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during human cortical development
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SUMMARY

Radial glial (RG) development is essential for cerebral cortex growth and organization. In humans,
the outer radial glia (0RG) subtype is expanded and gives rise to diverse neurons and glia.
However, the mechanisms regulating oRG differentiation are unclear. oRG cells express leukemia-
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inhibitory factor (LIF) receptors during neurogenesis, and consistent with a role in stem cell self-
renewal, LIF perturbation impacts oRG proliferation in cortical tissue and organoids. Surprisingly,
LIF treatment also increases the production of inhibitory interneurons (INs) in cortical cultures.
Comparative transcriptomic analysis identifies that the enhanced IN population resembles INs
produced in the caudal ganglionic eminence. To evaluate whether INs could arise from oRGs, we
isolated primary oRG cells and cultured them with LIF. We observed the production of INs from
oRG cells and an increase in IN abundance following LIF treatment. Our observations suggest that
LIF signaling regulates the capacity of oRG cells to generate INs.

In brief

Andrews, Kriegstein, and colleagues observed that LIF signaling regulates outer radial glia (0RG)
stem cells in developing human cerebral cortex tissue and forebrain organoids. They find that LIF
shifts oRG production toward inhibitory interneurons that resemble cells derived from the caudal
ganglionic eminence, with implications for excitatory/inhibitory balance.

Graphical Abstract

| Experimental approach

control

dissociation [ S scRNAseq 2 °
—_ s @ e
+LIF

30 20 a0 0 W 22 30
FSNET

Forebrain organoids: LIF treatment increases oRGs and interneurons

: » / X - A0 outer radial glia
e i i (oRGs)
+LIF Vil *
. } ) % T interneurons

Primary cortical tissue: oRGs give rise to cortical interneurons |

old lineage new lineage
] excitatory j' & i 4l
| neurons || 4
| '8 |
I | [LIF)
3 astrocyles S - z
hos . e CGE-like
\ | \ d | interneurons

! oligodendrocytes . Y

Page 2

INTRODUCTION

The increased cellular diversity of the human cerebral cortex, compared with other species,
presents compounding challenges for disentangling how developmental mechanisms impact
mature neurological function. Recent studies of human neurogenesis have provided insights
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into the molecular signatures of neural stem cells and their neuronal and glial progeny.1-6
However, the local cues in the cortical niche that dictate fate decisions have not been
explored in depth.

The human cerebral cortex contains cortical stem cells known as outer (0RG) or basal radial
glia. These cells are positioned in an expanded progenitor domain, the outer subventricular
zone (0SVZ), and are hypothesized to preferentially contribute to the generation of

upper cortical layer neurons, which are expanded in humans.”~10 However, the signaling
mechanisms that regulate oRG fate determination have not been fully explored. Previous
studies indicate that the leukemia-inhibitory factor (LIF) receptor (LIFR) is more highly
expressed by oRG cells than other cortical cell types,1! suggesting that LIF signaling may
selectively influence oRG development. LIF signals through a heterodimeric complex of
LIFR and gp130 that phosphorylates the intracellular proteins, JAK and STAT3,1213 to
target regulatory pathways and initiate transcription. Increasing LIF levels in rodent embryos
promotes cortical progenitor proliferation.14:15 /n vitro studies of rodent neurodevelopment
also suggest that LIF supports the maintenance of radial glia (RG)-like cells.1 Recent
studies using human regionalized forebrain organoids observed that LIF was sufficient to
increase the size of the o0RG domainl’ and the production of astrocytes,18 suggesting that
LIF signaling may regulate oRG self-renewal and fate determination.

We sought to address the role of LIF signaling in oRG proliferation and differentiation using
in vitro models of human development, pluripotent stem cell (PSC)-derived regionalized
forebrain organoids, and primary cortical tissue. We found that activating LIF signaling
promoted proliferation and increased the number of oRG cells in both organoids and
primary cortical tissue. Surprisingly, we also observed an increase in inhibitory interneurons
(INs) upon LIF treatment. To determine the potential source of these INs, we purified

oRG cells from primary human cortical tissue and allowed spontaneous differentiation. We
found that oRG cells differentiated into excitatory neurons (ENs), glial cells, and INs, and
treatment with LIF increased IN production, suggesting that LIF signaling can promote the
differentiation of INs from oRGs. Thus, changes in cortical fate determination regulated by
LIF signaling may fine-tune the neuronal composition of the developing cortex.

Spatial patterns of LIF and LIFR in the developing human telencephalon

To determine the cell types in which LIF signaling is active in the developing telencephalon,
we performed immunolabeling of LIFR in combination with NESTIN to label RG in the
human dorsal cortex and ganglionic eminence (GE) (Figure 1A). We observed significant
LIFR abundance in dorsal cortical RG but absence in ventral GE cells. We then evaluated
LIF protein in the dorsal and ventral cortex and observed a significant overlap of LIF with
DCX+ newborn neurons only in the dorsal telencephalon. Additionally, we analyzed single-
cell RNA sequencing (ScCRNA-seq) datasets? to evaluate L/FR expression across multiple
neural regions. We observed the highest L/FR expression in the neocortex and minimal
expression in the GE or other ventral structures (Figure 1B).
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We performed immunostaining for LIF signaling mediators in primary cortical tissue during
peak neurogenesis from gestational weeks (GWs) 13-19. We observed that LIFR-expressing
cells in the o0SVZ were co-labeled with the o0RG marker, HOPX, confirming the enrichment
of LIFR in oRGs!! (Figure 1C). This is consistent with reanalysis of published primary
cortical tissuel® and organoid scRNA-seq datasets?0 (Figures S1A and S1B). We observed
LIF accumulation in the cortical plate, where ENs reside, suggesting that they may be

a source of secreted LIF protein (Figures 1D, S1C, and S1D). Further supporting this
hypothesis, we found a significant overlap between cortical ENs immunostained with the
pan-neuronal marker NEUN and LIF. There is also significant co-expression of LIF with
neuronal markers across development; first, early in neurogenesis, with the deep layer
neuron marker, CTIP2/BCL11B, and later, with the upper-layer neuron marker, SATB2
(Figures 1D, right and S1D). Throughout peak neurogenesis, LIF protein appears most
abundant in the cortical plate, where the basal processes of radial glia transit. LIF signaling
may be activated in oRG cells through their basal processes which express LIFR (Figures
S1E-S1H). These results, and previous studies,11:17 suggest that secreted LIF is present
during peak neurogenesis, and cortical oRG cells are likely to be a major cell type
responsive to LIF signaling.

