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SUMMARY

Human brain organoids provide unique platforms for modeling several aspects of human brain
development and pathology. However, current brain organoid systems mostly lack the resolution
to recapitulate the development of finer brain structures with subregional identity, including
functionally distinct nuclei in the thalamus. Here, we report a method for converting human
embryonic stem cells (hESCs) into ventral thalamic organoids (vThOs) with transcriptionally
diverse nuclei identities. Notably, single-cell RNA sequencing revealed previously unachieved
thalamic patterning with a thalamic reticular nucleus (TRN) signature, a GABAergic nucleus
located in the ventral thalamus. Using vThOs, we explored the functions of TRN-specific,
disease-associated genes patched domain containing 1 (PTCHD1) and receptor tyrosine-protein
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kinase (ERBB4) during human thalamic development. Perturbations in PTCHD1 or ERBB4
impaired neuronal functions in vThOs, albeit not affecting overall thalamic lineage development.
Together, vThOs present an experimental model for understanding nuclei-specific development
and pathology in the thalamus of the human brain.
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In Brief

Generation of organoid models for subregions of the human brain is challenging. Park and
colleagues report a method to generate ventralized thalamic organoids, which recapitulate
molecular and functional features, and cellular diversity of ventral thalamic nuclei and offer a
model to dissect related brain disorders.
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INTRODUCTION

Despite substantial progress in the organoid field in recent years, there has been a significant
challenge in modeling complex brain regions with subregional identity (e.g., distinct

nuclei in the thalamus or subregions of the hippocampus).1=3 For example, the thalamus
divides into approximately 60 nuclei, each with unique connections to other brain regions
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regulating distinct functions.*> One such nucleus, the thalamic reticular nucleus (TRN), is
the primary part of the ventral thalamus (also known as prethalamus) comprised of a thin
sheet of inhibitory GABAergic neurons strategically located between the cortex and dorsal
thalamus.® Due to its location and cellular nature, the TRN provides inhibitory feedback
to thalamocortical connections and plays vital roles in gating sensory information flow,
attention selection, and sleep rhythm generation.”~19 Accordingly, TRN dysfunction has
been linked to sleep disturbances, attention deficits, and sensory abnormalities in many
neurodevelopmental disorders, including attention-deficit/hyperactivity disorder (ADHD),
intellectual disability (ID), and autism spectrum disorders (ASD).6:11:12 Although animal
studies have provided valuable information to the TRN function, little is known about the
development and function of the TRN in the developing human brain in physiological and
disease contexts. Therefore, it is imperative to have a robust in vitro model to study human-
specific features of TRN development and function as well as to further our understanding
of the pathophysiology of TRN-related disorders.

Three-dimensional (3D) brain organoids provide physiologically relevant in vitro systems to
examine human brain development and disorders.1314 Human pluripotent stem cells (PSCs)-
derived region-specific organoids have accelerated our understanding of how distinct regions
of the human brain develop.15:16 Previously, we demonstrated the generation of thalamic
organoids with a regional identity similar to the dorsal division of the human thalamus.1”
Here, we developed a method for differentiating human embryonic stem cells (hESCs) into
ventral thalamus-like brain organoids (vThOs). Through single-cell transcriptome analysis,
we discovered divergent thalamic lineages in vThOs. Strikingly, TRN-like cell clusters that
displayed similar heterogeneity to /7 vivo TRN formed during vThO development. By
manipulating TRN-specific, disease-related genes (ERBB4 and PTCHD1) in vThOs, we
further demonstrated that vThOs represent a model for deciphering nucleus-specific disease
mechanisms during human thalamic development.

Generation of thalamic organoids with a ventral identity

We previously generated human thalamic organoids (ThOs) resembling the dorsal thalamus
by dual SMAD inhibition and insulin-driven caudalization coupled with thalamic patterning
(MEK-ERK inhibition and BMP7 activation) from hESCs.17 Notably, several studies
demonstrated that secreted morphogen Sonic Hedgehog (SHH) plays a critical role in
controlling cellular fate in the thalamus, promoting the emergence of the rostroventral
portion of the thalamus, including the TRN.18-23 Thus, we explored thalamic differentiation
with the treatment of recombinant SHH (C25I1) under 3 different conditions: (1) SHH
treatment that covers the entire patterning stage (d8-16), (2) mid-patterning stage to early
differentiation stage (d12-20), (3) or late-patterning stage to early differentiation stage
(d14-22) (Figure S1A). To examine the effect of SHH on transcriptional change and

lineage commitment in guiding the thalamic fate, we performed single-cell RNA sequencing
(scRNA-seq) of 37,941 cells from day 70 organoids with or without SHH treatment.
Differential gene expression analysis showed a significant upregulation of genes enriched

in the ventral thalamus (RELN, LHX5, LHX1) and TRN (TRH, ESRRG)?4-26 in organoids
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treated with SHH at d12-20 or d14-22 (Figure S1B). In contrast, dorsal thalamic markers
(LHX2 and LHX9)2" were significantly downregulated and displayed slight differences
across all 3 SHH treatment conditions (Figure S1B). Immunostaining further confirmed
drastically downregulated dorsal marker (LHX2) and significantly upregulated ventral
marker (LHX5) in thalamic organoids with SHH treatment at later time points (Figure

S1C, Conditions 2 and 3). Immunostaining with another ventral thalamic identity marker,
DLX2,21 further demonstrated the enrichment of cells with ventral identity in thalamic
organoids treated with SHH at later time points, particularly between d14-22 (Figure

S1D). However, thalamic organoids from all conditions acquired similar production of cells
positive for broad thalamus2” and mature neuron markers, TCF7L2 and MAP2, respectively
(Figure S1E), indicating similar thalamic neuron differentiation regardless of the shift in
dorsal-ventral identity with SHH treatment. Finally, a comparison with unique markers in six
different human thalamic regions revealed that SHH-treated (d14-22) thalamic organoids
were similar to the ventral anterior thalamic nucleus, pulvinar, and medial geniculate
nucleus (Figure S1F).28

The dorsal thalamus exhibits PAX6 expression preferentially in neural progenitors, whereas
both progenitors and neurons in the ventral thalamus demonstrate PAX6 expression.21:29

To examine the expression pattern of PAX6 from proliferative progenitors to postmitotic
neurons, we employed pseudo-temporal modeling of single cells and pseudotime calculation
to determine developmental stages (Figure S1G).30 We discovered that PAX6 is highly
expressed in postmitotic neurons (MKI67~ cells) of thalamic organoids with SHH
administration between d14-22. In contrast, PAX6 expression is very limited in postmitotic
neurons of thalamic organoids with no or earlier SHH treatment (d8-16 and d12-20) (Figure
S1G). Together, our findings suggest that late activation of the SHH pathway (day14-22)
leads to the generation of thalamic organoids with a ventral identity. Therefore, we named
these organoids ventralized thalamic organoids (vThOs) (Figure 1A).

