell Notch signaling and transloca-

tion of the Notch intracellular domain to RG nuclei pro-

motes RG self-renewal (Hatakeyama et al., 2014). We

indeed observed a global suppression in Notch signaling

in MONs, including downstream proneural and neuro-

genic genes. This was likely the result of disruption in

CDH2-containing apical complexes, as shown by the par-

tial reversal of Notch and neurogenic gene expression

upon reaggregation.

However, rather than premature differentiation, as often

seen after disruption of apical complexes in animal models

(Bultje et al., 2009; Cappello et al., 2006; Kim et al., 2010;

Rousso et al., 2012; Zhang et al., 2010), we observed defec-

tive activation of proneural genes (i.e., NEUROG1/2 and

NEUROD1/4/6) and outer RG genes (e.g., FAM107A, MT3,

and HOPX) in MONs compared with ORGs, suggesting an

impaired capability of RG cells to give rise not only to other

RG cells, but also to intermediate progenitors, outer RG

progenitors, and early neurons. This could perhaps be

attributed to a role of cell adhesion in controlling the

spread and stability of Notch-dependent HES1 and DLL/

NEUROG2 transcriptional oscillations between adjacent

RG cells, oscillations which precede sustained NEUROG2

expression, which is required for neuronal differentiation

(Imayoshi et al., 2013; Shimojo et al., 2011). NEUROG2+

progenitors, in turn, upregulate the transcriptional repres-

sors FOXP2/4,MYT1, INSM1, and SCRT1, which downregu-

lateCDH2 transcription andpromote detachment of TBR2+

IPCs and outer RG from the ventricular layer (Itoh et al.,

2013; Rousso et al., 2012; Tavano et al., 2018; Vasconcelos

et al., 2016). This reciprocal regulation between RG cells

and nascent neurons is maintained in the ORGs, as corrob-

orated by co-expression of Notch-related genes, cadherins,

and the above-mentioned IPC transcriptional repressors

MYT1, INSM1, and SCRT1within the bluemodule, but fails

to be implemented in the MONs where all these genes are

downregulated. Owing to a lack of such cell-to-cell
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contacts, MON and to a certain extent REAG preparations

fail to reproducibly implement and maintain IPC genera-

tion and cortical neurogenesis.

Overall, the evidence supports a fundamental role of

contacts between precursor cells in triggering and main-

taining dynamic intercellular signaling systems, including

cadherins and Notch, and undoubtedly others that govern

the regional and cellular fate commitment of neuronal

progenitors.
EXPERIMENTAL PROCEDURES

Neuronal Differentiation of iPSC Lines
Weused three previously generatedhumanmale control iPSC lines

(Mariani et al., 2015). Telencephalic ORGs were differentiated as

described previously (Mariani et al., 2015). To generate MONs,

neuronal rosettes were dissociated into single cells at TD0 and

plated onto poly-L-ornithine- and laminin-coated wells, and, to

generate REAGs, cell suspensions were quickly re-aggregated in a

96-well plate. The experiment was repeated using the same lines

differentiated with a Dual-SMAD inhibition protocol adapted

from Rigamonti et al. (2016) with SB431542 and LDN-193189 in

place of Noggin (see the Supplemental Experimental Procedures

and Table S1). Immunostaining, stereological analysis, qRT-PCR,

and western blot analysis were performed as described in the Sup-

plemental Experimental Procedures.
Transcriptomic and Proteomic Analysis
Samples (see Table S1) were processed for RNA-seq and label-free

liquid chromatography-tandem mass spectrometry (LC-MS/MS)

analysis as described in the Supplemental Experimental Proced-

ures. RNA-seq reads were mapped to the human genome (hg19)

and the GencodeV7 (Harrow et al., 2012) transcriptome annota-

tion. DEGs were inferred using the edgeR pipeline, and an FDR

cut-off of 0.05was used for all the tests.We used theWGCNApack-

age (Langfelder and Horvath, 2008) for co-expression network

analysis using gene expression estimates (as log2 (RPKM + 1))

from all the iPSC-derived ORGs (three cell lines and three time

points). We inferred TFs potentially upstream of genes within the

blue module using the Enrichr web application (Kuleshov et al.,

2016) and filtered out non-significant TFs (see the Supplemental

Experimental Procedures). The LC-MS/MS data were processed us-

ing Proteome Discoverer (v.2.1; Thermo Fisher Scientific) and pro-

tein identification was carried out using the Mascot search algo-

rithm (Matrix Science), and analyzed using Scaffold (Proteome

Software).
Data and Code Availability
The source data described in this manuscript are available via the

PsychENCODE Knowledge Portal (https://psychencode.synapse.

org/). The PsychENCODE Knowledge Portal is a platform for ac-

cessing data, analyses, and tools generated through grants funded

by the National Institute of Mental Health (NIMH) PsychENCODE

program. The accession number for RNA-seq and proteomic data

reported in this paper is https://doi.org/10.7303/syn23593358.
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Data are available for general research use after complying with re-

quirements for data access and data attribution.
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