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Abstract 

Derailed gene expression programs within the developing nervous system, encompassing both transcriptional and post-transcriptional pro- 
cesses, can cause diverse neurodevelopmental diseases (NDD). The NDD FOXG1-syndrome lacks full understanding of the mechanistic role of 
its eponymous gene product. While it is known that FOXG1 acts in part at the chromatin by binding to regulative regions, it is unclear what factors 
control its presence at specific sites. Long non-coding RNAs (lncRNAs) can mediate site-directed transcription factor binding, but their potential 
role in FOXG1-syndrome has not been described. Here, we show that FOXG1 localisation is regulated at selected loci through the lncRNA Pantr1 . 
We identified FOXG1 as an upstream transcriptional activator of Pantr1 in human and mice. Further, we discovered that FOXG1 has the ability to 
associate with RNAs. Both transcriptional regulation of Pantr1 by FOXG1 and binding of both partners build up a regulative network that impacts 
the localisation of FOXG1 at selected genomic loci. Specifically, Pantr1 facilitates cooperative presence of FOXG1 / NEUROD1 at specific sites, 
and Pantr1 reduction leads to redistribution of FOXG1 to comparably more generic binding sites. The rescue of impaired dendritic outgrowth 
upon FOXG1 reduction by simultaneous overexpression of Pantr1 underlines the importance of the FOXG1 / Pantr1 regulative network. 
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Introduction 

Forkhead box G1 (FOXG1)-syndrome (OMIM 613454) is a
rare, congenital form in the Rett- and autism-spectrum dis-
orders. Patients with FOXG1 mutations present with a com-
plex phenotypic spectrum [ 1 ], caused at least in part by im-
paired neuronal networks and functions. FOXG1’s link to
autism is established both in humans [ 2 ] and mice [ 3 ]. In mice,
FOXG1 plays a central role in forebrain development as its
complete absence results in anencephaly [ 4 ]. It influences pro-
liferation as well as differentiation of neural stem cells and is
involved in the migration and integration of pyramidal neu-
rons into the cortical plate [ 5–7 ]. FOXG1 prevents neural stem
cells from premature differentiation, thereby maintaining the
number of progenitors available for the generation of spe-
cific neuronal subtypes. Accordingly, overexpression (OE) of
FOXG1 increases the stem cell pool and delays neurogene-
sis [ 8 ]. Moreover, FOXG1 expression inhibits differentiation
of Cajal-Retzius-cells, which are overabundant in FOXG1-
deficient forebrains [ 9 ], and FOXG1 deficiency impairs proper
development of the ventral telencephalon through altered ex-
pression of ventralising signals [ 10 ]. 

FOXG1 also impacts the postnatal brain function. In the
mouse postnatal hippocampus, for example, FOXG1 is in-
volved in the proper development of the dentate gyrus. Here,
it maintains the balance between proliferation and differen-
tiation of both neurons and glia cells [ 11 ], similar to that
of cortical stem cells [ 8 ]. Additionally, loss of FOXG1 re-
sults in increased cell death of postmitotic neurons in the hip-
pocampus and cerebellum [ 11 , 12 ]. Reduced levels of FOXG1
in the hippocampus further impact the animal’s behaviour.
Foxg1 -haploinsufficient mice are hyperactive, and they per-
form less well in contextual fear conditioning compared to
wild-type controls [ 13 ]. Recent studies show altered electro-
physiological properties upon reduced or increased FOXG1
levels, dysbalanced neuronal functions of excitation and in-
hibition as important basis for impaired behaviour, reduced
dendritic complexity and reduced spine densities, both in the
cortex and hippocampus [ 3 , 14–17 ]. 

The molecular functions of FOXG1 are becoming increas-
ingly recognised. FOXG1 prevents cell cycle exit of progeni-
tor cells and promotes stem cell pool expansion by repressing
the expression of Cdkn1a [ 18 , 19 ]. In this setting, FOXG1
sponges FOXO / SMAD complexes and prevents their binding
to regulative sites, which normally activate Cdkn1a expres-
sion. Thereby, FOXG1 antagonises FOXO / SMAD-dependent
neuronal differentiation of cortical progenitors [ 20 ]. An in-
creasing number of studies report FOXG1 binding to chro-
matin and suggest potential direct chromatin-related func-
tions [ 6 , 7 , 21 , 22 ]. These functions impact gene expres-
sion programmes that are implicated in neuronal differen-
tiation and confer layer identity through its presence at a
monomethylated histone H3 lysine 4 (H3K4me1) enhancer
of the cortical layer 4 gene Nr2f1 , which is kept in a repressed
state. Removal of FOXG1 in projection neurons activates
Nr2f1 and a layer 4 neuron-specific transcriptional program
[ 6 ]. In addition, FOXG1 regulates callosal axon guidance and
neuronal migration by acting within a FOXG1 / ZBTB18 com-
plex that directly binds and represses Robo1 , Slit3 , and Reelin
genes [ 7 ]. 

While chromatin immunoprecipitation sequencing
(ChIPseq) data reveal FOXG1’s utilisation of diverse modal-
ities to bind to chromatin and alter the epigenetic and
transcriptional landscape [ 22 ], the mechanism underlying 
FOXG1’s chromatin targeting remains elusive. Even though 

FOXG1 binds a common Forkhead (Fkh)-recognised consen- 
sus sequence (5 

′ -RY AAAY A-3 

′ ) [ 23 ], ChIPseq data suggest 
that FOXG1 or complexes containing FOXG1 associate 
with alternative sequences as well [ 22 ]. Here, non-coding 
RNAs might confer sequence-specific recruitment of FOXG1.
Despite the fact that specific microRNAs are involved in 

FOXG1-syndrome [ 24 ], it is not yet reported whether other 
non-coding RNAs, especially long (intergenic) non-coding 
RNAs (l(i)ncRNAs) contribute to this neurodevelopment 
disorder. This study unravels lincRNA, i.e. POU3F3 Ad- 
jacent Non-Coding Transcript 1 ( Pantr1), contribution to 

FOXG1-syndrome, in both human and mouse model systems.
We demonstrate that Pantr1 is a direct target of FOXG1 

and reveal a novel mechanism by which FOXG1 binding 
to specific chromatin regions is influenced by its association 

with Pantr1 . Notably, the OE of Pantr1 rescued dendritic 
outgrowth defects resulting from reduced FOXG1 expression.
Our findings thus underscore the crucial role of the lincRNA 

Pantr1 in FOXG1-mediated neuronal differentiation and 

function. 

Material and methods 

All reagents are listed in Table 1 . 

Organoid culture 

Human induced pluripotent stem cell (hiPSC) lines were 
grown in mTESR1 medium (Stem Cell, Canada) on Ma- 
trigel (Corning, USA). Control hiPSCs (FiPS Core, University 
Medicine Freiburg, Germany) were generated from fibroblast 
of a healthy donor (HD) [ 25 ]. FOXG1del and FOXG1c460 

hiPSCs were obtained from the Telethon, University of Siena 
(code 611 / 2013 #5) [ 17 ]. Human cerebral organoids (hCO) 
were generated according to an adapted version of the stan- 
dard protocol [ 26 ], as described [ 27 ]. Briefly, 35 000 cells per 
well were seeded into V-shaped, non-coated 96-well plates,
centrifuged, and treated as described. Organoids were culti- 
vated in organoid medium up to day (d) 105, counted from 

the day of transfer into spinning bottles. Half of the medium 

was exchanged once per week until week 10 and twice per 
week thereafter. After 105 days of cultivation, two organoids 
derived from control, FOXG1del and FOXG1c460 hiPSCs,
were further processed for scRNAseq libraries. For quantita- 
tive real-time PCR (qPCR), single organoids represented indi- 
vidual biological replicates (n); organoids were not pooled. 

Mice 

Foxg1 

cre / + and Foxg1 

cre / cre mice were maintained in a 
C57Bl / 6 background are described by the producers [ 28 ],
( https:// www.jax.org/ strain/ 004337 ). As multiple recent stud- 
ies have not shown any discernible sex difference in heterozy- 
gote Foxg1 mouse models [ 7 , 13 , 29 , 30 ], in this study, mice
were not segregated based on sex. Wild-type mice (C57BL / 6J,
NMRI or CD1) were obtained from Charles River, Germany,
or Janvier, France. 

Mouse tissue isolation for RNAseq 

Cortices of E13.5 embryos were dissected from Foxg1 

cre / cre 

and wild-type mice ( Foxg1 

+ / + ), hippocampi of E18.5 embryos,

https://www.jax.org/strain/004337
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Table 1. Reagents 

Name Catalog number Company Location 

2-Mercaptoethanol 50mM 31350–010 Gibco, Thermo Scientific USA 

Accutase A1110501 Gibco, Thermo Scientific USA 

Albumin Fraktion V 8076.4 Roth Germany 
Anti-adherence rinsing solution 7010 STEMCELL Canada 
AraC C1768 Sigma-Aldrich / Merck Germany 
B-27 Supplement (50x) 10ml 17504–044 Gibco, Thermo Scientific USA 

Bradford reagent 5 000 006 Bio-Rad United Kingdom 

BSA 8076.4 Roth Germany 
Chromium Next GEM Single Cell 3 ′ Reagent 
Kits v3.1 

PN-1 000 121 10X Genomics C A, US A 

DAPI D9542 Sigma-Aldrich / Merck Germany 
DMEM (high glucose) 11960–044 Gibco, Thermo Scientific USA 

DMEM / NUT.MIX F-12 W / GLUT-I 31 331 028 Thermo Scientific USA 

DNAse digestion 79 254 Qiagen Germany 
DPBS 14190–094 Gibco United Kingdom 

EDTA AM9260G Thermo Scientific USA 

Fetal bovine serum 10500–064 Gibco, Thermo Scientific USA 

Fluorescent mounting medium S3023 DAK O , Agilent USA 

Formaldehyde 252 549 Sigma-Aldrich / Merck Germany 
Formamide F9037 Sigma-Aldrich Germany 
GelRed nucleic acid gel stain, 10 000X #41 003 Biotium USA 