Single-cell transcriptomics atlas of vThO reveals the presence of inhibitory neuron
clusters, including TRN identity

To investigate thalamic cell specification, we further analyzed the ScRNA-seq generated
from ThOs and vThOs at day 70. After quality control, 11 major cell clusters were defined
by their distinct molecular features, including excitatory neurons, inhibitory neurons,
astrocytes, endothelial cells (EC), ependymal cells (Epn) and progenitor populations (Figure
1B and S2A). Notably, we identified two major inhibitory neuron clusters abundantly
generated in vThOs; IN (inhibitory neuron) and TRN. Inhibitory neurons in TRN cluster
exhibit high expression of canonical TRN markers (ECEL1, SPP1, SST, ESRRG, RORB)
(Figures 1B, C, and S2B, C, D). Comparative analysis with the reference transcriptome
and unique cell markers validated the presence of the TRN cell cluster (Figure S2C, D).3!
As shown in a previous mouse model,32 and in RNA in situ hybridization that indicated

the discrete expression of SPP1 and ECEL1 in the TRN region (Figure S2C), we observed
transcriptional separation of cell clusters defined by the expression of SPP1 and ECEL1

in the TRN cluster (Figure S2D). SHH signaling also regulates the emergence of rostral
thalamic progenitors that mostly differentiate into GABAergic thalamic neurons.2% Overall,
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similar to the developing human thalamus, SHH activation in organoid culture induces the
generation of inhibitory neurons with TRN-like cellular identity.

During development, the ventral-to-dorsal gradient of SHH activity specifies different
neuronal subtypes that are characterized by unique markers.27:33 In vThO-derived cells,
we detected strong expression of ventral identity markers (LHX1, LHX5, and vGAT), while
in stark contrast ThO-derived cells mostly demonstrate dorsal identity (LHX2, LHX9, and
vGLUT2) (Figure 1D).34 Quantitative PCR analysis verified that the expression of ventral
markers (DLX2, LHX1, LHXS5, and VGAT) was significantly higher in vThOs than ThOs
(Figure S3A). Similarly, vThOs demonstrate notably higher expression of TRN markers
(SST, SPP1, ECEL1, PTCHD1, and ERBBA4) than ThOs (Figure S3A). Furthermore,
immunostaining revealed a widespread expression of the ventral identity markers LHX5
and LHX1 at different stages of organoid development only in vThOs but not in ThOs
(Figure 1E and S3B). In contrast, ThOs mostly contain LHX2* thalamic neurons with
dorsal identity (Figure 1E). Co-labeling with general thalamic neuron marker TCF7L.226
and ventral identity marker LHX5 proved that almost all thalamic cells in vThOs acquired
ventral identity (Figure S3C).

The ventral section of the thalamus, including TRN, is mostly comprised of inhibitory
GABAergic neurons, whereas the nuclei in the dorsal section mostly contain excitatory
glutamatergic neurons.® Immunostaining analysis with the combination of excitatory
neuron marker vGLUT2 and inhibitory neuron marker GABA revealed the enrichment
of GABAergic inhibitory neurons in vThOs while ThOs mostly contain excitatory
glutamatergic neurons. Notably, the specification of excitatory neurons in ThOs and
inhibitory neurons in vThOs were mostly complete by day 72 in culture (Figure 1F).
Also, GABA* thalamic neurons within vThOs co-express ventral identity marker LHX5
corroborating the conclusion that thalamic progenitors that acquired the ventral identity
differentiate into inhibitory neurons similar to those during in vivo embryonic development
(Figure S3D).5

Next, we performed single-cell RNAseq at earlier (Day36) and later (D112) stages of ThOs
and vThOs. We observed similar cell clusters of the integrated datasets from ThOs and
vThOs at days 36, 72 and 112 and the integrated datasets of human fetal dorsal and ventral
thalamus (Figure S3E).35 Importantly, gene set enrichment analysis (GSEA) revealed the
enrichment of ventral thalamus gene signature in vThOs across different developmental
stages (Figure S3F). To investigate the developmental changes of inhibitory neurons in
vThOs, next we performed an inferred pseudotime analysis across vThOs at days 36,

72, 112 in culture, which revealed a large fraction of mature inhibitory neurons at days

72 and 112 compared to day 36 (Figure S3G). We also observed elevated expression of
neuronal markers (STMN2, GAP43, DCX), inhibitory neuron markers (SLC32A1, GAD1/2)
and ventral thalamic markers (ESRRG, PBX3, LHX1) with pseudotime (Figure S3H).
Finally, GO analysis demonstrated that pseudotime is associated with maturation trajectory
of inhibitory neurons (Figure S3I). Together, these results show that vThOs resemble the
human fetal ventral thalamus with progressive maturation of inhibitory neurons.
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vThOs contain diverse thalamic nuclei with ventral identity

Previous studies emphasized the heterogeneity across thalamic nuclei.36:37 More

recently, scRNA-seq technologies further uncovered the cellular complexity of thalamic
neurons.®:38:39 Here, we further analyzed the single-cell transcriptome of ThO and vThO to
define the thalamic nuclei identities. Our sub-clustering analysis of the inhibitory neuron cell
populations without TRN markers (IN) produced 6 distinct subtypes, some strongly enriched
in ThOs characterized by high expression of EBF1, CNTNAPS5, and CRABP1 (Figure

2A, B). In contrast, vThOs contained highly enriched inhibitory neuron subpopulations
marked by GAD1, GAD2, and RORA expression (Figure 2B). Indeed, subgroups defined
by the expression of RORA* and GAD2* have also been detected in adult mouse ventral
thalamic nuclei.38 Furthermore, immunostaining for the inhibitory neuron markers GAD1
and GAD?2 in thalamic organoids revealed widespread expression of GAD1" and GAD2*
thalamic neurons in vThOs but not in ThOs (Figure 2C). We next sub-clustered the TRN
cell population since TRN showed a molecular heterogeneity within the nucleus (Figure