Perturbation of LIF signaling in cortical tissue impacts progenitor proportions

To determine the function of LIF signaling in cortical development, we performed
pharmacological manipulations in organotypic slice cultures of primary cortical tissue
(Figure 1E). Cultures were treated with either recombinant LIF protein to activate LIF
signaling or SC14421.22 or ruxolitinib23:24 to inhibit the LIF signaling effectors, gp130 and
JAK1/2, respectively (Figure S1I). LIF inhibition significantly decreased the number of
HOPX+ oRG cells after 1 week in culture. In contrast, LIF activation significantly decreased
the number of EOMES+ intermediate progenitor cells of the EN lineage (IPC_EN) (Figure
1F). Thus, activation of LIF signaling appears to increase the number of oRG cells and
inhibition of LIF promotes their differentiation into excitatory neurogenic IPC_EN.

Under these experimental conditions, we did not observe a significant change in the numbers
of dividing RG or postmitotic ENs (Figures S1J and S1K). However, organotypic culture
viability limited the duration of treatment, and endogenous LIF within cortical tissue may
limit the capacity to observe an increase with exogenous LIF. We turned to human PSC-
derived regionalized dorsal forebrain organoids as an orthogonal approach to examine the
impact of LIF on oRG cells.

LIF signaling promotes oRG expansion

To determine how LIF impacts oRG proliferation, we added LIF during peak

oRG expansion (6-8 weeks) in this cortical organoid model20-2> (Figure 2A).
Immunofluorescence staining indicated that LIF treatment increased the number of HOPX+/
GFAP+ oRG-like cells in the organoids by week 10 (Figure 2B). However, there was no
observed impact on the expansion of the oRG population after extending the culture to

15 or 24 weeks (Figure 2B). Continuous LIF exposure from week 5 onward led to oRG
proliferation up to week 15 (Figure 2C), as indicated by an increase in the number of
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HOPX+/GFAP+/SOX2+/pHH3+ dividing oRG cells. Together, these data suggest that LIF
signaling promotes o0RG expansion.

To determine the impact of LIF signaling on oRG differentiation, we added LIF to forebrain
organoids between weeks 6 and 8 and collected organoids at weeks 8, 10, and 15 for
scRNA-seq (Figures 2D and S2). Organoid-derived cells expressed the forebrain marker,
FOXGI, and included the expected diversity of cortical cell types, including SOX2+/
GFAP+|HOPX+RGs, EOMES+IPC_ENs, and NEURODG+ Ens (Figure 2E). Consistent
with our immunohistochemistry data, quantification of cell populations captured by scRNA-
seq revealed a small increase in the proportion of dividing RG cells at weeks 8 and 10 upon
LIF treatment (Figure 3B).

LIF signaling promotes IN production

Previous studies of regionalized dorsal forebrain organoids have consistently demonstrated
the emergence of INs, typically born at later time points.26:27 We also identified several
IN lineage markers in our sScRNA-seq dataset, including GAD1, GADZ, DL X1, DL X5,
ASCL1, and BESTS3. Since ASCL1and BEST3are preferentially expressed in IN
progenitors in the ventral telencephalon!®28 (Figure 3A), we defined GAD2+/ DL X5+
ASCL 1+/ BEST3+IN progenitors as IPCs for INs (IPC_IN) and GAD2+/ DL X5+ BEST3-
cells as INs. Surprisingly, we observed a significant increase in the proportion of IPC_INs
and INs in our organoids following LIF exposure (Figure 3B). We performed differential
expression analysis and observed a significant increase in several IN markers, including
DLX1, DLX5, and GADZ, after LIF treatment (Figure 3C). To validate these findings,

we performed immunostaining for IN markers and observed an increase in the number

of DLX5+ and GABA+ cells in LIF-treated organoids (Figure 3D). As organoids could
potentially have mixed regional identities, we complemented this analysis using primary
cortical tissue samples. After treating organotypic slice cultures with LIF for 1 week, we
observed an increase in the number of DLX5+ cells (Figure 3E), suggesting that LIF
treatment may increase INs in isolated dorsal cortical tissue.

Although we found a proportional decrease of IPC_ENs and ENs in our SCRNA-seq data
(Figure 3B), no change in the absolute numbers of these populations was observed by
immunohistochemistry (Figure S2D). However, after continuous LIF exposure from week
5 onward, there was a significant reduction in EOMES+ IPC_ENs and NEUN+/SATB2+
upper-layer ENs in cortical organoids, reflected by both scRNA-seq and immunostaining
(Figure S3). Thus, LIF treatment increased the number of INs with a concomitant decrease
in excitatory neurogenesis. Additionally, when we inhibited LIFR signaling in organoids
with the gp130 inhibitor, SC144 beginning at week 5 of differentiation, we observed a
decrease in the number of DLX5+ IN (Figure S2F). Together, these data suggest that LIF
signaling is a regulator of DLX5+ IN production.

CGE-like INs generated in dorsal forebrain organoids

A recent lineage tracing study found that dorsal forebrain progenitors can give rise to both
excitatory and inhibitory neurons,2® with most INs in the study resembling cells derived
from the caudal GE (CGE) (Figure S4). We wondered if the same cellular trajectories could
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be recapitulated in dorsal forebrain organoids. We performed an unbiased characterization
of IN cell types in dorsal forebrain organoids by comparing our organoid datasets to
primary human GE-derived INs.* We assigned CGE, lateral GE (LGE), or medial GE
(MGE) identities to individual IN clusters in our organoid data based on correlation to

the corresponding IN subtypes from human ventral telencephalon (Figure S5A; STAR
Methods). We observed that LGE-like INs were present at 8 weeks in organoids but were
gradually replaced by CGE-like INs over time (Figure 4A). By 15 weeks, the majority of
INs in organoids were CGE-like.