Glycine 3908.3 Roth Germany 
GoTaq® qPCR Master Mix A6002 Promega WI, USA 

Hanks’ Balanced Salt Solution (HBSS) 14 025 Gibco, Thermo Scientific Germany 
Hs-PANTR1 1 199 961 Bio-Techne Germany 
Insulin human 11 376 497 001 Sigma-Aldrich / Merck Germany 
Laminin L2020-1MG Sigma-Aldrich / Merck Germany 
L-glutamine 25 030 081 Gibco, Thermo Scientific USA 

Matrigel 354 277 Corning USA 

MEM NEAA 11140–035 Gibco, Thermo Scientific USA 

Mirus TransIT-293 Transfection Reagent MIRUMIR2700 Mirus Bio LLC USA 

Mm-Pantr1 483 711 Bio-Techne Germany 
mTESR1 medium 85 850 Stem Cell Canada 
N2-Supplement 17 502 048 Gibco, Thermo Scientific USA 

NaCl 92 652 Roth Germany 
NEUROBASAL MED SFM 21 103 049 Thermo Fisher USA 

Nonidet-40, NP-40 Alternative 492 016 Calbiochem USA 

Normal donkey serum 017–000-121 Jackson Immuno Research United Kingdom 

Normal goat serum G6767 Sigma-Aldrich / Merck Germany 
Not1 R0189S New England Biolabs USA 

OPTIMEM 31985–062 Gibco, Thermo Scientific USA 

PageRuler™ Prestained Protein Ladder, 10 to 
180 kDa 

26 616 Thermo Scientific USA 

Papain Dissociation System LK003150 Worthington USA 

Penicillin-Streptomycin 15 140 122 Gibco, Thermo Scientific USA 

PFA MC1040051000 Sigma-Aldrich / Merck Germany 
Pierce™ Magnetic RNA-Protein Pull-Down 
Kit 

20 164 Thermo Scientific USA 

Pierce™ RNA 3 ′ End Desthiobiotinylation Kit 20 163 Thermo Scientific USA 

Pierce Sterptavidin Magnetic Beads 88 816 Thermo Scientific USA 

PORN Poly-L- ornithine hydro P3655-100MG Sigma-Aldrich / Merck Germany 
PMSF (Phenylmethylsulfonyl fluoride) 10 837 091 001 Merck Germany 
Primers (see Table 3 ) Sigma-Aldrich / Merck Germany 
Protease inhibitor 11 873 580 001 Sigma-Aldrich / Merck Germany 
Protein G Dynabeads 10004D Thermo Scientific USA 

PSN 15640–055 Gibco, Thermo Scientific USA 

Puromycin P8833 Sigma-Aldrich / Merck Germany 
RevertAid Reverse Transcriptase kit EP0442 Thermo Scientific Lithuania 
RNAeasy Mini Kit 74 104 Qiagen Germany 
RNAscope Fluorescent Multiplex Reagent Kit 323 110 Bio-Techne Germany 
RNase A R4642 Sigma-Aldrich / Merck Germany 
Ribolock RNAse Inhibitor EO0381 Thermo Scientific USA 

SB431542 (50mg) S1067 Selleck Chemicals USA 

SSC Buffer 20x Concentrate S6639 Merck Germany 
STEMdiff Neural Induction Medium, 250 mL 5835 STEMCELL Canada 
Stemolecule Dorsomorphin (2mg) 04–0024 Reprocell Japan 
Sucrose 4621.1 Roth Germany 
SuperFrost Plus Microscope slides 11 976 299 Thermo Scientific Germany 
SuperSignal™ West Femto Maximum 

Sensitivity Substrate 
34 096 Thermo Scientific USA 
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Table 1. Continued 

Name Catalog number Company Location 

T3 MEGAscript kit AM1338 Thermo Scientific USA 

T7 MEGAscript kit AM1334 Thermo Scientific USA 

T4 RNA polymerase 18 005 025 Thermo Scientific USA 

Thiazovivin S1459 Selleckchem USA 

Tissue freezing medium 14 020 108 926 Leica USA 

Trans-blot Turbo Transfer Pack 1 704 156 Bio-Rad USA 

TRIS hydrochloride 90 903 Roth Germany 
Triton X 3051.2 Roth Germany 
Trypsin-EDTA 0,05% 25 300 054 Gibco, Thermo Scientific USA 

Tween-20 P9416 Merck Germany 
With GoTaq® qPCR Master Mix A6002 Promega USA 

Xho1 R0146S New England Biolabs USA 

BaculoDirect C-Term Expression Kit 12 562 013 Invitrogen, Thermo Scientific USA 

SF900 II SFM Media 10 902 104 Gibco USA 

6x Purple Gel Loading Dye, no SDS B7025S NEB USA 
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and adult mice were isolated from Foxg1 

cre / + and wild-type
mice ( Foxg1 

+ / + ). Tissue was subsequently used for RNAseq
and immunohistochemistry (IHC). 

Mouse hippocampus isolation for primary neuronal
culture 

Hippocampi of E18.5 embryos and P0 mice were dissected
from wild-type mice (C57BL / 6J or CD1 with animal license
X-17 / 03S and X-22 / 02B) and collected in 15 ml Hanks’ Bal-
anced Salt Solution (HBSS, Thermo Scientific, USA). The tis-
sue was processed for plating, as previously described [ 20 , 31 ].
Cells were plated at a density of 100.000 cells / cm 

2 for RNA
extraction or 50.000 cells / cm 

2 for microscopy and electro-
physiological recordings. Medium change was performed ev-
ery 72 h by exchanging half of the volume of the medium
with fresh NB medium with complements and AraC (1 μg / ml
for the first, and 0.5 μg / ml for the second medium change,
Sigma / Merck, Germany), cells were harvested at day in-
vitro 7 (DIV7) (ChIPseq, RNA immunoprecipitation (RIP),
RNAseq) and DIV14 (electrophysiology) based on the per-
formed experiments. 

Production of lentiviral particles and transduction 

Lentiviral particles were produced and quantified in
HEK293T cells with Mirus T ransIT-293 T ransfection Reagent
(Mirus Bio LLC, Madison, WI, USA) as described before [ 20 ].
The constructs used are listed in Table 2 . Constructs for
lentiviral packaging were pMD2.G (Didier Trono, plas-
mid 12 259, Addgene, USA) and psPAX2 (Didier Trono,
plasmid 12 260, Addgene, USA). Primary hippocampal
cells were virally transduced at DIV1 with 1.25 IFU / cell
(shRNA-mediated KD as well as rescue with Pantr1 OE).
Selection of successfully infected cells was performed 72–90
h post-infection (DIV4) by changing half of the volume of
the medium with fresh NB medium containing 0.3 μg / ml
Puromycin (Sigma / Merck). 

IHC 

Isolated mouse brains (E18.5 or P0) were fixed for 24 h,
hCOs were fixed for 60 min in 4% PFA (MC1040051000,
Merck, Germany). Afterwards, the tissues were incubated in
30% sucrose in DPBS (14190–094, Gibco, United Kingdom)
overnight at 4 

◦C and were subsequently embedded in tissue
freezing medium (Leica, Richmond, USA). Frozen embedded 

tissues were cut in 14 μm sections and mounted on SuperFrost 
Plus Microscope slides (Thermo Scientific). Dried slides were 
washed twice with DPBS (14190–094, Gibco), incubated 30 

min with 0.25% Triton X (Roth, Germany) in DPBS and 5 

min with 0.25% Triton X in DPBS. Blocking was performed in 

10% normal donkey serum (017–000-121, Jackson Immuno 

Research, United Kingdom), 0.1% Triton X in DPBS for 2 h 

at reverse transcription (RT), followed by the incubation with 

primary antibodies in blocking solution at 4 

◦C overnight. Af- 
ter three washing steps in 0.1% Triton X in DPBS, the cover 
slips were incubated with secondary antibodies for 1 h at 
RT (dilution 1:500 in blocking solution), followed by coun- 
terstaining with DAPI (1:1000, D9542, Sigma Aldrich), three 
additional washing steps with DPBS and mounting in Fluo- 
rescent Mounting Medium (DAK O , S3023, Agilent, US). The 
antibodies used are listed in Table 6 . 

Immunocytochemistry 

For immunocytochemistry (ICC), 50.000 cells plated on cov- 
erslips were fixed for 15 min with 4% PFA (MC1040051000,
Merck). Blocking was performed in 10% normal goat serum 

(G6767, Sigma Aldrich) and 0.1% Triton X (Roth, Ger- 
many) in DPBS (14190–094, Gibco) for 15 min at RT, fol- 
lowed by the incubation with primary antibodies in block- 
ing solution at 4 

◦C overnight. After three washing steps in 

DPBS, the cover slips were incubated with secondary anti- 
bodies for 1 h at RT, followed by counterstaining with DAPI 
(1:1000, D9542, Sigma Aldrich) and mounting in Fluorescent 
Mounting Medium (DAKO). The antibodies used are listed in 

Table 6 . 