2D, E, F).32 Sub-clustering analysis uncovered 4 unique TRN subclusters within vThOs,
which were mostly absent in ThOs (Figure 2E). vThOs contained highly enriched SST™*

and RORB™ cells in several TRN subpopulations (Figure 2E, F). The presence of SST™*
neurons in TRN has also been shown in mice models.4? A previous study revealed that in
adult mice TRN neurons demonstrate core versus shell-like expression of SPP1 and ECEL1,
respectively (Figure 2D).32 Indeed, vThOs showed enriched expression of SPP1 and ECEL1
in separate subpopulations similar to their in vivo counterparts (Figure 2F). We further
performed immunostaining for SPP1 and ECEL1 to examine the structural organization
within thalamic organoids. vThOs contained highly enriched and separated subpopulations
of SPP1* and ECEL1* cells (Figure 2G). However, although ECEL1* TRN neurons tend

to cluster together in vThOs (Figure S2E), the distinct core-versus shell-like anatomical
structure was not apparent. The lack of structural organization of TRN cells could stem from
the fact that brain organoids mostly represent features of the early to mid-gestational stage
of the developing brain.16:41 Since TRN is comprised of GABAergic inhibitory neurons,

we performed co-staining with inhibitory neuron marker GABA and TRN marker SPP1 in
vThOs and demonstrated that SPP1 is localized to cell bodies and branches of GABAergic
neurons (Figure 2H). Finally, to interrogate the synaptic connectivity of TRN neurons
within vThOs, we infected vThOs with AAV-hSyn::GFP and co-labeled TRN neurons

with ECEL1 and inhibitory synapses with GEPHYRIN. Apart from widespread inhibitory
synapse formation in vThOs by Day 90 in culture, this result demonstrated that ECEL1*
TRN neurons form synaptic connections with ECEL17/GFP* non-TRN neurons (Figure 21).
Collectively, our results demonstrated that vThOs contain cell types with transcriptional and
cellular characteristics reminiscent of /n vivo TRN neurons, and they exhibit mature neuron
phenotypes by day 90 in culture.

vThOs contain functionally distinct neurons

Since ThOs and vThOs contain neuronal populations with distinct transcriptional and
cellular identities, we next compared the functional properties of neurons in ThOs

and vThOs (Figure 3A). TRN neurons exhibit intrinsic bursting activity that regulates
thalamocortical oscillations.#243 Therefore, to describe the firing properties of individual
neurons in ThOs and vThOs, we took an all-optical electrophysiology approach using
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a genetically encoded voltage indicator Voltron.*4 Interestingly, we observed a clear
difference in firing patterns between neurons from ThOs and vThOs. Most noticeably,
neurons from vThOs exhibited ~10-fold more high-frequency action potentials (bursts),
while neurons from ThOs mostly fired in single action potentials (singlet) (Figure 3B).
This eventually led to an increased spiking rate in neurons from vThOs compared to

those from ThOs (Figure 3B). We then performed calcium imaging with the genetically
encoded calcium indicator GCaMP6s.4° Consistent with the high spiking rates of neurons
from vThOs observed in voltage imaging experiments (Figure 3B), the frequency and the
average amplitude of calcium activity in neurons from vThOs were significantly higher
compared to those from ThOs (Figure 3C). These results not only demonstrate the functional
maturation of neurons in both types of thalamic organoids but also indicate the functional
divergence of neurons generated in ThOs and vThOs. More importantly, neurons from
vThOs exhibit electrophysiological characteristics similar to the TRN neurons described in
animal models.#243

The TRN receives excitatory projections from thalamocortical and corticothalamic neurons
and sends inhibitory afferents to the dorsal thalamus and TRN itself but not to the cortex
(Figure 3D).5 We next sought to answer whether TRN neurons in vThOs would follow a
similar connection profile when transplanted into the thalamus of neonatal mice. To test this,
we sorted SPP1* TRN neurons and SPP1~ thalamic neurons from vThOs. Then, we labeled
SPP1* and SPP1~ cells with AAV-hSyn:RFP and AAV-hSyn:GFP, respectively. Finally,

we injected pooled RFP* and GFP* neurons into the thalamus of an immune-deficient
neonatal mouse (Figure 3E). After 35 days of transplantation, immunostaining for GFP
and RFP revealed that both SPP1~ thalamic neurons (GFP*) and SPP1* TRN neurons
(RFP*) were able to survive and engraft into the mouse thalamus (Figure 3F, left panel).
However, only SPP1~ thalamic neurons (GFP*) sent projections to the cortical area, while
projections from SPP1* TRN neurons (RFP*) were largely absent (Figure 3F, right panel).
Thus, TRN neurons derived from vThOs follow a similar connection preference as their in
vivo counterparts and do not form synaptic connections with cortical neurons (Figures 3D
and F). Collectively, these data suggest that neurons generated in vThOs exhibit functional
properties and connection preferences similar to /7 vivo TRN neurons.

a platform to examine early perturbations in TRN-related neurodevelopmental

TRN neurons’ activity correlates with behavioral state, sensory detection, and
attention.8-10 Consequently, TRN dysfunction has been linked to neurodevelopmental and
neuropsychiatric diseases such as ASD, ADHD, and schizophrenia.®46 Animal models
demonstrated that deletion of £rbb4 or Ptchdl in TRN resulted in sensory or attention
deficits, respectively, due to dysregulated neuronal activity.1112 In concert with the
previous RNA in situ hybridization of the mouse brain, our sScRNA-seq data demonstrated
high expression of ERBB4and PTCHDI in the TRN cluster (Figure S4A). Moreover,
immunostaining analysis revealed an almost exclusive expression of ERBB4 and PTCHD1
in vThOs (Figure 4A), and both proteins demonstrated a high level of expression in GABA*
inhibitory and ECEL1* TRN neurons (Figures 4B—C). Using vThOs as a model system,
we thus explored the functions of these genes during ventral thalamus development. We
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used CRISPRi (CRISPR interference) to suppress the expression of PTCHDI and ERBBA.
After testing the efficacy of designed gRNAs (Figures S4B-C), those with higher efficiency
of gene repression were used to suppress the given gene in vThOs (Figure S4D). qPCR

and immunostaining analyses demonstrated that vThOs with the given gRNA dramatically
decreased the expression of target genes (Figures S4E-G). However, repression of neither
ERBB4nor PTCHDI altered the level of TCF7L2* thalamic, ECEL1/SPP1* TRN, GABA™
inhibitory or vGLUT2* excitatory neurons (Figures 4D—E and S4H-1). These data suggest
that suppressing PTCHDI or ERBB4in vThOs has no significant effects on lineage
specification of thalamic and TRN neurons as well as GABAergic and glutamatergic neuron
differentiation.