To better understand the IN subtypes present in organoids, we annotated the primary GE
dataset at a more granular level (Figure S5B). We found that CGE-like neurons mostly
resembled two IN subtypes: NR2F2+/PROX1+ INs found in CGE and MEIS2+/PAX6+

INs found in both CGE and LGE (Figures S5C and S5D). Based on transcriptional
correspondence to primary primate IN subtypes, these CGE-like INs were projected to
become cortical INs, olfactory bulb INs, deep white matter interstitial neurons, or eccentric
spiny projection neurons3! (Figure S5E). This observation was further confirmed using
mutual nearest neighbor-based label transfer to determine IN subtypes (Figures S6A-S6C).
Together, these results indicate that CGE-like INs can be generated by cortical progenitors in
dorsal forebrain organoids similar to the developing human neocortex.

To determine if the identified IN trajectories in our dataset can be generalized, we examined
the identity of INs in published dorsal forebrain organoid datasets.3? We found that
organoids cultured for relatively short durations (28 days) contained INs without clear
identity (Figure S6D). However, CGE-like INs arose progressively over 3—6 months of
differentiation (Figures 4B and 4C). Mutual nearest neighbor-based label transfer led to
similar conclusions (Figure S6). Thus, the late generation of CGE-like INs is a reproducible
phenomenon of human dorsal forebrain organoids.

LIF signaling increases CGE-like INs in organoids

We next asked which IN types were increased in dorsal forebrain organoids after LIF
exposure. We performed differential expression analysis and established module eigengenes
(STAR Methods) for genes expressed in CGE, LGE, or MGE. We observed significantly
increased expression of CGE genes after LIF treatment (Figure S7A). LGE genes were

also modestly increased, whereas MGE genes were absent in both control and LIF-treated
organoids (Figures S7B and S7C). The correlation-based comparative analysis demonstrated
that LIF treatment between weeks 6 and 8 increased both newborn and CGE-like INs.

We observed a particular increase in CGE INs at week 10, when upper-layer excitatory
neurogenesis typically occurs in our forebrain organoid protocol2%:25 (Figure 4D). Similar
results were obtained by the label transfer method or the more granular IN subtype
annotation (Figures S6A and S6B). To validate these findings, we probed CGE marker
expression using fluorescent /n7 situ hybridization in primary organotypic cortical cultures
that were exposed to LIF for 1 week. Primary tissue had increased CGE maker gene
expression, including PCDH9and SCGN, in the 0SVZ where the oRG cells reside (Figures
4E, S7D, and S7E). Furthermore, immunostaining of organoids treated with LIF also
indicated an increased proportion of cells expressing the CGE markers, SCGN and NR2F1

Cell Stem Cell. Author manuscript; available in PMC 2023 October 23.
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(Figure S7F). These results support our findings that LIF promotes the local production of
CGE-like INs in human dorsal forebrain.

LIF exposure increases IN generation from isolated oRG cells

Increased CGE-like IN generation after LIF exposure in the oSVZ of cortical slices and
during oRG expansion in organoids suggests that oRG cells may give rise to the CGE-like
INs. To test this hypothesis, we isolated LIFR+ oRG cells from primary cortical tissue
samples by fluorescence-activated cell sorting (FACS) (Figure S8A). We validated oRG
enrichment using scRNA-seq and immunostaining, which indicated sorted cells express
SOX2, HOPX, GFAP, LIFR, and VIM (Figures S8B-S8D). We cultured isolated oRGs

in the presence of LIF for 1 week and allowed them to differentiate for an additional 3
weeks. We observed that oRG cells produced both ENs and INs, as well as glial cells,
including astrocytes and oligodendrocyte precursor cells (OPCs) (Figures 4F and S8B-S8F).
To exclude the possibility that INs derived from sorted oRGs were due to contamination
from IN precursors, we sorted individual oRG cells into single wells in 96-well plates. After
4 weeks, we observed individual wells containing cells of both excitatory and inhibitory
lineages (Figure S8G), further confirming that INs can be derived from oRGs.

0RG-derived IPC_INs robustly expressed DLX5and BEST3and the differentiated INs
expressed DLX5, whereas MGE markers, LHX6 or NKX2-1, were not expressed (Figure
4G). We observed robust expression of CGE markers, such as SCGN, PROX1, and SP8,
and increased proportions of INs corresponding to those of CGE origin (Figures 4H, 41, and
S8H). Immunohistochemistry further validated a significant increase in DLX5+ INs after
LIF treatment (Figure 4J). Our findings suggest that oRG cells can differentiate into locally
derived CGE-like forebrain INs and that LIF signaling promotes this process.

DISCUSSION

Our findings underscore how early developmental signaling regulates cortical patterning and
impacts the relative abundance of neuronal populations. We highlight a cytokine, LIF, that
drives expansion of a key cortical stem cell population, oRG cells, in the human brain.
Surprisingly, we also found that LIF exposure promotes IN production from oRG cells.

INs derived from the CGE contribute to ~30% of cortical INs in the mouse and typically
reside in the upper cortical layers,32:33 whereas ~70% of INs come from the MGE. Different
proportions of IN subtypes are present across human cortical areas, with greater numbers

of INs compared with mouse.#34-36 In disorders where the ventral telencephalon does not
develop properly, MGE-derived IN types are absent, but CGE-like INs are still present,
suggesting that a subset of CGE-like cells may be derived from another tissue source.3” Our
results suggest that cortical oRG cells are an additional source of INs in developing cortex.