Single molecule fluorescent in situ hybridization 

For single molecule fluorescent in situ hybridization (smFISH),
cells (primary hippocampal neurons, NPCs) plated on 12 mm 

coverslips were fixed following the manufacturer’s instruc- 
tions for cell fixation (RNAscope Assay for Adherent Cells,
MK50-012 TechNote_09 252 017, Bio-Techne, Wiesbaden,
Germany). Isolated murine brains (E18.5 or P0) were fixed 

for 24 h, hCOs were fixed for 60 min in 4% PFA. Tis- 
sues were incubated in 30% sucrose in DPBS (14190–094,
Gibco) overnight at 4 

◦C, followed by embedding in tissue 
freezing medium (Leica). Frozen embedded tissues were cut 
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Table 2. List of plasmids and their shRNA sequence for lentivirus production 

Plasmid carrying the coding 
sequence with short name (bold) Sequence for shRNA Comment Producing company 

pLK O .1-puro-cmv-tGFP 
sh_Ctrl shCtrl 

- used as control for 
Foxg1 KD and Pantr1 KD 

MISSION®
Luciferase shRNA 

Control SHC007V 

MFCD07785395 
pLK O .1-puro-cmv-tGFP 
Sh_Foxg1_1 shF o xg1_1 

CCG GCC TGA CGC TCA ATG 

GCA TCT ACT CGA GTA GAT 

GCC ATT GAG CGT CAG GTT 

TTT G 

for Foxg1 KD SIGMA MISSION 

TRCN0000081746 

pLK O .1-puro-cmv-tGFP 
Sh_Foxg1_2 shF o xg1_2 

CCG GCT GAC GCT CAA TGG 

CA T CT A TCT CGA GA T AGA 

TGC CAT TGA GCG TCA GTT 

TTT G 

for Foxg1 KD Cloned by genescript 

pLK O .1-puro-cmv 
tGFP_Sh_Pantr1_1 shPantr1_1 

CCG GGA A T A ACT GCC ATG 

GAA GGA TCT CGA GAT CCT 

TCC ATG GCA GTT ATT CTT 

TTT TG 

for Pantr1 KD Sigma MISSION 

TRCN0000179216 

pLK O .1-puro-cmv- 
tGFP_Sh_Pantr1_2 shPantr1_2 

CCG GGG GAC AGA GTG CCT 

AGG T A T CTC GAG A T A CCT 

A GG CA C TCT GTC CCT TTT 

TG 

for Pantr1 KD Cloned by genescript 

pLV(Exp)-EGFP:T2A:Puro- 
U6 > LacZ(shRNA_2)- 
hPGK > mCherry Ctrl 

- control for rescue 
experiment 

Cloned and packaged by 
Vector builder 

pLV(Exp)-EGFP:T2A:Puro- 
U6 > FoxG1_shRNA- 
hPGK > mCherry shFOXG1_Ctrl 

CCG GCC TGA CGC TCA ATG 

GCA TCT ACT CGA GTA GAT 

GCC ATT GAG CGT CAG GTT 

TTT G 

for Foxg1 KD in rescue 
experiment 

Cloned and packaged by 
Vector builder 

pLV(Exp)-EGFP:T2A:Puro- 
U6 > FoxG1_shRNA- 
hPGK > (Mouse 
Pantr1_201) shFOXG1_Pantr1OE 

CCG GCC TGA CGC TCA ATG 

GCA TCT ACT CGA GTA GAT 

GCC ATT GAG CGT CAG GTT 

TTT G 

for Foxg1 KD and 
Pantr1 OE in rescue 
experiment 

Cloned and packaged by 
Vector builder 
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n 14 μm sections and mounted on SuperFrost Plus Micro-
cope slides (Thermo Scientific). Probe Mm-Pantr1 (murine,
83 711, Bio-Techne) or Hs-PANTR1 (human, 1 199 961,
io-Techne) were used following the RNAscope Fluorescent
ultiplex Reagent Kit User Manual 320293-USM for detec-

ion (Bio-Techne). For smFISH in combination with ICC or
HC, the antibody incubation was performed immediately af-
er smFISH and counterstaining with DAPI was performed at
he end before mounting in Fluorescent Mounting Medium
DAKO). 

icroscopy and morphometric analysis 

IV7 hippocampal neurons were stained with an antibody
gainst Microtubule Associated Protein 2 (MAP2, 1:200,
b32454, Abcam, United Kingdom) and imaged using an Axio
mager M2 microscope equipped with an EC Plan NeoFluar
0x / 0.75 M27 objective, Axiocam 506 camera, and ZEN 3.0
oftware. Dendrites were traced manually using the Sholl-
nalysis plugin for ImageJ 1.52p. Dendrite complexity was
ssessed by measuring the dendritic intersections in concen-
ric circles per 10 μm from the cell soma and significance was
etermined using two-way ANOVA test. 
For dendritic spine density analysis, biocytin-filled neu-

ons were stained with Alexa Fluor™ 633-conjugat (1:500,
21375, Life Technologies, USA), Z-stack pictures were ac-
uired using SP8 confocal microscope, objective HC PL APO
S2 63x / 1.40 OIL, zoom 2x, and resolution 2048 × 2048.
he analysis was performed by counting spines on 20 μm

ength dendrite, three dendrites for each neuron were quan-
tified using LAS X 3.5.2.18963 (Leica Microsystems, Wetzlar,
Germany). 

For localisation and co-localisation studies, Z-stack pic-
tures were acquired using SP8 confocal microscope, ob-
jective Zeiss HC PL APO CS2 63x / 1.40 OIL, pixel size
0.361 × 0.361 μm, and analysis was performed with
LAS X 3.5.2.18963 software (Leica Microsystems). For co-
localisation of Pantr1 and FOXG1 additional to the Leica sys-
tem, images were taken with the 60x objective of the BC43
(Oxford Instruments, United Kingdom) and processed with
Imaris 10 (Oxford Instruments). 

Co-immunoprecipitation of protein and RNA 

Co-immunoprecipitation (Co-IP) was performed as previ-
ously described [ 22 ]. In brief, P0 whole brain tissue, DIV7
cells, or d105 hCOs were lysed in lysis buffer (300 mM NaCl,
20 mM Tris, 1 mM EDTA, 0.5% Nonidet-40 (NP-40), pH 7.4)
supplemented with protease inhibitor (Sigma-Aldrich / Merck)
and incubated for 30 min on ice, triturating every 10 min 20
times. After a 10 min centrifugation at 13 000 rpm, the super-
natant was collected. The samples were diluted dropwise to
reach a salt concentration of 100 mM and NP-40 concentra-
tion of 0.15% using equilibration buffer (20 mM Tris, 1 mM
EDTA, pH 7.4). Protein concentrations were determined with
Bradford reagent (Bio-Rad, United Kingdom). Around 10%
input was saved and equal amounts of protein were used for
all Co-IPs. Protein G Dynabeads (10004D, Thermo Scientific)
were washed with Co-IP buffer (100 mM NaCl, 20 mM Tris,
1 mM EDTA, 0.15% NP-40 pH 7.4), and incubated with
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Table 3. List of primers for qPCR 

Target Forward primer Reverse primer 

murine Foxg1 [ 22 ] AATGA CTTCGCA GA CCA GCA CCGGA CA GTCCTGTCGTAAA 

murine Gapdh [ 22 ] CGGCCGCATCTTCTTGTG TGA CCA GGCGCCCAA T AC 

murine Pantr1 CGGGA CTGTAA GGCGGATAA GTCCCTCTCCCTCGATGTCA 

human ACTIN B [ 61 ] CTGGAA CGGTGAA GGTGA CA AA GGGA CTTCCTGTAA C AATGC A 

human FOXG1 [ 62 ] CCCTCCCA TTTCTGT ACGTTT CTGGCGGCTCTTA GA GAT 
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Co-IP antibodies at 4 

◦C overnight. The following antibod-
ies were used: anti-FOXG1 (61 211, Active Motif, USA; or
SAB2102981, Sigma-Aldrich for mass spectrometry) and IgG
(C15410206 or C15400001, Diagenode, Belgium). Antibody-
coupled beads were washed once with Co-IP buffer before
Co-IP. Cell lysates were precleared with Protein G Dynabeads
for 1 h at 4 

◦C, subsequently transferred to antibody-coupled
beads, and incubated overnight at 4 

◦C in rotation. If the aim
was to investigate binding and complex forming in absence
of RNA, RNase A (1:400, R4642, stock concentration 20–40
mg / ml, Sigma-Aldrich / Merck) was added to this overnight
step. Antibody-coupled beads were washed three times with
Co-IP buffer. Depending on downstream analysis they were
either resuspended in 1x Laemmli sample buffer (protein de-
tection by immunoblotting) or in RLT buffer of the RNA iso-
lation kit (RNA detection by native RIP). Protein–antibody
complexes were eluted by incubating the beads at 70 

◦C for 10
min at 550 rpm. Around 10% input and the complete Co-IP
sample were used for immunoblotting (IB). The samples were
used for IB or mass spectrometry (MS). MS data were pro-
cessed by the Proteomics core facility (Proteomics Platform –
Core Facility (ProtCF), Institute of Surgical Pathology and In-
stitute of Molecular Medicine at the Medical Faculty of the
University of Freiburg, Germany). Here, proteins bound to
beads were resuspended in lysis buffer (5% SDS, 50 mM tri-
ethyl ammonium bicarbonate (TEAB), pH 7.5) and incubated
at 95 

◦C for 10 min for elution. Samples were centrifuged at
13 000 rpm for 8 min, and the supernatant further processed
and measured as described [ 32 ]. 