Next, we examined the functional consequences of PTCHDI or ERBB4 knockdown in
vThOs with calcium activity assay (Figure 4F). In control vThQs, thalamic neurons
displayed high-frequency calcium spikes (Figure 4G). However, neurons from vThO-
PTCHD1 KD or vThO-ERBB4 KD showed prolonged inter-spike interval that in turn
decreased neuronal activity with decreased average amplitude and frequency (Figure 4G).
Since repetitive bursting observed in the TRN and other brain regions is known to depend on
the interactions between T-type Ca%* and small conductance calcium-activated K* channels
(SK),11:47.48 \ve next investigated possible dysregulation of these channels by PTCHD1
and £ERBB4 knockdown in vThOs. Surprisingly, we observed increased expression of two
genes, KCNNZ and 4, which encode for SK2 and SK4 channels when the expression of
PTCHDI and ERBBA4 s repressed (Figure 4H). In support of this result, we also observed
an accumulation of SK2 channels particularly in GABA™ inhibitory neurons in which
PTCHD1 and ERBB4 are highly expressed (Figures 41 and 4B). Previous studies showed
an inverse correlation between the expression level of SK channels and neural bursting
activity. Inhibition of SK channel activity results in an increased incidence rate of bursting
while gain-of-function of SK channels inversely causes diminished bursting activity similar
to our observation in PTCHD1 and ERBB4 knockdown in vThOs.48-50 These results point
to a possible common pathway downstream of PTCHD1 and ERBBA4 that regulates the
expression of SK2 and SK4 channels and hence neuronal activity. Overall, perturbation of
TRN-related genes impairs neuronal functions in vThOs containing TRN-like cell clusters,
extending similar observations made in animal studies!1:12 to a human-specific model.
Therefore, vThOs represent a reliable in vitro model to investigate human TRN development
and function in physiological and disease contexts.

DISCUSSION

The thalamus is a sensory and motor relay center in the mammalian forebrain, containing
several functionally distinct nuclei. As a part of the thalamic network, the thalamic reticular
nucleus (TRN) laterally surrounds the core thalamic nuclei and exerts a highly specialized
function by modulating information flow between these thalamic nuclei and the cortex.®
Due to this specialized function as a gatekeeper of information flow, TRN dysfunction has
been implicated in multiple neurodevelopmental and psychiatric disorders.® Therefore, we
developed a protocol to generate ventralized thalamic organoids (vThOs) that incorporate
TRN identity. Single-cell RNA profiling of vThOs revealed several transcriptionally distinct
subpopulations in the TRN cell cluster that share marker expressions observed in the mouse
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TRN. Importantly, both single-cell transcriptome and corresponding immunohistochemistry
analysis demonstrated non-overlapping SPP1* and ECEL1* cell populations in the TRN
cluster, which is consistent with the transcriptional and cellular organization of the mouse
TRN.32 Furthermore, neurons from vThOs exhibit unique firing properties reminiscent of
the TRN neurons described in animal models. Finally, we showed reduced neuronal activity
caused by perturbation of TRN-related, disease-linked genes ERBB4and PTCHDI1. Thus,
vThOs offer a platform to study human-specific, nuclei-dependent cellular mechanisms
underlying normal and abnormal development of the thalamus.

Tonic and burst firing are known to occur in TRN neurons from adult animals depending
on their resting membrane potential.>> Our neuronal activity measurements from vThOs
demonstrated a high tendency of these neurons to fire in bursts similar to /n vivo TRN
neurons. However, we failed to observe the synchronized and rhythmic bursting pattern
that is known to occur in TRN neurons and is important to generate oscillatory activities

in the thalamus.#2 The lack of such an activity pattern may be due to the fact that

vThOs resemble the developing thalamus, and TRN neurons within are not mature enough
to produce advanced firing properties.1”41 Indeed, the electrophysiological properties of
TRN neurons were generally examined in adult animals.> Second, vThOs, unlike the
developing brain, lack sensory inputs that may facilitate neuronal maturation and hence
the emergence of mature activity patterns.1> Similarly, unlike their counterparts in the fetal
brain, TRN neurons in vThOs do not form reciprocal connections with thalamocortical

or corticothalamic circuits, which may further lead to diverse neuronal firing properties.52
Thus, future studies may adopt the fusion of multiple region-specific brain organoids to
achieve further functional crosstalk and maturation for vThOs.1745.53-55 Qverall, emerging
brain organoids with more defined subregional identities, including the vThOs, hold the
potential to facilitate the modeling of the human brain at an ever-defined resolution.

Limitations of study

The present study used a limited number of human ESC lines. Future studies using a larger
number of ESC and iPSC lines are needed to confirm the reliability and reproducibility

of human thalamic organoid generation. Similarly, we used a CRISPR-based knockdown
system for disease modeling, which needs to be further analyzed with other systems

and patient-derived iPSCs. There are also inherent limitations to using brain organoids

to precisely model human brain development and function in health and disease states.

For example, the lack of immune cells and vascularization in brain organoids may cause
significant changes in the normal developmental trajectory of neurons and may eventually
hinder the precise modeling of disease progression. Also, since brain organoids are more
similar to the developing brain than the adult postnatal brain, studying the mature functions
of neurons may be challenging. Although we observed similar electrophysiological
properties between /n vitro TRN neurons and their /77 vivo counterparts, studying advanced
firing properties as in animal studies may not be possible using vThOs.

Cell Stem Cell. Author manuscript; available in PMC 2024 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiral et al. Page 10

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents may be directed to, and will
be fulfilled by the lead contact, Dr. In-Hyun Park (inhyun.park@yale.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—RNA sequencing data have been deposited in Gene
Expression Omnibus database and are publicly available as of the date of publication.
Accession numbers are listed in the key resources table. This paper analyses existing,
publicly available data. The accession numbers for the datasets are listed in the key
resources table. This paper does not report original code. Any additional information
required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—The Rag2—-/- GammaC-/- mice were purchased from Jackson Laboratories. All
animal experiments described in this study were approved by the Institutional Animal Care
& Use Committee (IACUC) of Yale University.

hESCs culture—H1 hESCs and HES-3 NKX2-1GFPW and BC4 hESCs were cultured
on Matrigel (BD Biosciences) coated cell culture dishes with mTeSR1 media (Stem

Cell Technologies). hESCs were passaged every week by treatment with Dispase (0.83
U/ml, Stem Cell Technologies). All experiments including hESCs were approved by Yale
Embryonic Stem Cell Research Oversight (ESCRO).