Many studies have now demonstrated dorsal lineage restriction in regionalized forebrain
organoids and reproducible cortical cellular diversity, validating the robustness of
regionalized organoid protocols.2730:38 However, the predominant INs in forebrain
organoids appear to be CGE-like, whereas most cortical INs arise from the MGE.39 Thus,
INs generated by dorsal forebrain organoids do not reflect the predominant cortical IN
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subtypes, a feature that should be taken into account when using organoids to study
cortical circuits or diseases with disrupted IN development. Assembloid models, in which
independently regionalized dorsal and ventral forebrain organoids are fused, may better
replicate cortical IN subtype diversity.40-43

The expansion of presumptive o0RG-derived INs with CGE-like gene expression in our
LIF-treated organoids speaks to a previously unknown regulator of human cortical fate
determination. There are several potential sources of the LIF signal. Although LIF
accumulates in cortical plate neurons, it is unknown whether the neurons produce LIF or
whether LIF is derived from neighboring cell types, such as the innervating vasculature.
Given the immunomodulatory function of LIF in injury and its role in regulating both
vascular and immune development,12:44-46 jt may derive from a variety of non-neural cell
types. Future studies should work to identify the cellular source of LIF secretion.

Finally, the downstream consequences of LIF-mediated local IN production, as well as
implications for neurological disorders, are unclear. Human patients with alterations in LIF
signaling suffer severe neurodevelopmental consequences as well as impaired development
of other tissues, leading to shortened life expectancy.*”48 More subtle alterations in LIF
signaling, perhaps due to inflammation or injury, will be important to explore to determine
the range of impacts LIF can have during cortical development. Future studies investigating
the long-term effects of altered LIF signaling will be important to understand the regulation
of EN and IN proportions, cortical organization, and circuit function, as well as the onset of
disorders associated with altered neuronal excitability, such as epilepsy.

Limitations of the study

This study provides evidence of an oRG-derived IN population. However, there are technical
limitations that limit the scope of our conclusions. Although we used multiple PSC lines
and primary cortical tissue samples, experiments on human cells are limited in their capacity
to encompass human genetic and biological variability. We found that oRG-derived INs

are CGE-like, but their gene expression profiles reflect early-stage neurons, thus their final
transcriptional and functional identity may be slightly different. Another limitation of this
study is that experimental manipulations were performed /n vitro, as molecular tracing of /n
vivo human brain development is not feasible.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Arnold Kriegstein:
Arnold.Kriegstein@ucsf.edu.

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

Data and code availability—Organoid data has been deposited to GEO accession
number GSE227640 and can be accessed at https://www.nchi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE227640. Primary FACS-isolated oRG cells have been deposited to dbGAP
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at accession number phs000989.v6.p1 and can be accessed at https://view.nchi.nlm.nih.gov/
dbgap-controlled. Details for data deposition are listed in the key resources table. No
original code was written for this manuscript. Any additional information required to
reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Pluripotent Stem Cell Lines—Previously described human PSC lines H1/WAO01, H1/
WAO1 containing HOPX::citrine reporter, H28126, 13234 were used.5%:51 PSC lines were
authenticated prior to differentiation. Every 10 passages, cells are tested for karyotypic
abnormalities and validated for pluripotency markers Sox2, Nanog and Oct4. All cell lines
tested negative for mycoplasma.

Pluripotent stem cell expansion culture—Human induced pluripotent stem cell lines,
13234 and H28126, and the embryonic stem cell line, WAQ01 (H1), were expanded on growth
factor-reduced Matrigel-coated six well plates. Cells were thawed in StemFlex Pro (Gibco)
media containing 10uM of Rock Inhibitor, Y-27632. Media was changed on alternate days
where each line was passaged when wells reached ~70% confluency. Cells were passaged
using ReLeSR (Stem Cell Technologies) and manual lifting, where residual cells were plated
on fresh Matrigel-coated plates or frozen at —=80C in mFresr (Stem cell technologies) for

24 hours before being moved to liquid nitrogen. All lines used in this study were between
passage 20-40.

Cortical organoid differentiation protocol—Cortical organoids are differentiated
using a regionalized forebrain differentiation protocol.52:53 Stem cell lines were dissociated
to single cells using accutase. After dissociation, cells were reconstituted in neural induction
media maintaining a density of 10,000 cells per well of 96-well V-bottom ultra-low
adhesion plates. Neural induction media is GMEM-based and includes 20% Knockout
Serum Replacer (KSR), 1X non-essential amino acids, 0.11mg/mL Sodium Pyruvate, 1X
Penicillin-Streptomycin, 0.1 mM Beta Mercaptoethanol, 5 uM SB431542 and 3 uM IWR1-
endo. Cells were treated with 20 uM Rock inhibitor Y-27632 for the first 6 days. After

18 days, organoids were transferred to 6-well low adhesion plates and moved to an orbital
shaker rotating at 90 RPM and transitioned into a DMEM/F12-based media containing 1X
Glutamax, 1X N2, 1X CD Lipid Concentrate and 1X Penicillin-Streptomycin. After 35
days, organoids were moved into DMEM/F12-based media containing 10% FBS, 5ug/mL
Heparin, 1X N2, 1X Chemically Defined Lipid Concentrate and 0.5% Matrigel. At 70 days
media was additionally supplemented with 1X B27 and Matrigel concentration increased

to 1%. Throughout culture duration organoids were fed every other day. For LIF treatment
conditions, recombinant LIF protein (10 ng/ml, Millipore), SC144 (500 nM), or Ruxolitinib
(1 pM) were mixed into organoid media. Organoids were treated with inhibitors beginning at
5 weeks of differentiation and with LIF protein either from weeks 6-8 or at week 5 onward.

Primary Cortical Tissue—All primary tissue samples were obtained and processed
following approval 10-05113 by UCSF Gamete, Embryo and Stem Cell Research
Committee (GESCR). Tissue was collected with consent from patients for research and
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in strict observance of legal, institutional, and ethical regulations. All samples were de-
identified and no sex information is known.