IB 

Co-IP samples were loaded onto 10% sodium dodecyl sul-
phate (SDS)-polyacrylamide gels and electrophoresed at 120
V for 1.5 h in Tris-Glycine running buffer. Subsequently, pro-
teins were transferred onto PVDF membranes (Trans-blot
Turbo Transfer Pack, Bio-Rad, USA) using the Trans-blot
Turbo Transfer System (Bio-Rad), following the manufac-
turer’s instructions. Afterwards, the membranes were blocked
with 5% bovine serum albumin (BSA, 8076.4, Roth) in Tris-
buffered saline (TBS) for 1 h. For IB, the following anti-
bodies were used: anti-FOXG1 (61 211, Active Motif), anti-
NEUROD1 (ab109224, Abcam), anti-DDX5 (9877, Cell Sig-
naling, USA), anti-PURB (ab130999, Abcam) diluted in 5%
BSA in TBST (TBS with 0.1% Tween-20 (Merck)). After
three washes with TBST, the membranes were incubated with
HRP-linked rabbit IgG (diluted 1:10 000 in 5% BSA in
TBST, Cell Signaling, 7074) or Tidyblot (diluted 1:5000 in
5% BSA in TBST, Biorad), for 1 h. Following two washes
with TBST and two with TBS, the membranes were devel-
oped using SuperSignal™ West Femto Maximum Sensitiv-
ity Substrate (diluted 1:2–1:4, Thermo Scientific) and im-
aged with the LAS ImageQuant System (GE Healthcare,
USA). 
RNA isolation, RT, and qPCR analysis 

RNA was isolated from tissue, organoids, cell samples, or co- 
IP beads directly after harvesting or after storage at −80 

◦C 

with the RNAeasy Mini Kit (74 104, Qiagen, Germany) in- 
cluding an on-column DNAse digestion (79 254, Qiagen). The 
isolated RNA was either used for further RNAseq or for qPCR 

analysis. For qPCR analysis, we harvested 1 Mio cells or one 
organoid in RLT buffer (74 104, Qiagen). Around 1 μg of 
total RNA was used to synthesise cDNA with the RevertAid 

Reverse Transcriptase kit (EP0442, Thermo Scientific) follow- 
ing the manufacturer’s protocol with a total volume of 20 μl.
Subsequently, 5 μl of 1:50 diluted cDNA was used for a qPCR 

with GoTaq® qPCR Master Mix (A6002, Promega, WI, USA) 
following the manufacturer’s protocol with three technical 
replicates. Primers (Sigma / Merck) are listed in Table 3 . For 
qPCR after co-IP, half of the total RNA of the co-IP samples or 
input sample was used to synthesise cDNA with the RevertAid 

Reverse Transcriptase kit (EP0442, Thermo Scientific) follow- 
ing the manufacturer’s protocol with a total volume of 20 μl.
Subsequently, 5 μl of 1:5 diluted cDNA was used for a qPCR 

with GoTaq® qPCR Master Mix (A6002, Promega) follow- 
ing the manufacturer’s protocol with three technical replicates.
The Ct values were used to calculate the percentage of RNA 

left after co-IP compared to the cell lysate (input). All other 
analyses were performed as described before [ 20 ]. Data are 
presented as mean ± SEM. P -values were calculated using un- 
paired, two tailed Student’s t-test, one-way ANOVA, or non- 
parametric tests: * P < 0.05, ** P < 0.01, *** P < 0.001 with 

GraphPad Prism 6. 

Single cell (sc)RNAseq library preparation 

Two organoids of each line were collected at day 105, and 

single cells were obtained according to the protocol of the 
Papain Dissociation System (Worthington, Lakewood, USA),
with centrifugation steps carried out at 4 

◦C. Library prepara- 
tion was performed with the 10x Genomics kit according to 

the manufacturer’s instructions (Chromium Next GEM Single 
Cell 3 

′ Reagent Kits v3.1, 10X Genomics, C A, US A). 

Bulk RNA-sequencing and RIPseq 

Total RNA extracted from mouse hippocampi, cortex, or 
DIV7 primary hippocampal neurons were used for RNAseq.
Total RNA extract of FOXG1- and IgG-co-IP respectively 
were used for RIPseq. The cDNA libraries were constructed 

using TruSeq total RNA sample preparation kit (Illumina,
USA), following the manufacturer’s instructions and se- 
quenced on Illumina HiSeq 3000 as paired-end 101 bp reads.
For RNAseq, the procedure included depletion of rRNA prior 
to double-stranded cDNA synthesis and library preparation.
Each replicate (n) came from independent cell cultures of dif- 
ferent litters, respectively, from independent mice. 
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Table 4. List of primers for ChIP- and ChIRP-qPCR 

Target Forward primer Reverse primer 

human PANTR1 promoter CTTCTA CGA CGCTCTGCCTAA TA CAA GGAA GTCGA GCA CCA G 

human PANTR1 exon CCGA GTTGGGTTA GTTCATTGG GGAA CCTCA GCGAA CCAA GAA 

mouse Slc8a1 TTGGTTTCTCTGCCTGACCTG CGCA TT A TTTGA CA CCGA GGC 

mouse Cdkn1a GTTGTCCTCGCCCTCA TCT A T CGGA CA CTCGA GA GCAAA GAA 

mouse Sox5 TCCCGGGA CTTGAA CAAA CTC GTGAA CCGCA GCGTTTTAA CT 

mouse Pantr1 AC ATCTCC ACCTCC ACC AATG TTGCTGAAGGTTGGGGTTGAT 

mouse Tmem2 CGT AGGTTGCCGCTGAA TTC TCTA CTCA GGTGTCTA CGCGA 

mouse St18 GTTCCCA GA GTTTCA GGCA GA A T A TGGCA GA CA GGAA CA GGC 

mouse Sephs1 ATTCA GGCGA CGCTTAA GGG CCGCT A TTCCCCTTT AAGCCT 
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hIPseq and ChIP-qPCR 

or FOXG1-ChIPseq analysis, wildtype or virally transduced
rimary hippocampal neurons were fixed and collected as pre-
iously described [ 22 ], following the instructions of the servic-
ng company (Active Motif). For FOXG1-ChIPseq analyses af-
er Pantr1 KD, primary hippocampal neurons transduced with
entiviral shPantr1_1 constructs or control constructs were
xed on DIV7. The FOXG1-ChIPseq of cortical organoids
as performed after their fixation using the same protocol as

or cells. 
A custom Illumina library type on an automated system

Apollo 342, Wafergen Biosystems / Takara) was used to gen-
rate ChIPseq libraries, which were subsequently sequenced
n Illumina NovaSeq 6000 as single-end 75 bp reads (Active
otif). Antibodies used for the immunoprecipitation were ei-

her anti-FOXG1 (61 211, Active Motif) for murine samples
r anti-FOXG1 (ab18259, Abcam) for human samples. 
For ChIP-qPCR, d105 hCOs were crosslinked with 1%

ormaldehyde, lysed, and chromatin was sheared to 200–
00 bp by sonication. Around 5–10% input was collected
rior to ChIP, which was performed using anti-FOXG1 an-
ibody (rabbit, 61 212, Active Motif) or control rabbit IgG
C15410206, Diagenode) in combination with Protein G Dyn-
beads (10003D, Invitrogen). Immunoprecipitated DNA was
everse crosslinked and purified using the MinElute Reaction
leanup Kit (28 204, Qiagen), then quantified by qPCR with

ocus-specific primers (Table 4 ), and displayed normalized to
nput and IgG controls. 

NA pulldown of adult hippocampus protein 

xtracts 

antr1 lincRNA was cloned into pBluescript plasmid such that
he sense strand was in frame with T7 promoter and antisense
trand with T3. Pantr1 RNA sense strand was synthesised in
itro using linear pBluescript-Pantr1 plasmid (linearized using
ho1 (New England Biolabs, USA)) and T7 RNA polymerase

T7 MEGAscript kit, Thermo Scientific) as per the manufac-
urer’s protocol. Similarly, Pantr1 antisense strand was syn-
hesised by using Not1 (New England Biolabs) digested lin-
ar pBluescript-Pantr1 plasmid and T4 RNA polymerase (T3

EGAscript kit, Thermo Scientific). Next, 10 μg of Pantr1
ense RNA were used to label the 3 

′ end using Pierce™ RNA
 

′ End Desthiobiotinylation Kit (Thermo Scientific). After la-
elling, Pantr1 sense RNA was purified to remove the un-

ncorporated labelled nucleotides, and RNA pull down was
erformed using Pierce™ Magnetic RNA-Protein Pull-Down
it (Thermo Scientific) according to the instructions. Pro-

ein extracted from 6-week old NMRI mouse hippocampus
ere used for the RNA pull down assay (with animal license
X-14 / 04H). RNA pulldown samples ( n = 3) were collected
and subjected to LC-MS / MS to identify the proteins interac-
tome of Pantr1 lincRNA. 

Recombinant FOXG1 protein expression 

Recombinant FOXG1 protein was expressed using the Bac-
uloDirect C-Term Expression Kit (12 562 013, Invitrogen,
USA) according to the manufacturer’s instructions. The mouse
FOXG1 coding sequence was initially cloned into the pENTR
vector and subsequently transferred into the baculoviral des-
tination vector via Gateway recombination. Recombinant
bacmid DNA was used to transfect Spodoptera frugiperda
(Sf9) cells. Following viral amplification, high-titer P3 virus
was used to infect 300 ml cultures of Sf9 cells for large-scale
protein expression. Infected cells were harvested 72 h post-
infection and lysed using lysis buffer, followed by ultracen-
trifugation to clarify the lysate. FOXG1 protein was puri-
fied using Ni-NTA beads (30 210, Qiagen), with elution per-
formed via an imidazole gradient (100–500 mM). Eluted frac-
tions were analysed by SDS-PAGE and IB, and those con-
taining high levels of FOXG1 were pooled. The protein was
then concentrated and partially desalted using 10 kDa molec-
ular weight cutoff centrifugal filters (Vivaspin, Sartorius, Ger-
many), followed by further purification via immunoprecipi-
tation using anti-FOXG1 antibody (61 211, Active Motif).
Finally, the buffer was exchanged to the binding buffer (20
mM Tris-HCl, 50 mM NaCl, 1 mM EDTA) using the same
centrifugal filters, and protease inhibitor cocktail was added
(cOmplete, Sigma-Aldrich). 