Organoid details

Experiments Samples Sex Culture Stages
(days)

Figure 1, 2, S1 and S2: scRNA-seq, staining ThO, ThO with different Male and female 72

SHH treatment and vThO

Figure 3: Calcium and patch clamp recordings  ThO and vThO Male and female 80 ~90

Figure 3: Dissociation of thalamic neurons vThO Female 90

Figure S3: qPCR and staining ThO and vThO Male and female 72

Figure 4 and S4: Calcium recordings ThO and vThO Female 80 ~90

Figure 4 and S4: staining ThO and vThO Male and female 72

Figure S4: qPCR vThO Female 50

METHOD DETAILS

Generation of human thalamic and ventral thalamic organoids (ThO and
vThO)—ThOs were generated as reported earlier.1” Briefly, 9000 of Accutase-dissociated
hESC cells were plated into a well of U-bottom ultra-low-attachment 96-well plate in
neural induction media (DMEM-F12, 15% (v/v) KSR, 5% (v/v) heat-inactivated FBS (Life
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Technologies), 1% (v/v) Glutamax, 1% (v/v) MEM-NEAA, 100 uM B-Mercaptoethanol)
supplemented with 10 uM SB-431542, 100 nM LDN-193189, 4 pug/ml insulin and 50 uM
Y27632. FBS and Y27632 were removed from day 2 and 4, respectively. The media was
replenished every other day until day 8, when organoids were transferred to the ultra-low-
attachment 6-well plate. The organoids were cultured in spinning thalamic patterning media
with minus vitamin A (1:1 mixture of DMEM-F12, 0.15% (w/v) Dextrose, 1% (v/v) N2
supplement, 2% (v/v) B27 supplement without vitamin A, 100 pM p-Mercaptoethanol,
30 ng/ml BMP7 and 1 uM PD325901). The media was replenished every other day

until day 16, where media was switched to facilitate differentiation and maturation (1:1
mixture of DMEM-F12 and Neurobasal media, 0.5% (v/v) N2 supplement, 1% (v/v) B27
supplement, 0.5% (v/v) MEM-NEAA, 1% (v/v) Glutamax, 0.025% (v/v) Insulin, 50 uM
B-Mercaptoethanol, and 1% (v/v) Penicillin/Streptomycin) supplemented with 20 ng/ml
BDNF and 200 pM ascorbic acid.

For vThO generation, 100 ng/ml SHH (c2511) was administered for 8 days (day 8-16,
12-20 and 14-22), and the optimum condition was SHH treatment from day 14 to 22. The
differentiation media was changed every other day until day 25 and every 4 days thereafter.
For H1 cells, 20 ng/ml bFGF was supplemented to enhance cell growth.

Immunofluorescence staining—For organoids, residual media was removed by
washing with PBS. As described earlier,5” all hCOs were fixed in 4% paraformaldehyde
(PFA) at 4°C overnight. After washing with PBS three times, they were incubated in 30%
sucrose solution for 2 days at 4°C. Organoids were embedded in O.C.T in base molds on
dry ice and sectioned for 40-um. The organoid blocks were further stored at —80°C. After
sections were dried, they were incubated with 0.1% Triton-100 for 15 min and further
blocked with 3% bovine serum albumin (BSA) for 2 hours at RT. Then, the primary
antibody, diluted in 3% BSA, incubation is performed at 4°C overnight. After washing with
PBS, organoids were incubated with Alexa Fluor dyes (1:500) for 2 hours and following
nuclei staining with DAPI (1:1000) for 10 minutes at RT. Finally, slides were mounted with
ProLong Gold Antifade Reagent, and images were taken with Leica TCS SP8 confocal
microscope.

Real-time quantitative PCR (qPCR)—Total RNA was isolated from the whole
organoids via RNeasy Mini Kit (Qiagen). 1 ug RNA was converted to cDNA using iScript
Select cDNA Synthesis Kit. For the quantification of gene expression, gPCR was carried
out on the CFX96 Real-Time PCR system (Biorad) using the SsoFast EvaGreen Supermix
(Biorad). The PCR conditions were: 95 °C for 15 min, followed by 40 two-step cycles at 94
°C for 10 s and 60 °C for 45 s. A list of primers used in this study is presented in Table S1.

Data processing of sScRNA-seq—scRNA-seq reads were aligned to hg19 human
genome and counted with Ensembl genes by count function of CellRanger (v3.0.2) with
default parameters. UMI count data from each library was harmonized by Seurat (v3.0.2).61
First, cells with more than 500 genes and genes expressed in more than five cells were
retained for subsequent analyses. After normalizing raw UMI count to total UMI count,
highly variable genes were identified by variance stabilizing transformation with 0.3 loess
parameter. Cell pair anchoring was implemented by top 2,500 variable genes with 30
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dimensions of canonical correlation analysis. After scaling gene expression values across

all integrated cells, we performed dimensional reduction using principal component analysis
(PCA). Individual cells were visualized into two-dimensional UMAP space using from 1st
to 30th PCs. Graph-based clustering was then implemented with shared nearest neighbor
method from 1st to 30th PCs and 0.8 resolution value. Differentially-expressed genes
(DEGS) in each cluster was identified with more than 1.25 fold change and p<0.05 by
two-sided unpaired T test. Gene Ontology analysis was performed to the DEGs by GOstats
Bioconductor package (v2.46.0). False discovery rate was adjusted by p.adjust function in R
with “method="BH"” parameter.

Each cluster was labeled systematically with unique markers and Gene Ontology. First,

we classified neuronal and non-neuronal clusters with expression of neuronal growth cone
markers (STMN, GAP43 and DCX) and early neurogenesis markers (VIM, HES1 or SOX2).
Then, the neuronal clusters were segregated into excitatory (ExN) and inhibitory thalamic
clusters (IN) by glutamate transporters (SLC17A6 and SLC17A7) and GABA transporters/
Glutamate decarboxylase (SLC32A1, GAD1 and GAD?2), respectively. Neuronal progenitor
cells (NPCs) were categorized by high expression of genes related to “mitotic nuclear
division (GO:0007067)”. We associated each thalamic progenitor subpopulation (Th.P

and epiTh.P) with a subset of differentially expressed genes based on known markers

and a correlation-based hierarchical clustering of the genes, defined previously.3° Three
non-neuronal clusters with high expression (FDR < 0.05) of genes related to “astrocyte
differentiation (GO:0048708)” were assigned as astrocyte clusters (AS). Glia progenitor cell
(GPC) clusters display significant enrichment of “gliogenesis (GO:0042063)” without the
enrichment of “astrocyte differentiation” and HOPX expression. Two non-neuronal cluster
were characterized by ependymal cell markers (CLIC6, FOLR1, and CXCL14) and one
non-neuronal cluster was characterized by endothelial cell marker PDGFRA. Four neuronal
clusters were predominantly generated from ventral thalamic organoids. In particular, these
clusters were characterized by TRN-specific markers (ECEL1, ESRRG, ELMOD1, SST
and RORB). The one rest cluster does not show any significant GO terms and labeled as
unassigned cluster (UN).