Organotypic slice culture of developing tissue—Primary cortical tissue from GW
19-23 was maintained in artificial cerebrospinal fluid (ACSF) containing 125 mM NacCl,
2.5 mM KCI, 1 mM MgCI2, 2 mM CaCl2, 1.25 mM NaH2P0O4, 25 mM NaHCO3, and 25
mM D-(+)-glucose. Before use, ACSF was bubbled with 95% 02/5% CO2. Cortical tissue
was embedded in a 3.5% low melt agarose gel. Embedded tissue was acutely sectioned

at 300um using a vibratome (Leica) before being plated on Millicell (Millipore) inserts

in 6 well tissue culture plates. Tissue slices were cultured at the air liquid interface in
media containing 32% Hanks BSS, 60% BME, 5% FBS, 1% glucose, 1% N2 and 1%
Penicillin-Streptomycin-Glutamine. Slices were maintained for 8 days in culture at 37°C and
the media changed every other day. For LIF treatment conditions, recombinant LIF protein
(10 ng/ml), SC144 (1 uM in slices), or Ruxolitinib (1 pM) were mixed into media prior to
exposure to the tissue.

Cortical tissue dissociation—Primary cortical tissue was grossly minced using a
scalpel. Small tissue pieces were then incubated in Papain (Worthington; #LK003178)
resuspended in Earle’s Balanced Salt Solution (EBSS) containing DNAse (Worthington;
#L.K003170) at 37°C for 30 — 45 mins. Tubes containing Papain solution and tissue were
inverted every 10 mins to assist with the gentle tissue dissociation. After significant tissue
dissociation, samples were then mechanically triturated to obtain a single cell suspension
and centrifuged at 300g for 5 mins. The cell pellet was resuspended in dissociated cell
culture medium (DMEM/F-12 Glutamax containing 1x B27, 1x N2, 1x Sodium Pyruvate
and 1x Penicillin-Streptomycin), and filtered through 40pum nylon mesh cell strainers
(fisherbrand). Dissociated cells were plated on poly-D-lysine and Matrigel-precoated plates.

METHOD DETAILS

Single cell capture and RNA sequencing—Organoids were dissociated with a Papain
dissociation kit (Worthington) for 45 minutes, spun down at 300g for 5 min, resuspended

in PBS + 0.5% BSA, filtered, and counted while verifying single cell dissociation.
Single-cell capture was performed using 10X Genomics Chromium Single Cell 3’ v2 kit
per manufacturer’s instructions. 10,000 cells were targeted for capture and 12 cycles of
amplification for each of the cDNA amplification and library amplification were performed.
Libraries were sequenced as per manufacturer recommendation on a NovaSeq S2 flow cell.

Primary oRGs immediately after FACS were directly subjected to cell counting and
scRNAseq. oRGs and their progenies cultured in vitro for 4 weeks were first released

by TrypLE Express (Gibco) before cell counting and sScRNAseq. Single-cell capture was
performed using 10X Genomics Chromium Single Cell 3’ v3.1 kit per manufacturer’s
instructions, targeting 10,000 cells per reaction. Libraries were sequenced as per
manufacturer recommendation on a NovaSeq S2 flow cell.

Organoid and tissue fixation and embedding—Organoids and organotypic slices
were fixed in 4% PFA for 45 mins at 4°C, washed overnight at 4°C, and then incubated in
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30% sucrose in 1X PBS overnight at 4°C. Once samples are saturated they will sink in the
30% sucrose solution. Samples were then embedded in cryomolds in a 3:2 solution mix of
O.C.T. (Tissue-tek) and 30% sucrose in 1X PBS. Embedded samples were then frozen on
dry ice and stored at —80°C. Frozen tissue was sectioned into thinly sectioned at 12pm using
a cryostat (Leica) on glass slides and stored at —80°C. Dissociated cells were fixed in 4%
PFA at RT for 10 minutes and washed with 1X PBS before immunostaining staining.

Fluorescence activated cell sorting (FACS)—Primary cortical tissue from GW15 —
19 was dissociated, as described above, and plated on poly-D-lysine and Matrigel precoated
culture dishes in dissociated cell culture medium. 3-5 days after dissociation cells were
released from plates using TrypLE (gibco, #12604-013) for 5-10 min. at 37°C. The cell
suspension was spun down at 300g for 5 mins and resuspended in dissociation medium
containing DNAse (1:100, Sigma-Aldrich, #D4513) and incubated at 37°C for 1 hr in
low-binding plates or tubes to recover surface antigens. All subsequent steps were conducted
on ice and all centrifugations at 4 °C. FACS buffer was prepared by adding DNAse and
Y-27632 (1:1000) to 1% w/v Bovine serum albumin (BSA) in 2mM EDTA in D-PBS. Cells
were spun down at 300g, washed 1x with FACS buffer, resuspended at 100 million cells

per ml and incubated in FcR blocking reagent (1:20 in FACS buffer, Miltenyi Biotech,
#130-059-901) for 10 mins. The conjugated antibody against LIFR (biotechne, #FAB249A)
was added directly to the suspended cells (100 pl per 1 ml FACS buffer) and incubated

for 30 minutes. Cells were washed in FACS buffer and resuspended for FACS according to
pellet size. Cells were sorted using a BD FACSAria Flow Cytometer using unstained cells
as a negative control for gating. Cells were sorted into FACS medium (20% v/v KSR, PS
(1:100) and Rock inhibitor Y-27632 (10uM) in DMEM/F-12) and plated at 50,000 cells/well
into pre-coated 8-chamber slides or 12 well plates. After 24 hours, the medium was switched
to dissociation medium and LIF treatment was initiated. Media containing LIF recombinant
protein (10 ng/ml) was changed every 2—3 days. Cells were cultured for one week with LIF
treatment before being cultured for an additional three weeks without LIF. Controls were
treated only with dissociation medium.

For lineage tracing experiments, primary cortical tissue from GW16 and 19 was processed
as before with the following changes: individual LIFR+ cells were each sorted into a single
well of 96-well glass-bottom plates pre-coated with matrigel containing 100 pl dissociation
medium with FGF2 (10 ng/ul) using a BigFoot Spectral Cell Sorter (Thermo Fisher) via
single-cell precision mode. Medium was changed to dissociation medium without any
growth factor after one week and changed weekly for another 3 weeks. Cells were fixed
and stained for immunohistochemistry 4 weeks after sorting.