Chromatin isolation by RNA purification 

Chromatin isolation by RNA purification (ChIRP) was per-
formed using biotinylated antisense DNA probes targeting
the RNA of interest, following a previously published pro-
tocol with minor modifications [ 33 ]. For one ChIRP exper-
iment, mouse cortices from three P0 mice were pooled and
snap-frozen. The tissue was thawed, dissociated in phosphate-
buffered saline (PBS), crosslinked with 1% glutaraldehyde for
10 min at room temperature to preserve RNA–chromatin in-
teractions, and subsequently quenched with 125 mM glycine
for 5 min. After lysis, chromatin was sonicated for 60 min us-
ing Covaris E220 (USA). Around 5–10% input was collected
prior to hybridization. Approximately 100 pmol of a pool of
20–25 biotinylated antisense DNA probes (20-mers, spaced
every ∼100 nt across the full-length transcript) (Table 5 ) were
hybridized to the chromatin lysate overnight at 37 

◦C with
rotation. Hybridised complexes were captured using Pierce
Streptavidin Magnetic Beads (88 816, Thermo Scientific) for
2 h at 37 

◦C with rotation. After stringent washes, DNA was
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Table 5. List of Pantr1 ChIRP probes 

Name Sequence 

Pantr1_ChIRP_probe_1 CGTGGCTTCGTTGACCGG[BtnTg] 
Pantr1_ChIRP_probe_2 CCC AGGGC AA T A TTCACT[BtnTg] 
Pantr1_ChIRP_probe_3 CAAA GTTA GGAA CGGCCA[BtnTg] 
Pantr1_ChIRP_probe_4 CTT A TCCGCCTT A CA GTC[BtnTg] 
Pantr1_ChIRP_probe_5 C AGC ACTTTCTGTTGGGG[BtnTg] 
Pantr1_ChIRP_probe_6 CC AC A TGGA TGA TGTCCA[BtnTg] 
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eluted using 100 mM NaHCO 3 and 1% SDS. Crosslinks were
reversed by incubating with RNase at 37 

◦C for 30 min, fol-
lowed by Proteinase K treatment at 55 

◦C for 2 h. DNA was
purified using the MinElute Reaction Cleanup Kit (28 206,
Qiagen) and analysed by qPCR using locus-specific primers
(Table 4 ). Results were normalised as percentage of input. 

RNA-protein electrophoretic mobility shift assay 

RNA-protein electrophoretic mobility shift assay (EMSAs)
were performed to assess direct binding of FOXG1 to Pantr1
RNA. In vitro transcribed Pantr1 RNA was incubated with
increasing concentrations of recombinant FOXG1 protein in
binding buffer (20 mM Tris-HCl, 50 mM NaCl, 1 mM EDTA,
5% glycerol) at room temperature for 30 min. Samples were
loaded with 5x Purple Loading Dye (NEB, no SDS) and re-
solved on 5% native PAGE gels in 1x TAE buffer. RNA
was visualised by post-staining with 3x GelRed (Biotium,
USA). Shifted RNA–protein complexes appeared as slower-
migrating bands compared to free RNA. 

DNA:DNA:RNA hybridisation EMSA 

To assess triplex formation, a double-stranded DNA fragment
corresponding to the Pantr1 target site was amplified by PCR
from mouse genomic DNA and purified using the MinElute
Reaction Cleanup Kit (28 206, Qiagen). The DNA was incu-
bated with in vitro transcribed Pantr1 RNA in triplex binding
buffer (10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl 2 ) at
60 

◦C for 1 h. Complexes were resolved on 2% agarose gels in
1x TAE buffer. Triplex formation was inferred from reduced
electrophoretic mobility relative to free DNA. 

Bioinformatics 

Single cell RNA sequencing analysis 
Reads from single cell (sc)RNAseq were aligned to the
GRCh38 human reference genome, and the cell-by-gene count
matrices were produced using the RNA STARSolo on the
Galaxy Platform. Data were analysed using the Seurat R
package v.4.3.0 with R v.4.2.2 . The following parameters
were used for filtering cells: cut_nUMI ← 500; cut_nGene ←
250; max_nGene ← 8500; cut_log10GenesPerUMI ← 0.80;
cut_mito.Ratio ← 0.2; cut_ribo.Ratio ← 0.2. 

The expression values were normalised using the ‘SCTrans-
form v2’ function. Subsequently, Principal Component Anal-
ysis (PCA) was applied to highly variable genes identified by
the ‘ FindVariableGenes ’ function, retaining the top 40 prin-
cipal components (PC) based on Seurat’s Elbow Plots and
determination of percent variation associated with each PC.
Clustering was executed on the PCA-reduced data utilising the
‘ FindNeighbor s’ and ‘ FindCluster s ’ functions, with a resolu-
tion set at 0.4. Uniform Manifold Approximation and Pro-
jection (UMAP) was employed for dimensionality reduction,
providing a visual representation of the data. For cell-type an-
notation, differential expression analysis was conducted be- 
tween clusters via the ‘ FindAllMar k er s ’ function, considering 
genes with a log-fold change greater than 0.1 and an adjusted 

P -value less than 0.05 as differentially expressed. FOXG1 and 

PANTR1 expression levels were plotted using VlnPlot and 

FeaturePlot functions within the Seurat package. Cell-type 
proportions were calculated using scProportionTest tool with 

default settings [ 34 ]. 

Bulk RNA-, ChIP-, RIP sequencing analysis 
The Galaxy platform as well as R based analysis were used 

to analyse the RNAseq, FOXG1 ChIPseq and RIPseq data.
Mapping was performed on mouse genome build mm10 

(GRCm38) or human genome build hg38 depending on 

organism. 
Quality control, trimming, mapping of the RNAseq fastq 

files, and generation of gene-level counts was done on the 
Galaxy platform [ 35 ]. Differential expression analysis of 
DIV7 hippocampal neurons (Fig. 5 B) was done using DESeq2 

(1.34.0) on R (4.2.0) on the count matrix output from feature- 
counts [ 36 ]. Gene ontology (GO)-term enrichment analyses 
were done using clusterProfiler (4.2.2) [ 37 ]. Visualisations of 
volcano plots and heatmaps were done using EnhancedVol- 
cano (1.12.0) and pheatmap (1.0.12) packages, respectively 
[ 38–40 ]. 

Differential expression analysis for RNAseq of the adult 
and E18.5 hippocampus sample (Fig. 3 C) was done us- 
ing DESeq2 (v. 1.22.1) [ 36 ] on count matrices output from 

snakePipes (featureCounts, v. 1.6.4) [ 41 ]. A linear model 
controlling for batch effects (e.g. ∼batch + treatment or ∼
batch + condition) was used and apeglm log2(fold change) 
shrinkage was applied. 

RIPseq fastq files were processed on the Galaxy platform.
Trimmed and quality filtered reads were aligned to mm10 

genome assembly using RNAStar (2.7.10b). FOXG1-coIP 

reads were normalized to IgG-coIP reads using bamcompare 
(v. 3.5.4) and the average calculated using bigwigAverage (v.
3.5.4). Differentially immunoprecipitated RNA was calcu- 
lated using DESeq2 (v. 2.11.4.0.8) after generating count ma- 
trices (featureCounts, v. 2.0.3). 

FOXG1 ChIPseq quality controls were performed on the 
galaxy server (usegalaxy.eu). The sequences were mapped 

against mm10 with Bowtie and Peaks were called using MACS 
callpeak. The coverage was calculated followed the analyses 
as described previously [ 22 ]. 

GO enrichment and differential GO-term analyses were 
performed using clusterProfiler (v. 4.2.2) [ 37 ]. 

Motif enrichment and differential motif enrichment analy- 
ses of the ChIPseq dataset were done using gimmemotifs on 

Python [ 42 ]. 
Visualisations were done in Galaxy , R (v . 4.1) and Python 

(v. 3.6). Heatmaps were plotted using heatmap2 (Galaxy Ver- 
sion 3.0.1), genome tracks using pyGenomeTracks (Galaxy 
Version 3.6), venn diagrams using ggVenn (Linlin Yan (2021),
ggvenn: Draw Venn Diagram by “ggplot2”. R package version 

0.1.9) and VennDiagram (Hanbo Chen, VennDiagram: Gener- 
ate High-Resolution Venn and Euler Plots. R package version 

1.7.3. (2022) packages, volcano plots using EnhancedVolcano 

(BioConductor, v. 3.13) (B. K. Lewis M Rana S., EnhancedVol- 
cano: Publication-ready volcano plots with enhanced colour- 
ing and labeling. R package version 1.14.0, (2022)), violin 

plots using ggplot2 (v. 3.3.5) [ 43 ]. 
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Table 6. List of antibodies 

Name Usage and dilution Source 

FOXG1 IHC, 1:500 Abcam, ab196868, United Kingdom 

FOXG1 IB, 1:1000, coIP, RIP Active Motif, 61 211, USA 

FOXG1 coIP Sigma-Aldrich, SAB2102981, Germany 
DDX5 IB, 1:1000 Cell Signaling, 9877, USA 

NEUROD1 IB, 1:1000 Abcam, ab109224, United Kingdom 

PURB IB, 1:1000 Abcam, ab130999, United Kingdom 

GFAP IHC, 1:500 Life Technologies, 13–0300, USA 

MAP2 ICC, 1:200 Abcam, ab32454, United Kingdom 

NeuN IHC, 1:150 Abcam, ab177487, United Kingdom 

PAX6 IHC, 1:150 BioLegend, 901 301, USA 

TBR1 IHC, 1:200 Abcam, ab31940, United Kingdom 

TBR2 IHC, 1:200 Invitrogen, 14–4875-82, USA 

TUJ-1 (TUBB3) IHC, 1:200 BioLegend, MMS-435P-100, USA 

vGLUT1 IHC, 1:500 Synaptic Systems, 135 303, Germany 
vGLUT2 IHC, 1:500 Abcam, ab79157, United Kingdom 

anti Mouse-Alexa488 ICC, IHC 1:500 Dianova (715–545-151), Germany 
anti Mouse-Alexa594 ICC, IHC 1:500 Dianova (715–585-151), Germany 
anti Rabbit-Alexa488 ICC, IHC 1:500 Dianova (711–545-152), Germany 
anti Rabbit-Alexa594 ICC, IHC 1:500 Dianova (711–585-152), Germany 
anti Rat-Alexa488 ICH, 1:500 ThermoFisher, A21208, USA 

Streptavidin-Alexa-633 ICC, 1:500 Life Technologies, S21375, USA 

Tidyblot IB, 1:5000 Bio-Rad, Tidyblot STAR209P, USA 

Anti-rabbit HRP-linked IgG IB, 1:10 000 Cell Signalling, 7074 
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antr1–Triple x-f orming potential analysis 
he potential of Pantr1 to form RNA–DNA triplexes was
ssessed using the Triplex Domain Finder (TDF) tool from
he RGT-Regulatory Genomics Toolbox [ 44 ]. This tool pre-
icts specific regions within a l(i)ncRNA likely to form DNA-
inding domains (DBDs) that can interact with defined target
NA regions. We used the Pantr1 sequence from the NCBI
m10 genome (Gene ID: 66 297) as input RNA and assessed

ts binding potential against two sets of target DNA regions:
1) differentially bound FOXG1 regions upon Pantr1 knock-
own ( Pantr1 KD) and (2) promoter regions from the mm10
enome. The analysis was performed using the default param-
ters provided by the tool. 