Active genes in human thalamic regions were defined as nearest genes to H3K27ac ChIP-
seq peaks (GSE40465).28 Unique active genes in each region were collected as region-
specific gene sets. In each sScCRNA-seq library, genes were ranked by relative expression to
average of all libraries. GSEA was conducted by GSEA software (v4.0.3) without collapse
of gene sets.®0

Developmental pseudotime was predicted by monocle (v2.99.3) in Bioconductor package.3°
Instead of the normalization in monocle tool, we used Seurat-based PCA projection as
“normalized_data_projection”. Transposition of Seurat-based UMAP projection was used as
“reduceDimS”, “reduceDimA” and “reduceDimK” slot, whereas transposition of the PCA
projection was used as “reducedDimW?” slot. Developmental graph was constructed by
SimplePPT method with
“close_loop=T,prune_graph=T,euclidean_distance_ratio=10,geodestic_distance_ratio=0.1,m
inimal_branch_len = 0.5”. Then, pseudotime was calculated by selecting “NPC” as a root.
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Single-cell transcriptome profiles of human fetal dorsal and ventral thalamus were
downloaded from NEMO archive (https://data.nemoarchive.org/biccn/grant/u01_devhu/
kriegstein/transcriptome/scell/10x_v2/human/processed/counts/).3® Data integration and
batch effect normalization was implemented by Seurat as described above.6! Ventral
thalamus gene signatures were identified by global comparison between human fetal dorsal
and ventral thalamus (>1.25 fold change and T test p-value < 0.05). Enrichment of ventral
thalamus gene signatures in vThO was analyzed by GSEA software with default parameters.
Then, cell trajectory analysis by monocle was performed in cells in inhibitory neuron
clusters to investigate the maturation of TRN inhibitory neurons.30 Differentially-expressed
genes along peudotime was identified by Pearson correlation, which was calculated by cor
function in R. Significant Gene Ontology terms were identified by GSEA software with
genes sorted by Pearson correlation coefficient.

Transplantation of SPP1+ and SPP1~ thalamic neurons into mouse brain—
SPP1* neurons were isolated from dissociated vThOs on day 75. Briefly, dissociated cells
were incubated with APC-SPP1 antibody for 30 min. Then, SPP1* and SPP1~ neurons
were sorted with FACS and plated on Matrigel-coated plates within thalamic differentiation
media. After 2 days of culturing, AAV-RFP and AAV-GFP vectors were transduced into
SPP1* and SPP1™ neurons, respectively. All pooled neurons suspended in PBS (100.000
cells/ul) were transplanted into mice brain as previously described 2. After mice were
anesthetized by hypothermia, 100K thalamic neuron suspension (10 uM) was bilaterally
injected into brains of either male or female mice at post-natal day 4. Then, mice were
recovered on a heating pad at 37 °C. After 35-days of neuron transplantation, mice were
perfused with PBS and 4% PFA. Then, explanted brain tissues were further fixed and sliced
for immunofluorescence staining.

Viral labeling and neuronal activity imaging—As we described previously,®:57
organoids were transferred to a 96-well plate for viral infection. After incubation in 300

ul neural media containing AAV.hSyn.flex.Voltron + AAV.hSyn.Cre (Addgene, 119036 and
105553) or AAV. hSyn. GCaMP6s.WPRE.SV40 (Addgene, 100843) for 24 h, organoids
were transferred to 6-well plate in fresh medium. After 10 to 15 days of virus transduction,
the intact organoids were used for voltage and calcium imaging. Time-lapse images were
taken with Leica TCS SP8 confocal microscope at a speed of 50 frames/s for voltage
imaging and 5 frames/s for calcium imaging. To obtain single neuron voltage and calcium
traces, a region of interest (ROI) was manually drawn around neuronal cell bodies and mean
fluorescence intensities over time was calculated using Fiji software.®3 The initial trace (X0)
is the mean intensity over the ROI in time. X0 was fit with a piecewise linear curve using a
Savitzky-Golay filter with a window size of 10 s to estimate the slow baseline fluctuations,

FO. We calculated AF/F asXOF_OFO.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean £ SEM. An unpaired two-tail t-test with Welch’s correction
was used for the comparison of two groups, and one-way ANOVA with Dunnett’s multiple
comparison test was used for the comparison of three or more groups to determine the
statistical significance (GraphPad Prism 8.2.0). Statistical tests and biological replicates for
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each experiment are presented in the figure legends. Statistical significance is presented with
asterisks as follows: *p<0.05, **p<0.01, ***p<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

A protocol for ventral thalamic organoids (vThOs) with discrete nuclei
identities.

vThOs exhibit cellular and functional features akin to thalamic reticular
nucleus.

Similar molecular features between vThOs and human ventral thalamus.

Perturbation in nuclei-specific, disease-linked genes impairs neural functions
in vThOs.
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Figure 1. Transcriptional and cellular characterization of ventral thalamic organoids (vThOs).
(A) Left, a schematic view showing the regionalization of the diencephalon by SHH activity

during embryonic development. Right, schematic describing the protocol for generating
vThOs from human hESC.

(B) UMAP plots of single-cell RNA-seq analysis from ThOs and vThOs at day 70
colored by cell type assignment (left) and organoid type (right). EXN: Excitatory neuron,
IN: Inhibitory neuron, TRN: Thalamic reticular nucleus neuron, AS: astrocyte, EpiTh.P:
Epithalamic progenitors, Th.P: Thalamic progenitors, NPC: neuronal progenitor cell, GPC:
glia progenitor cell, Epn: Ependymal cell, EC: Endothelial cell, UN: unassigned cells.
(C) Pie chart representing the cell count from ThOs and vThOs in TRN, IN, and ExN
clusters.

(D) Distribution of excitatory and inhibitory neurons in ThOs and vThOs, and expression
profiles of known ventral/dorsal thalamic markers in ThO- and vThO-derived cells.
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(E) Immunostaining of vThOs and ThOs at days 36, 72, and 112 for dorsal identity marker
LHX2 and ventral identity marker LHX5. Data represent the mean + SEM (n=10 organoids,
ns=not significant, ***p<0.001). An unpaired two-tail t-test with Welch’s correction was
used for comparison.