Fluorescent in situ hybridization—Primary cortical tissue was cultured as organotypic
slices before being fixed, embedded and sectioned, as described above. The RNAscope
Multiplex Fluorescent Reagent Kit v2 (ACD Advanced Cell Diagnostics) and RNAscope
probes against PCDH9 (Hs-PCDH9-C1; #1154001-C1), SCGN (Hs-SCGN-C2; #540331-
C2), DLX5 (Hs-DLX5-C3; #569471-C3) and LIFR (Hs-LIFR, #441021) were used to
detect RNA molecules in tissue. Fluorophores Opal-520 (1:500), Opal-570 (1:750) and
Opal-690 (1:750) (all Akoya Biosciences) were used to detect the RNA probes. For sample
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preparation, the slides with tissue sections were baked for 1 hr at 60°C, fixed in chilled 4%
PFA for 15 mins at 4°C, submerged in boiling RNAscope target retrieval solution for 5 min.,
washed 2X with DI water and rinsed with 100% EtOH. Tissue sections were treated with
RNAscope protease 111 for 30 minutes at 40°C and washed twice with DI water. RNAscope
probes were hybridized for 2 hrs at 40°C and all subsequent steps were conducted according
to the manufacturer’s recommendation. As a negative control, untreated control and LIF-
treated slices were incubated in TSA Buffer alone, without probes, during the probe
incubation step. To ensure RNA integrity, RIN values of untreated controls and LIF-treated
slices were measured. RNA was extracted from primary cortical tissue using the QIAGEN
RNeasy Plus Micro Kit following the manufacturer’s recommendation. RNA integrity was
verified using an Agilent 2100 Bioanalyzer.

Immunohistochemistry—For organoids and primary tissue sections, antigen-retrieval
was performed with 1x boiling citric acid-based antigen unmasking solution (Vector
Laboratories) for 20 min. Slides were washed 1X with ddH20 and 3X with 1X PBS to
remove the citrate solution. Tissue was blocked using a Donkey blocking buffer (DBB)
containing 5% donkey serum, 2% gelatin and 0.1% Triton X-100 in 1X PBS (PBS-T) for
>30 minutes at RT. Primary antibodies were incubated in DBB overnight at 4°C, washed
3X times with PBS-T, and incubated with AlexaFluor secondary antibodies (ThermoFisher
and Jackson Labs) in DBB for 2 hrs at RT. Samples were washed 3X with PBS-T, 1X

PBS, mounted, and dried overnight. Parallel sections were used as negative staining controls
that were incubated in either primary or secondary, alone. Control slides were processed
with antigen retrieval, washed with 1X PBS, and coverslipped like experimental samples.
Negative controls were processed to ensure that fluorescence signal on experimental samples
was not ‘noise’ from either autofluorescence or non-specific secondary binding. Images
were acquired using a confocal white light microscope (Leica TCS SP5 X) where laser/gain
settings were consistent upon acquisition of images from different samples within a single
experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis of immunohistochemistry—Total n are
based on biological replicates where, whenever possible n=3 different biological individuals
were analyzed. For organoids, the goal was to evaluate different stem cell lines across
multiple (at least n=2) rounds of differentiation. Multiple organoids per PSC line/
differentiation batch (n>2) were embedded within the same block and then serially sectioned
where typically 10 total sections fit on one slide. For primary tissue, typically 2-3 sections
were included on the same slide. Regardless of sample type, the entire slide was stained
where different groups within an experiment were stained together with the same antibody
process and mastermix. All sections on the slide are attempted to be imaged, where

the organoid technical replicate and section are annotated. The individual data points on
immunostaining graphs indicate the number of sections. For image capture, randomized,
different areas of each organoid/tissue, per section were captured. All images, and cells
within each captured image, were used for quantification. Cells counted for a given marker
were normalized to Dapi to account for the organoid size.
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For quantification of antibody and RNA probe abundance in organoids and tissue sections,
the automated cell counter in the Imaris software (Bitplane) was used. All samples were
normalized to sample area or number of DAPI+ nuclei. For experiments containing two
conditions an unpaired two-tailed student’s t-test or Mann-Whitney test, when not normally
distributed, was used to analyze significant differences. For experiments with more than two
conditions, a One-way ANOVA with multiple comparisons was used. Within an experiment,
the control group was compared to each experimental group where significance determined
according to: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

scRNAseq pre-processing and annotation—Cellranger (v2.0.0 for organoid samples
and v7.0.2 for primary samples) from 10x Genomics was used for data pre-processing. Bcl
files were converted to fastq using cellranger mkfastg. Barcode correction and reference
genome alignment (GRCh38) were done using cellranger count with default parameters.

For organoid samples, count matrices were piped into Seurat v3,54 in which cells with fewer
than 500 genes or more than 10% of reads aligning to mitochondrial genes were discarded.
Raw counts were log normalized with a size factor of 10,000 and clusters were identified
using Louvain-Jaccard clustering. Clustering was performed using the Seurat package with
a few modifications. Principal component analysis was performed using FastPCA, and
significant principal components were identified.>® In the space of these significant principal
components, the k = 10 nearest neighbors were identified as per the RANN R package. The
distances between these neighbors were weighted by their Jaccard distance, and Louvain
clustering was performed using the igraph R package.>8 If any clusters contained only one
cell, the process was repeated with k = 11 and upwards until no clusters contained only one
cell.

For sorted or in vitro cultured primary human cortical samples, count matrices were piped
into the R package Seurat v4°7 in which cells with fewer than 1000 genes, more than 10,000
genes, or more than 10% of reads aligning to mitochondrial genes were discarded. Raw
counts were log normalized with a size factor of 10,000. The first 30 principal components
were used to construct the k-nearest neighbors graph and Louvain clustering was used

to identify clusters. Clusters with significantly fewer UMI counts, likely consisting of low-
quality, dying cells, were also excluded for further analysis.

Cell type annotations of clusters were performed by comparison to previously annotated cell
types,20 and when a repository of substantial matching was not available, a combination

of literature-based annotation of layer or maturation stage identity was used. UMAP
embedding was computed for visualization.