rediction of Direct FOXG1–Pantr1 binding propensity 
o evaluate the potential for direct interaction between
OXG1 and Pantr1 , we used the catRAPID omics
2.1 web server ( http:// service.tartaglialab.com/ page/
atrapid _ omics2 _ group ). The analysis was performed using
he ‘custom protein set vs custom transcript set’ mode. The
CBI-derived Pantr1 transcript sequences from the mm10

nd hg38 genomes, along with the corresponding FOXG1
rotein sequences for mouse and human obtained from
niProt (accession numbers: Q60987 for mouse, P55316 for
uman), were submitted to the web server. Default settings
ere used for the prediction. 

nalysis of FOXG1-co-immunoprecipitated proteins after
o-IP-MS 
aw data were analysed with MaxQuant (v 2.1.4.0) with

he built-in Andromeda peptide search engine [ 45 ] allowing
wo missed cleavage sites, no variable modifications, and car-
amidomethylation of cysteines as fixed modification. The
atch between runs option was selected. The Human-EBI-

eference database was downloaded from https://www.ebi.
c.uk/ on July 22nd 2020. For label-free quantification, the
axLFQ algorithm was applied using the standard settings.
nly unique peptides were used for quantification. 
Statistics 

GraphPad Prism software (version 6) was used for statistical
analyses. Depending on the experimental design, two-sided
unpaired Student’s t-test or two-sided one-way ANOVA fol-
lowed by Tukey multiple comparisons, or Kruskal–Wallis test
were used for the analyses of qPCR experiments. RNAseq and
RIPseq counted features were statistically analysed using the
Deseq2 tool [ 36 ] provided by the Galaxy platform [ 40 ]. Statis-
tics in scRNAseq and pseudobulk RNAseq analysis of the
organoids are described in the bioinformatics section in the
supplement. Statistical significance in ChIPseq data were anal-
ysed using the Diffbind tool [ 46 ] on the Galaxy platform. Elec-
trophysiological recordings were tested using Mann–Whitney
test, and Sholl analysis was tested with two-sided two-way
ANOVA followed by Sidak’s multiple comparison test. 

Results 

iPSC-derived human brain organoids as model for 
FO XG1 -syndrome 

To explore the molecular underpinnings of FOXG1-syndrome
in human model systems, we used human patient de-
rived iPSC carrying one allele with a full deletion of
FO XG1 (FO XG1del) and one hotspot frameshift mutation,
c.460dupG (FOXG1c460). We generated hCO, which we cul-
tured for 105 days (d). hCO expressed marker genes for
progenitors, glutamatergic, and GABAergic neuron popula-
tions, including FOXG1, in the HD ( Supplementary Fig. S1 A
and B). FOXG1del and FOXG1c460 derived hCO expressed
less FOXG1 protein and significantly less FOXG1 transcripts
( Supplementary Fig. S1 B and C). To characterise the hCO in
detail at the transcriptional level, we performed scRNAseq on
11 258 cells from the HD control, 9292 cells from FOXG1del,
and 9374 from FOXG1c460 organoids. UMAP representa-
tion of cell clusters retrieved stem and progenitor cells, as
well as diverse stages and subtypes of excitatory and in-
hibitory neurons (Fig. 1 A). By plotting FOXG1 expression

http://service.tartaglialab.com/page/catrapid_omics2_group
https://www.ebi.ac.uk/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
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Figure 1. iPSC-derived hCO model FOXG1-syndrome. ( A ) UMAP plot, colour-coded and annotated by cell type, depicting the d105 cerebral organoids 
(hCO, brain organoids) obtained from a HD and FOXG1-syndrome patients featuring a heterozygous deletion of FOXG1 (FOXG1del), and 
FO XG1c460.dupG (FO XG1c460) mutation, n = 2. Number of cells: Control = 11 258, FO XG1del = 9292, FO XG1c460 = 9374. Abbreviations: APC: 
Astrocyte progenitor cells, DL-EN: Deep la y er e x citatory neuron, IN: Interneuron, IN-LGE: interneurons of the lateral ganglionic eminence, nIP: neuronal 
intermediate progenitor, nRG: neuronal radial glia (RG), nVP: neurogenic ventral progenitor, oRG: outer RG, SST + IN: Somatostatin-positive 
interneurons, tRG: truncated RG, UL-EN: Upper layer excitatory neuron, VP-div: Ventral progenitor-dividing, vRG: ventricular RG. ( B ) UMAPs of healthy, 
FOXG1del, and FOXG1c460 organoids coloured by expression level of FOXG1 (low: grey; high: purple to yellow). ( C ) Violin plots of cell-type specific 
expression distribution of FOXG1 . FOXG1 expression was reduced across all cell populations upon FOXG1 deletion, whereas the FOXG1c460 mutation 
led to either increased or decreased expression depending on the cell type. ( D ) Dotplot of the ratio of cell type proportions of FOXG1del (left) and 
FOXG1c460 (right) organoids compared to the control organoids. Shown is the log2(fold change) (LFC). A significance threshold of false discovery rate 
(FDR) < 0.05 and a LFC < -0.5 or > 0.5 was applied. Significant values are marked in red. ( E ) GO-term enrichment analysis of pseudobulk DEGs in 
FOXG1del and FOXG1c460 organoids, separated into downregulated (down) and upregulated (up) genes relative to HD hCOs. Shown are the top five 
enriched GO terms with a FDR < 0.05. 
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evels, we observed broad expression of FOXG1 and re-
uced levels of it upon FOXG1 mutation compared to the
D (Fig. 1 B). Cluster-wise comparison of expression levels

f FOXG1 in HD and both FOXG1-mutated hCO revealed
hat FOXG1 was transcribed by all cells but in different levels
Fig. 1 C). Upon deletion of one FOXG1 allele, all cell clusters
howed reduced FOXG1 transcription, while upon the c460
rameshift mutation, FOXG1 expression levels varied across
ell types. While some clusters such as outer radial glia (oRG),
arly deep-layer excitatory neurons (early DL-EN), and im-
ature neurons exhibited moderately increased FOXG1 ex-
ression compared to HD, others, including ventricular radial
lia (vRG), astrocyte progenitor cells (APC), and neurogenic
entral progenitors (nVP), showed decreased expression, indi-
ating a non-uniform regulatory effect of the mutation across
eurodevelopmental cell lineages (Fig. 1 C). We observed sig-
ificant changes in cell proportions for some specific clusters
pon FOXG1 deletion, including APC, truncated radial glia
tRG), three interneuron (IN) populations (somatostatin ex-
ressing (SST+)-IN, nVP, IN of the lateral ganglionic eminence
LGE)), and two excitatory neuron (EN) populations (DL-EN,
arly upper layer (UL)-EN) (Fig. 1 D). FOXG1c460 organoids
lso exhibited changes in cell-type proportions, albeit varying
rom FOXG1del organoids. Both dividing (VP-div) and nVP
opulations decreased in proportion, while immature and dif-
erentiating neuron populations, and IN increased. Also, many
opulations that significantly decreased in FOXG1del did not
hange significantly in FOXG1c460 organoids. These differ-
nces indicate that both genotypes disrupt the balance of cell
ypes in distinct ways. 

Functional GO-terms of pseudobulk scRNAseq analysis as-
ociated lower expressed genes in FOXG1del hCO to pro-
esses including regulation of neurogenesis and neuron fate
ommitment, whereas higher expressed genes correlated to
rocesses including nerve development and neuron apopto-
is. FOXG1c460-associated transcriptional changes also con-
erged on key neurodevelopmental processes. Genes with
ower expression in FOXG1c460 were enriched for terms re-
ated to synaptic signalling and neuronal differentiation. As
n FOXG1del, GO-terms associated with telencephalon and
orebrain development, axonogenesis, and synapse organisa-
ion appeared in both up- and downregulated gene sets, in-
icating a disruption of region-specific neuronal maturation
rograms (Fig. 1 E). 
In mice, FOXG1 functions at the chromatin level [ 22 ]. We

herefore performed ChIPseq using FOXG1 antibody at d105
f the HD hCO. FOXG1 bound transcription start sites (TSS)
istributed similar to mouse [ 47 ], i.e. concentrated around the
SS (cluster 3, Fig. 2 A) but also dispersed (cluster 1, Fig. 2 A).
imilar to what has been described for the mouse hippocam-
us, FOXG1 bound mainly intronic (first intron: 10.84 %,
ther introns: 28.73 %) and intergenic regions (especially dis-
al intergenic: 25.87 %) as well as promoters (predominantly
ear promotor ≤ 1 kb: 24.36 %) (Fig. 2 B). Genes bound
y FOXG1 in HD conditions classified as genes involved in
xonogenesis and forebrain and telencephalon development
cluster 1) as well as ncRNA processing and RNA splicing
cluster 3) in enriched functional GO-terms (Fig. 2 C). Inter-
ection of differentially expressed and FOXG1 bound regions
evealed 266 potentially direct FOXG1 target genes in hCO
hat changed expression upon deletion of one FOXG1 allele,
he condition modelling best our mouse data (Fig. 2 D). Func-
ional GO-terms associated the differentially expressed genes
(DEGs) in FOXG1del hCO to processes like forebrain devel-
opment, axonogenesis and axon guidance (Fig. 2 E). Together,
the characterisation of HD and FOXG1del hCO indicated
similarities to the mouse model at the chromatin and tran-
scriptional level. We concluded that parallel analysis of hu-
man and mouse multiomic data might help identifying and
functionally assessing regulative factors of FOXG1. 