(F) Immunostaining of vThOs and ThOs at days 36, 72, and 112 for excitatory neuron
marker vGLUT?2 and inhibitory neuron marker GABA. Data represent the mean + SEM
(n=10 organoids, ns=not significant, *p<0.05, ***p<0.001). An unpaired two-tail t-test with
Welch’s correction was used for comparison. Scale bars represent 100 um in E and F.
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Figure 2. Cell heterogeneity of inhibitory and TRN neuron cell clusters from vThOs.
(A) UMAP plots of single-cell RNA-seq analysis of ThOs and vThOs from IN cell clusters.

(B) GAD1, GAD2, and RORA are significantly enriched in inhibitory thalamic neurons
derived from vThOs. In contrast, ThO-derived inhibitory neurons express genes including
EBF1, CNTNAPS5, and CRABPL1. Enrichment and depletion are scaled by - log2(FDR) and
shown as a grey-to-blue gradient towards enriched expression.

(C) Left, GAD1 and GAD?2 staining of ThOs and vThOs at day 72. Right, quantification
of marker*/DAPI™ cells indicated the drastic enrichment of GAD1* and GAD2* neurons in
vThOs at day 72. Data represent the mean = SEM (n=10 organoids, **p<0.01, ***p<0.001).
An unpaired two-tail t-test with Welch’s correction was used for comparison.

(D) Scheme demonstrating non-overlapping expression of ECEL1 and SPP1 within TRN.
(E) UMAP plots of single-cell RNA-seq analysis of ThOs and vThOs from TRN cells
indicating distinct subclusters.
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(F). Enrichment of TRN-specific cell markers, SPP1, ECEL1, SST, NRP1, ESRRG, and
RORB within vThOs. Exclusive expressions of SPP1 and ECEL1 were observed in TRN
subpopulations. Enrichment and depletion are scaled by - log2(FDR) and shown as a grey-
to-blue gradient towards enriched expression.

(G) Top, co-staining for SPP1 and ECEL1 in ThOs and vThOs at day 72. Dotted lines

mark the territory of ECEL1-positive cells. Note the exclusion of the SPP1 signal in the
dotted lines. Bottom, quantification of mean signal intensity in cells indicates the drastic
enrichment of SPP1 and ECEL1 in vThOs compared to ThOs. The fluorescence intensity
graph shows the non-overlapping localization of SPP1 and ECEL1. Data represent the mean
+ SEM (n=10 organoids, ***p<0.001). An unpaired two-tail t-test with Welch’s correction
was used for comparison.

(H) Co-staining of GABA and SPP1 in vThOs at day 72. Note the co-localization of TRN
neuron marker SPP1 within GABA-positive inhibitory neurons.

(I) Co-staining of TRN neuron markers ECEL1 and inhibitory synapse marker GEPHYRIN
in AAV-hSyn::GFP infected vThOs at Day90. Arrowheads point synapses between ECEL1*
TRN neuron and GFP*/ECEL1™ nonTRN neurons. Scale bars represent 100 pm in C, G and
H,and 20 umin I.
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Figure 3. Neurons from ThOs and vThOs demonstrate distinct firing properties
(A) Schematic diagram showing all-optical electrophysiology and calcium imaging

approach to record neuronal activity in ThOs and vThOs at days 80-90.

(B) Left, representative images of neurons in ThO and vThO expressing the voltage
indicator Voltron and labeled with Janelia Fluor 549 (JFs49). Middle, representative voltage
traces from neurons in ThO and vThO with detected action potentials indicated by black
rectangles above the traces. Right, quantifications of burst and spike numbers per minute
observed in neurons from ThOs and vThOs. Data represent the mean + SEM (n=80 neurons
per condition from 8 different organoids, ***p<0.001). An unpaired two-tail t-test with

Welch’s correction was used for comparison.

(C) Left, representative images demonstrating calcium activity traces observed from
individual neurons in ThOs and vThOs (day80-90). Right, quantifications of the average
amplitude of AF/F per cell and calcium spike frequency of neurons from ThOs and vThOs.
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Data represent the mean = SEM (n=90 neurons per condition from 9 different organoids,
*p<0.05, ***p<0.001). An unpaired two-tail t-test with Welch’s correction was used for
comparison.

(D) Scheme showing main connections between the thalamus, cerebral cortex, and TRN.
(E) Depiction of isolation and transplantation of SPP1* (RFP) and SPP1~ (GFP) vThO-
derived neurons into the cortex of immune-deficient mice brain.

(F) Co-staining for GFP and RFP indicates successful engraftment of SPP1™ thalamic
neurons and SPP1* TRN neurons into the mouse thalamus (left panel). SPP1~ thalamic
neurons project to the cortex but not SPP1* TRN neurons similar to their in vivo
counterparts (right panel). n=7 animals. Scale bars represent 10 um in B and C and 100
umin F.
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Figure 4. Suppression of disease associated-, TRN enriched genes, ERBB4 and PTCHD1 results
in reduced neuronal activity in vThOs.

(A) Left, co-staining for ERBB4 and PTCHDJ indicates enriched expression of these

genes in vThOs at day 72. Right, mean signal intensity quantification for ERBB4 and
PTCHDL1 in ThOs and vThOs. Data represent the mean £ SEM (n=10 organoids, **p<0.01,
***p<0.001). An unpaired two-tail t-test with Welch’s correction was used for comparison.
(B) Co-staining of ERBB4 and PTCHD1 with inhibitory neuron marker GABA in vThOs at
day 72. Arrows point co-localization of ERBB4-GABA and PTCHD1-GABA.

(C) Co-staining of ERBB4 and PTCHD1 with TRN neuron marker ECEL1 in vThOs at day
72. Arrows point co-localization of ERBB4-ECEL1 and PTCHD1-ECEL1.

(D) Left, immunostaining for inhibitory neuron marker GABA in control, ERBB4
knockdown (ERBB4-KD) and PTCHDI knockdown (PTCHD1-KD) vThOs at day 72.
Right, quantification of GABA*/DAPI™ cells in organoids indicates similar GABAergic
neuron differentiation across different conditions. Data represent the mean = SEM (n=10
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organoids). One-way ANOVA with Dunnett’s multiple comparison test was used for
comparison.

(E) Left, immunostaining for TRN neuron markers ECEL1 and SPP1 in control, ERBB4
knockdown (ERBB4-KD) and PTCHD1 knockdown (PTCHD1-KD) vThOs at day 72.
Right, quantification of ECEL1 and SPP1 mean signal intensity indicating similar TRN
neuron differentiation across different conditions. Data represent the mean + SEM (n=10
organoids). One-way ANOVA with Dunnett’s multiple comparison test was used for
comparison.

(F) Schematic diagram showing calcium activity recordings in vThO, vThO-ERBB4 KD,
and vThO-PTCHD1 KD.