Cluster-level correlation analysis for comparison across single-cell RNA
sequencing datasets—Shi et al.* data were downloaded from GEO (GSE135827). The
origins of cells (MGE, CGE, or LGE) were provided by the original authors in the metadata.
We re-clustered the cells, annotated interneuron subtypes, and inferred the terminal cell
types based on marker genes reported in the literature.3! Uzquiano et al.3? organoid data at
23 days, 3 months, and 6 months were downloaded from Single Cell Portal (SCP1756).
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Raw counts from individual samples were normalized by SCTransform,%8 and cerebral
organoid data were integrated with Shi et al.# data using the RPCA methods based on the
top 3,000 most variable genes in the R package Seurat v4.57 After integration, scaled gene
matrices were extracted, and averaged expression levels of individual genes for each cell
type/cluster were calculated. These resulting averaged gene expression profiles were used to
calculate Spearman’s rank correlation coefficients across datasets. Heatmaps were generated
using the R package ComplexHeatmap (v2.8.0).5°

Mutual nearest neighbors-based label transfer—As an alternative method to
determine the identity of interneurons in organoid datasets, we performed mutual nearest
neighbors-based label transfer using the MapQuery() function in Seurat v4. The first 30
principal components were used to identify transfer anchors. Labels from Shi et al.# were
transferred to interneurons in organoid datasets when confidence was high (prediction score
>0.5). Cells with prediction scores equal to or lower than 0.5 were labeled as unknown.

Eigengenes—Module eigengenes were calculated for numerous gene sets using the R
package WGCNA.80 Scores were generated for each set of up to 10,000 randomly subsetted
cells from the group using the moduleEigengene function, Scores were calculated based

on the intersection of the gene set of interest and genes expressed in the subset of cells.
Eigenenes were defined as follows:

LGE genes: TSHZ1, PBX3, MEIS2, CALB2, CDCA7L, SYNPR, ETV1
CGE genes: SCGN, SP8, PCDH9, BTG1, NR2F1, NFIX, PROX1, NR2F2, SOX6, CXCR4

MGE genes: NKX2-1, LHX6, ACKR3, MAF, PDE1A, NXPH1
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Outer radial glia proliferation and differentiation are regulated by LIF
signaling

. LIF exposure promotes interneuron differentiation in cortical cultures

. Interneurons in forebrain organoids resemble caudal ganglionic eminence
cells

. Isolated outer radial glia can produce interneurons, which LIF treatment
increases
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Figure 1. LIF signaling mediators are present in the dorsal, but not in the ventral, cortex, and
LIF signaling perturbation impacts the ratio of oRGs and IPCs in cortical tissue

(A) During GW17 and GW18, LIFR is present in the 0SVZ on NESTIN+ RG in the dorsal
neocortex, but not in the ventral GE. LIF co-labels DCX+ neurons in the CP, but not in the
GE. LAMININ+ vascular cells are in both cortex and GE.

(B) Reanalysis of human neural tissue? identified highest L/FR expression in the neocortex.
(C) LIFR is present in HOPX+ oRG cells in the 0SVZ (white arrowheads) of GW19 cortical
tissue.
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(D) LIF expression overlaps with NEUN+ excitatory neurons that are CTIP2+ (yellow
arrowheads) or SATB2+ (white arrowheads) during GW15-19.

(E) Cortical tissue was sliced, cultured at air liquid interface (ALI), and treated with LIF,
SC144, or ruxolitinib for 1 week.

(F) LIF inhibition decreases HOPX+ oRG cells, whereas LIF addition reduces EOMES+
IPCs (one-way ANOVA with multiple comparisons, HOPX: vehicle vs. SC144: *p < 0.018,
vehicle vs. Rux: p = 0.0539; EOMES: vehicle vs. LIF: *p < 0.0252, vehicle vs. SC144: p =
0.6552, vehicle vs. Rux: p = 0.0576, n = 7 biological samples). Data are represented as mean
+ SD.
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Figure 2. LIF signaling increases the number of oRG cells in forebrain organoids
(A) Protocol for dorsal forebrain organoid induction.

(B) LIF treatment during weeks 6-8 increases the number of HOPX+ (unpaired t test: week
10: *p = 0.024, n = 5 differentiation batches from 3 lines) and GFAP+ (unpaired t test: *p <
0.04, n = 5 batches from 3 lines) oRG cells in week 10 organoids. No changes in SOX2+ or
pHH3+ cells were observed (unpaired student t tests; p > 0.05 for all comparisons). Data are
represented as mean + SD.

(C) Continuous LIF treatment increases SOX2+ (unpaired t test for control vs. LIF, week
10: *p < 0.0185, n = 3 batches from 3 lines; week 15; ****p < 0.0001,n = 4 batches from

3 lines), pHH3+ (unpaired t test, week 10: **p < 0.0034, n = 5 batches from 3 lines, week
15: **p < 0.0054, n = 2 batches from 2 lines), HOPX+ (unpaired t test: week 10: ****p <
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0.0001, n =5 batches from 3 lines; week 15: ****p < 0.0001, n = 3 batches from 3 lines)
and GFAP+ oRG cells (unpaired t test, week 10: ****p < 0.0001, n = 3 batches from 3 lines;
week 15: **p < 0.0018, n = 2 batches from 2 lines). Data are represented as mean + SD.

(D) Uniform Manifold Approximation and Projection (UMAP) plots separated by cluster
and treatment group.

(E) Feature plots showing the expression of cortical markers FOXG1, SOX2, HOPX, GFAP,
EOMES, and NEURODES.
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Figure 3. DLX+ IN-like cells are present in forebrain organoids and cortical tissue and increase
after LIF treatment

(A) Feature plots of IN_IPC markers, ASCL1and BEST3, and IN markers, GAD1, GAD?Z,
DL X1, and DLX5in weeks 8-15 organoids.

(B) Proportions of cell types in organoids captured in SCRNA-seq.

(C) Violin plots of IN markers (DLXI: ****p < 7.58 x 10796, DL X5 ****p < 4,04 x 10748,
GADZ: ****p < 2.2 x 107°2) in organoids with and without LIF treatment between weeks 6
and 8.

(D) Quantification of DLX5+ (unpaired t test, **p < 0.0059, n = 3 differentiation batches
across 3 lines) and GABA+ (unpaired t test, p = 0.0594, n = 2 batches across 2 lines) cells
(white arrowheads). Data are represented as mean + SD.