FOXG1 binds to gene loci encoding for l(i)ncRNAs 

in mouse and human 

To extend the multi-omics comparison between mouse and
human FOXG1 functions to the protein level, we deter-
mined the FOXG1 interactome from HD hCO. Strikingly,
both mouse and human interactomes enriched for RNA bind-
ing proteins (RBPs) (Fig. 3 A), implying both transcriptional
and post-transcriptional regulations through FOXG1 in both
species. We therefore categorized first the RNA species tar-
geted at the transcriptional level by FOXG1 using the ChIPseq
experiments of mouse adult hippocampus ( in vivo ) and pri-
mary hippocampal neurons ( in vitro ) (Fig. 3 B), as well as
hCO (Fig. 3 C). In mouse, protein-coding RNAs comprised
the largest fraction, compared to non-coding RNAs, of which
520 genomic loci associated with l(i)ncRNAs in vivo , and 788
in vitro , with 488 shared among both datasets (Fig. 3 D) . To
investigate whether l(i)ncRNA expression was affected upon
loss of FOXG1, we explored Foxg1 

cre / + adult hippocampus,
the developing Foxg1 

cre / + E18.5 hippocampus [ 22 ], and the
Foxg1 

cre / cre E13.5 cerebral cortex RNAseq datasets. We iden-
tified altered expression of 8 l(i)ncRNAs in adult hippocam-
pal tissue, 17 in the developing hippocampus, and 193 in the
cerebral cortex upon Foxg1 mutation, using a threshold of ad-
justed P -value (padj) < 0.05 (Fig. 3 E, F). L(i)ncRNAs common
to all mouse transcriptome datasets were Pantr1 and Firre , of
which only Pantr1 occurred in the shared targets of in vivo and
in vitro FOXG1 ChIP peaks (Fig. 3 D). In support of these find-
ings, we validated decreased levels of Pantr1 in the Foxg1 

cre / +

adult hippocampus using RT-qPCR ( Supplementary Fig. S2 A).
In hCO, 2694 genomic loci classified as l(i)ncRNAs bound

by FOXG1, comprising the largest fraction after mRNAs (Fig.
3 C). The high representation of l(i)ncRNAs in the human
data set let us to explore further potential roles of them in
FOXG1-syndrome. Pseudobulk scRNAseq analysis compar-
ing FOXG1del to HD of the hCO transcriptomes revealed 85
l(i)ncRNAs among the DEGs (Fig. 3 G). 25 l(i)ncRNA were
common in both ChIPseq and pseudobulk scRNAseq datasets.
The only common l(i)ncRNA between mouse and human
datasets, analysed in the same manner, was PANTR1 . ChIPseq
tracks for both human and mouse PANTR1 loci revealed mul-
tiple potential FOXG1 binding sites, a subset of which showed
enrichment of FOXG1 (Fig. 3 H). The potential binding site
in hCO was assigned to cluster 1 (Fig. 2 A). FOXG1 ChIP-
qPCR confirmed its binding to the PANTR1 promoter and
exon ( Supplementary Fig. S2 B). RT-qPCR confirmed altered
PANTR1 levels in FOXG1del and FOXG1c460, but with high
variability and opposing direction ( Supplementary Fig. S2 C).
These data together rendered PANTR1 as direct target gene
of FOXG1. 

We therefore plotted PANTR1 expression levels in hCO in
single cell resolution and observed mainly reduced levels of
PANTR1 in FOXG1del and FOXG1c460 compared to the
HD (Fig. 3 I). Cluster-wise comparison of expression levels of
PANTR1 in HD, FOXG1del, and FOXG1c460 hCO revealed

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
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Figure 2. FOXG1 bound gene loci in hCO encode for genes correlating with neural development and RNA processing. ( A ) Heatmap of differently bound 
regions (DBRs) of FOXG1, 5 Kb up- / downstream of FOXG1 peak summits in d105 heathy donor hCO. The metaprofiles (top) show the mean 
log2(fold change) (LFC) of 4 k means clustered regions compared to the input. ( B ) Genome-wide distribution of bound regions of FOXG1 in d105 
HD hCO in percentage for near and far promotor regions, 5 ′ UTR, intronic and exonic as well as distal intergenic regions. ( C ) GO-term enrichment 
analysis of genes located near to the peaks in the ChIPseq data split according to the clustering in Fig. 2 A. Given are the top enriched GO terms with a 
FDR < 0.05. ( D ) Venn diagram of FOXG1 enriched peaks and pseudobulk DEGs upon deletion of one FOXG1 allele (FOXG1del) in d105 hCO. ( E ) GO-term 

enrichment analysis of common genes in the ChIPseq and pseudobulk RNAseq data sets split according to DEGs with either increased or decreased 
expression compared to HD d105 hCO. Given are the top enriched GO-terms with a FDR < 0.05. 
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that PANTR1 expression was more cell-type restricted com-
pared to FOXG1 expression (Figs 3 J and 1 C). PANTR1 was
mainly expressed by distinct RG cells and developing IN. Ac-
cordingly, in FOXG1del or FOXG1c460, PANTR1 expres-
sion reduced in RG and IN. Interestingly, depending on the
FOXG1 mutation individual cell clusters seemingly showed
increased expression of PANTR1 , namely early UL-EN in
FOXG1del, and APCs in FOXG1c460 (Fig. 3 J). We investi-
gated whether changes in cell proportions upon FOXG1 mu-
tation were associated with altered PANTR1 expression (Fig.
1 D). While PANTR1 was highly expressed in specific clusters
such as DL-EN, early UL-EN, and VP populations, its expres-
sion remained relatively stable across genotypes and did not
correlate with changes in cluster abundance. These findings
indicated that the shifts in cell proportions were unlikely to
be driven by P ANTR1 dysregulation. In summary, P ANTR1
expression showed both increases and decreases across spe-
cific cell populations in FOXG1 mutant organoids compared
to controls, depending on the cell type. 

FOXG1 binds the lincRNA Pantr1 

Our interactome data from mouse and human FOXG1 re-
vealed interaction with RBPs and thus post-transcriptional
functions of FOXG1. In addition, members of the forkhead
(Fkh) domain family bind to RNA [ 48 ], and one recent re-
port shows that L1 mRNA is not only a transcriptional target
of FOXG1 but also associated to FOXG1 [ 49 ]. Given these 
indications for FOXG1 complexing with RNA, we hypoth- 
esised about direct FOXG1 / PANTR1 binding and assessed 

potential colocalisation in vivo . We combined PANTR1 sin- 
gle molecule (sm)FISH and FOXG1 immunostaining in hCO 

and mouse cortical sections and observed that the signals 
were close to each other within the nucleus in human and 

mouse cells (Fig. 4 A and B, Supplementary Fig. S3 A and B).
We next used catRAPID [ 50 ] as a bioinformatics tool, which 

predicted interaction between FOXG1 and Pantr1 in both 

mouse and human ( Supplementary Fig. S3 C). Applying RIP 

for FOXG1 followed by qPCR for Pantr1 using mouse wild- 
type P0 brains identified Pantr1 as a transcript among the 
precipitated RNAs (Fig. 4 C). Equally, FOXG1 RIP from HD 

hCO precipitated PANTR1 , levels of which decreased sig- 
nificantly upon FOXG1 mutations (Fig. 4 D). Additionally,
we performed RIPseq for mouse FOXG1 and detected sev- 
eral RNAs that enriched in the FOXG1 RIP compared to 

the IgG control (Fig. 4 E). Upon RIPseq, however , P antr1 was 
not among the top enriched RNAs, but it was present with 

only few reads compared to the most enriched RNA, Map1b 

( Supplementary Fig. S3 D and E). For the reverse viewpoint,
we used MS of hippocampal proteins precipitated through bi- 
otinylated Pantr1 , which enriched a diverse set of proteins.
However, we did not detect FOXG1 among them (Fig. 4 F).
Analysis of mouse FOXG1 interacting proteins [ 24 ] revealed 

overlapping FOXG1 interactors and Pantr1 binding proteins 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
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Figur e 3. P antr1 is a direct FOXG1 target in mouse and human. ( A ) Venn diagram sho wing the o v erlap of RBP interactors identified in human (left) and 
mouse (right) FOXG1 interactome datasets, highlighting the shared RBPs between species. ( B ) Pie chart of the distribution of FOXG1 peaks regarding 
different subtypes of transcripts, derived from in vivo (adult, hippocampus) or in vitro (E18.5, cultivated hippocampal neurons) mouse ChIPseq data 
(GSE189119 [ 22 ]). ( C ) Pie chart of the distribution of FOXG1 peaks regarding different subtypes of transcripts, derived from hCO ChIPseq data (Fig. 2 A 

and B). ( D ) Venn diagram of FOXG1 bound regions annotated as l(i)ncRNAs in vivo and in vitro , indicating an overlap of 488 between both conditions. ( E ) 
Volcano plots of differentially expressed l(i)ncRNAs upon Foxg1 deletion in adult hippocampus ( Fo xg1 cre / + v ersus wild-type mice, n = 2; GSE189119), 
E18.5 hippocampus ( Fo xg1 cre / + v ersus wild-type mice, n = 3, GSE189119), and E13.5 cortex ( Foxg1 cre / cre versus wild-type mice, n = 5; GSE95833). The 
log2(fold change) (LFC) compared to the control on the x -axis, mean expression value of -log10 ( P -value) on the y -axis. Dashed lines: threshold at 
adjusted P -value (padj) of 0.05 and an LFC of ± 0.58. DEGs fulfilling both conditions, or with a padj higher than 0.05 but an LFC between –0.58 and 0.58 
or being non significant are highlighted. ( F ) Venn diagram of differentially expressed l(i)ncRNAs upon Foxg1 deletion in adult hippocampus ( Foxg1 cre / + 

versus wild-type mice), E18.5 hippocampus ( Foxg1 cre / + versus wild-type mice), and E13.5 cortex ( Foxg1 cre / cre versus wild-type mice). ( G ) Venn diagram 