(G) Left, representative images demonstrating calcium activity traces observed from
individual neurons in control, ERBB4-KD and PTCHD1-KD vThOs (day80-90). Right,
quantifications of the average amplitude of AF/F per cell and calcium spike frequency of
neurons in control, ERBB4-KD and PTCHD1-KD vThOs. Data represent the mean + SEM
(n=80 neurons per condition from 8 different organoids, ***p<0.001). One-way ANOVA
with Dunnett’s multiple comparison test was used for comparison.

(H) gPCR analysis for expression levels of genes encoding for small conductance Ca?*-
activated potassium channels (KCNNI-4) and T-type calcium channels (CACNAIG-/) in
control, ERBB4 KD, and PTCHD1 KD vThOs.

(1) Left, co-staining of inhibitory neuron marker GABA and small conductance Ca2*-
activated potassium channel 2 (SK2) in control, ERBB4 KD, and PTCHD1 KD vThOs.
Right, quantification of average SK2 signal intensity in GABA™ inhibitory neurons. Note
accumulation of SK2 in ERBB4 KD and PTCHD1 KD compared to control vThOs. Data
represent the mean £ SEM (n=10 organoids). One-way ANOVA with Dunnett’s multiple
comparison test was used for comparison. Scale bars represent 100 pm in A-E and H-I, and
10 umin G.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

LHX2 Invitrogen Cat# PA5-78287
LHX5 Invitrogen Cat# PA5-47828
GABA Invitrogen Cat# PA5-32241
vGLUT2 Millipore Cat# MAB5504
GAD1/GAD67 Invitrogen Cat# MA5-24909
GAD2/GAD65 Invitrogen Cat# PA5-22260
ECEL1 abcam Cat# ab234710
SPP1 Invitrogen Cat# MA5-17180
PTCHD1 Invitrogen Cat# PA5-48191
PTCHD1 abcam Cat# ab109407
ERBB4 Invitrogen Cat# MA1-861
DLX2 Invitrogen Cat# 702009
TCF7L2 Cell Signaling Cat# 2569
MAP2 Millipore Cat# MAB3418
LHX1 Origene Cat# TA504527
GEPHYRIN R&D System Cat# MAB7519
SK2 Millipore CattMABN1832
Chemicals, Peptides, and Recombinant Proteins

mTeSR1 Stem Cell Technologies Cat# 05875
DMEM-F12 Life Technologies Cat# 11330057
Neurobasal Media Life Technologies Cat# 2110349
FBS Life Technologies Cat# 10437028
Amino acids, non-essential Life Technologies Cat# 11140050

Penicillin/Streptomycin

Life Technologies

Cat# 15140-122

Glutamax

Life Technologies

Ca# 35050

B-Mercaptoethanol

Sigma

Ca# M7522

N2 Life Technologies Cat# 17502-048
B27 Life Technologies Cat# 17504-044
B27 supplement without vitamin A Life Technologies Cat# 12587010
bFGF Millipore Cat# GFO03AF

KnockOut Serum Replacement

Life Technologies

Cat# 10828-028

HBSS Life Technologies Cat# 14170112
Matrigel BD Cat# 354230
Dextrose Sigma Cat# G7021
Poly-D-Lysine Xona Cat# XC PDL
Y-27632 Stem Cell Technologies Cat# 72304
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REAGENT or RESOURCE SOURCE IDENTIFIER
Dispase (100ml) Stem Cell Technologies Cat# 07913
Accutase (100ml) Stem Cell Technologies Cat# AT104
LDN-193189 Sigma Cat# SML0559
SB431542 Abcam Cat# ab120163
BMP7 GIBCO Cat# PHC9544
SHH R&D Systems Cat# 464-SH-200
Puromycin Sigma Cat# P8833
BDNF Prepotech Cat# 450-02
Ascorbic acid Sigma Cat# A92902
O.C.T compound Tissue-Tek Cat# 4583
Bovine serum albumin American Bioanalytical Cat# AB01088
ProLong Gold Antifade Reagent ThermoFisher Cat# P36930

Critical Commercial Assays

Papain Dissociation System

Worthington Biochemical
Corporation

Cat# LK003150

Human Stem Cell Nucleofector Kit 1 Lonza Cat# VPH-5012

RNeasy mini kit QIAGEN Cat# 74104

RNase-Free DNase Set QIAGEN Cat# 79254

iScript cDNA synthesis kit Biorad Cat# 1708891

SsoFast EvaGreen Supermix Biorad Cat# 1725201

Deposited Data

Raw and proposed sScRNA-seq This paper GEO:GSE210720

. https://data.nemoarchive.org/biccn/grant/u01_devhu/

fﬁ;g‘rﬁ‘u?q for human fetal dorsal and ventral 35 kriegstein/transcriptome/scell/10x_v2/human/
processed/counts/

H3K27ac ChlIP-seq in distinct human brain .

regions 28 GEO: GSE40465

Reference transcriptome hg19 N/A https://support.10xgenomics.com/

RNA in situ hybridization for mouse fetal 56 Allen developing mouse brain atlas

thalamus

Experimental Models: Cell Lines

HES-3 NKX2-1GFP/w

Elefanty lab, Monash
University, Australia

https://www.ncbi.nlm.nih.gov/pubmed/21425409

H1 hESC line WiCell https://www.ncbi.nlm.nih.gov/pubmed/9804556/
H1-AAVS1-CAG-GFP This paper 17

HES-3-BC4 This paper 57

Oligonucleotides

See Table S1 for oligonucleotides used in this This paper N/A

paper

Other

U-bottom ultra-low-attachment 96-well plate Corning CLS7007-24EA

Ultra-low-attachment 6-well plate Corning CLS3471-24EA

Ultra-low-attachment 24-well plate Corning 3473
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REAGENT or RESOURCE SOURCE IDENTIFIER
35 mm dish (with glass bottom) MatTek P35GC-0-10-C
Orbital shaker IKA KS260
Nucleofector Lonza AAB-1001

Software and Algorithms

CellRanger (v3.0.2)

10x Genomics

https://support.10xgenomics.com/single-cell-gene-
expression/software/downloads/latest

Seurat (v3.0.2) 58 https://satijalab.org/seurat/

Monocle (v2.99.3) 30 http://cole-trapnell-lab.github.io/monocle-release/
GOstats (v2.46.0) 59 E:g]als/:év(\)/\é\{\é\;.st.)ri]ct)rcncinductor.org/packages/release/bioc/
Bioconductor (v3.8) N/A https://www.bioconductor.org/

R (v3.5.0) N/A https://www.r-project.org/

GSEA (v4.0.2) 60 https://software.broadinstitute.org/gsea/index.jsp
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