(E) Quantification of DLX5+ cells in organotypic slice cultures of GW15-19 cortical tissue
(unpaired t test, **p < 0.0054, n = 6 biological samples from GW18 to GW19). Data are
represented as mean + SD.
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Figure 4. CGE-like INs are present in dorsal forebrain organoids and oRG-derived cultures and

increase after LIF treatment

(A) Proportions of IN subtypes in forebrain organoids captured in sScRNA-seq.

(B) Correlations between 3 month organoid3° and primary GE datasets.*

(C) Correlations between 6 month organoids® and primary GE datasets.*

(D) UMAP of IN subtypes and proportions in organoids treated with LIF during peak oRG

expansion.

(E) /n situhybridization of PCDHI (unpaired t test, ****p < 0.0001, n = 3 biological
samples), SCGN (unpaired t test, **p < 0.0014, n = 3 biological samples), and DLX5
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(unpaired t test, p = 0.0624, n = 3 biological samples) in the 0SVZ of GW18 and GW19
cortical slices treated with and without LIF (white arrowheads). Data are represented as
mean = SD.

(F) UMAP of FACS-isolated RGs at day 0 and progeny after 4 weeks in culture.

(G) Feature plots of IPC_IN marker BEST3+, IN marker DLX5+, and MGE markers LHX6
and NKX2-1.

(H) Feature plots of CGE markers SCGN, PROX1, and SP8.

(1) Proportions of IN subtypes derived from FACS-isolated oRG cells captured in scRNA-
seq.

(J) GW16 FACS-isolated oRG cells cultured under control and LIF-treated conditions
(DLX5; ****p < 0.0001; NEUN ****p < 0.0001, n = 4 biological samples). Data are
represented as mean + SD.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CTIP2, rat, 1:500 Abcam Cat#ab18465 RRID: AB_2064130
anti-DLX5, rabbit, 1:100 Sigma Cat#HPAO005670 RRID:AB_1078681
anti-EOMES, sheep, 1:250 R&D Systems Cat#AF6166 RRID: AB_10569705
anti-GFAP, goat, 1:500 Abcam Cat#ab4674 RRID:AB_304558
anti-GFP, chicken, 1:500 Aves labs Cat#GFP-1020 RRID: AB_300798

anti-HOPX, rabbit, 1:250
anti-LIF, rabbit, 1:100
anti-LIFR, rabbit, 1:50
anti-LIFR-APC conjugated, mouse, 1:10
anti-NEUN, guinea pig, 1:500
anti-NR2F2, mouse, 1:250
anti-PAX6, rabbit, 1:500
anti-pHH3, mouse, 1:500
anti-SATB2, mouse, 1:500
anti-SCGN, rabbit, 1:250
anti-SOX2, mouse, 1:500
anti-VIM, chicken, 1:500

Proteintech
Proteintech
Abcam
Biotechne
Millipore
Perseus proteomics
Biolegend
Abcam
Abcam
Sigma
Santa Cruz

Millipore

Cat#11419-1-AP RRID:AB_10693525
Cat#26757-1-AP RRID:AB_2880624
Cat#235908 RRID: NA
Cat#FAB249A RRID:NA
Cat#ABN90 RRID: AB_11205592
Cat#PP-H7147-00 RRID:AB_1964214
Cat#901301 RRID:AB_2565003
Cat#ab14955 RRID:AB_443110
Cat#ah51502 RRID: AB_882455
Cat#HPA006641 RRID:AB_1079874
Cat#Sc-365823 RRID:AB_10842165
Cat#ab5733 RRID:AB_11212377

Chemicals, peptides, and recombinant proteins

Rock Inhibitor Y-27632, 10 uM or 20 uM
IWR-1-endo, 3 uM

SB43152, 5 uM

Recombinant LIF protein, 10 ng/ml
FGF2, 10 ng/ml

SC144, 1 um

Ruxolitinib, 1 uM

Stemcell Technologies
Cayman Chemical
Tocris

Millipore

Gibco

Selleck Chemicals

Selleck Chemicals

Cat# 72304
Cat# 13659
Cat# 1614
Cat# LIF1010
Cat# PHG0369
Cat# S7124
Cat# S13783

Critical commercial assays

Chromium Single Cell 3" v3.1 kit
RNAscope Multiplex Fluorescent Reagent Kit v2

Worthington Dissociation kit

10x Genomics
ACD Advanced Cell Diagnostics

Worthington Biochemical

Cat# PN-1000121
Cat# 323100
LK003153

Deposited data

Raw and processed Lif organoid data

Raw and processed primary tissue data

this paper
this paper

GEO: GSE227640
dbGAP: phs000989.v6.p1

Experimental models: Cell lines

H1/WAO1 human embryonic stem cell line, male
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

H1/WAO01 human embryonic stem cell line containing
HOPX::citrine reporter

H28126 human induced pluripotent stem cell line, male
13234 human induced pluripotent stem cell line, female

Primary cortical tissue samples (GW15-19)

Allen Institute - Dr. Boaz Levi

Gilad-26102527
Conklin lab
UCSF GESCR committee

NIH: NIHhESC-10-0043

RRID: NA
RRID: CVCL_0G84
De-identified

Oligonucleotides (RNAscope probes)

Hs-PCDH9-C1
Hs-SCGN-C2
Hs-DLX5-C3
Hs-LIFR

ACD Advanced Cell Diagnostics
ACD Advanced Cell Diagnostics
ACD Advanced Cell Diagnostics
ACD Advanced Cell Diagnostics

Cat#1154001-C1
Cat#540331-C2
Cat#569471-C3
Cat#441021

Software and algorithms

Fiji

Imaris

Prism

Flowjo

R

Adobe Illustrator

Schneider et al.*

Oxford Instruments

GraphPad Prism Version 10.6.2
FlowJo Version 10.6.2

The R foundation

Adobe

RRID: SCR_002285
RRID: SCR_007370
RRID: SCR_002798
RRID: SCR_008520
RRID: SCR_001905
RRID: SCR_010279
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