of differentially expressed l(i)ncRNAs in FOXG1del compared to HD hCO (pseudobulk RNAseq) and FOXG1 bound regions annotated as l(i)ncRNA as 
re v ealed b y ChIPseq dat a from d105 hCO. ( H ) Top: ChIPseq of FOXG1 in wildt ype in vivo adult hippocampus and in vitro E18.5 mouse primary 
hippocampal neurons (DIV11) [ 22 ] shows FOXG1 bound regions at the Pantr1 gene. Upper track: overlay of all Pantr1 transcript variants in this region, 
with position on chromosome 1 (chr1) in Kb on x -axis (mm10 genome). Given are reads per kilobase of transcript per million mapped reads (RPKM). 
L o w er track: all potential FOXG1 binding sites with mouse FOXG1 motifs. Bottom: d105 hCO ChIPseq of FOXG1 shows FOXG1 bound regions at the 
Pantr1 gene. LFC compared to the input is shown, with the position on chromosome 2 (chr2) in Kb (hg38 genome) on x -axis. L o w er tracks shows all 
potential FOXG1 binding sites containing the motif RTAAACAH. ( I ) UMAPs of HD, FOXG1del, and FOXG1c460 organoids coloured by expression level of 
PANTR1 (low: grey; high: purple to yellow). ( J ) Violin plots of cell-type specific expression distribution of PANTR1 in HD, FOXG1del and FOXG1c460. 
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Figure 4. FOXG1 associates with Pantr1 . ( A ) HD hCO stained with PANTR1 smFISH probe and FOXG1 antibody, as orthogonal projections of confocal 
z-stacks. The orientation of the x -, y -, and z -axis is indicated, arrowheads point on colocalisation of PANTR1 and FOXG1. ( B ) Mouse E18.5 brain stained 
with Pantr1 smFISH probe and FOXG1 antibody, as orthogonal projections of confocal z-stacks. Orientation and arrowheads as in ( A ). Right: 
magnification of the left image. ( C ) FOXG1 RIP-qPCR in whole brain lysates from P0 wild-type mice. Percentage of input Pantr1 RNA co-precipitated 
with FOXG1 or IgG, ± RNase. n = 6; ratio paired Student’s t-test. *: P < 0.05. ( D ) FOXG1 RIP-qPCR in hCO from HD, FOXG1del, and FOXG1c460. LFC 

of input-normalised PANTR1 enrichment in FOXG1 versus IgG immunoprecipitates. n = 3–4; Brown-Forsythe and Welch ANO V A. *: P < 0.05, **: 
P < 0.01, ***: P < 0.001. ( E ) Enriched genes after RIPseq using anti-FOXG1- compared to IgG-coated beads. Shown are the genes with adjusted P-value 
(padj) < 0.05 and a LFC < -0.584 or > 0.584. n = 3. ( F ) Proteins with the highest average intensity after MS analysis of in vitro transcribed Pantr1 RNA 

pull down using 6-week adult mouse hippocampus protein lysates. Proteins with at least two identified peptides, coverage over 10% and P -value < 0.05 
are given with average intensity and SEM. n = 3. ( G ) FOXG1 interactome enrichment of proteins binding Pantr1 as in ( F ). FOXG1 interactome as 
published in [ 24 ]. ( H ) EMSA showing complex formation between Pantr1 RNA and increasing concentrations of FOXG1 protein. Numbers indicate 
FOXG1: Pantr1 molar ratios. Increasing FOXG1 concentrations result in progressive shift to higher molecular weight complexes, indicating 
dose-dependent binding of FOXG1 to Pantr1 . ( I ) Co-IP of FOXG1 f ollo w ed b y PURB IB from P0 mouse hippocampus in control or RNase-treated 
conditions. PURB band at 40 kDa appears in input, flow through (FT), and bound to FOXG1 antibody conjugated beads (IP), but not in IgG control. ( J ) 
Co-IP of FOXG1 f ollo w ed b y PURB IB from primary hippocampal neurons (DIV7) e xpressing shCtrl (control) or shP antr1_1 ( P antr1 KD). Loading as in ( I ). 
( K ) Co-IP of FOXG1 f ollo w ed b y FOXG1 IB from primary hippocampal neurons (DIV7) e xpressing shCtrl (control) or shP antr1_1 ( P antr1 KD). FOXG1 bands 
appear at 50, 65, and 70 kDa, of which 50 kDa is the size of regular FOXG1, 65 and 70 kDa represent FOXG1 isoforms or complexes with a cofactor. 
n = 3. ( L ) Co-IP of FOXG1 f ollo w ed b y DDX5 IB from P0 mouse corte x as in ( I ), with DDX5 band at 70 kDa. ( M ) Co-IP of FOXG1 f ollo w ed b y NEUR OD1 
IB from mouse hippocampus in control or RNase-treated conditions. NEUROD1 band at 49 kDa, labelling as ( I ). 
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Fig. 4 G). These findings suggested an association between
OXG1 and Pantr1 , although it may occur directly, or be
ridged by another protein. As FOXG1’s functions in asso-
iation with RNAs are only beginning to be recognised, we
nvestigated both its potential direct interaction with Pantr1,
nd RNA-dependent associations involving proteins bound by
oth FOXG1 and Pantr1 . 
To this end, we isolated recombinant mouse FOXG1 pro-

ein from Sf9 cells ( Supplementary Fig. S3 F), which, upon elu-
ion, enriched as cytoplasmic 65 kDa isoform ( Supplementary 
ig. S3 G). In EMSA, the recombinant FOXG1 shifted in vitro
ranscribed Pantr1 (Fig. 4 H). This showed direct interaction
etween FOXG1 and Pantr1 . 
To investigate the possibility of other partners being present

n or bridging FOXG1 / Pantr1 interactions, we inspected the
et of proteins associating with both, to shortlist potential
andidates (Fig. 4 G). This identified PURB, a protein bind-
ng lncRNAs in different cellular systems [ 51 , 52 ]. Co-IP from
ouse P0 brain extracts using FOXG1 antibody in presence
r absence of RNase showed RNA-dependent interaction be-
ween FOXG1 and PURB (Fig. 4 I). However, this interaction
as not strictly dependent on Pantr1 , because upon Pantr1 KD

n primary mouse hippocampal neurons, FOXG1 antibodies
recipitated still PURB (Fig. 4 J). Upon probing the immuno-
recipitate for FOXG1 protein upon Pantr1 KD, we detected
OXG1 in several bands, with molecular weights around 50,
5, and 70 kDa, of which the 65 kDa signal was undetectable
pon Pantr1 KD (Fig. 4 K). This finding suggested a Pantr1 -
ediated occurrence of a specific FOXG1 

65 isoform that co-
xisted with the monomeric FOXG1 

50 . The FOXG1 

65 isoform
ould contain RNA, represent a specific, RNA-dependent con-
ormation, or might be a heterodimer with a small 10–15
Da protein. We also tested RNA-dependent FOXG1 in-
eractions with two recently identified FOXG1 interacting
roteins, namely DDX5 [ 24 ] and NEUROD1 [ 22 ]. While
OXG1 / DDX5 interaction reduced upon presence of RNase
Fig. 4 L), NEUROD1 increased in FOXG1 binding (Fig. 4 M).
ogether, our findings establish direct binding of FOXG1
nd RNA, i.e. PANTR1, as well as further RNA-dependent
OXG1 protein complexes. 

OXG1 and Pantr1 synergise on transcriptional 
egulation of genes involved in neuronal 
ifferentiation 

Pantr1 associated proteins (Fig. 4 F) localised to both nucleus
nd cytoplasm. We assessed Pantr1 localisation in primary
ippocampal neurons and neural progenitor cells (NPCs) us-
ng smFISH combined with immunostainings, showing its cy-
oplasmic, dendritic, and nuclear localisation ( Supplementary 
ig. S4 A–E). Combining our results so far, we hypothesised
hat FOXG1 and Pantr1 might converge on transcriptional
egulation. To explore altered transcriptomes, we transduced
ouse DIV (days in vitro ) 7 primary hippocampal neurons
ith shRNAs to KD either Foxg1, Pantr1, or luciferase con-

rol. We confirmed the KD by qPCR (Fig. 5 A). KD of Foxg1
et to 2971 DEGs, of which 1203 increased and 1768 de-
reased compared to the control, as determined by RNAseq
nd using a threshold of ± 0.58 log2(fold change) (LFC) and
adj ≤ 0.05. For shPantr1, we identified in total 1800 DEGs
1254 decreased, 546 increased) compared to control (Fig.
 B). Whereas Pantr1 was among the decreased DEGs (LFC =
0.435, padj = 0.020) upon Foxg1 KD, Foxg1 was not among
the DEGs upon Pantr1 KD (LFC = 0.036, padj = 0.755), con-
firming FOXG1 as an upstream regulator of Pantr1 . This find-
ing was also evident from RT-qPCRs upon KD of the respec-
tive gene (Fig. 5 C). In total, we detected 2149 genes unique
to Foxg1 KD, 978 to Pantr1 KD, and 822 genes were affected
in common in both KD conditions (Fig. 5 D and E). With the
822 common DEGs, 232 increased and 532 decreased in both
KD conditions, whereas 47 increased upon Foxg1 KD, but de-
creased upon Pantr1 reduction, and 11 decreased in Foxg1 KD,
but increased upon Pantr1 KD. GO-term enrichment analysis
showed that decreasing DEGs upon Foxg1 KD or Pantr1 KD
were functionally involved in neuronal differentiation (Fig.
5 F). As suspected, the transcriptional changes upon Foxg1 KD
or Pantr1 KD indicated a common regulative network impact-
ing neuronal differentiation in the mouse hippocampus. 

Pantr1 localises FOXG1 at specific binding sites at 
the chromatin level 

Since (i) RIP-qPCR, RIPseq, and EMSA results showed bind-
ing of FOXG1 and Pantr1 , and (ii) FOXG1 and Pantr1 had
common transcriptional targets, we hypothesised that Pantr1
could potentially affect the localisation of FOXG1 at the chro-
matin level. To test this hypothesis, we performed ChIPseq
of FOXG1 upon Pantr1 KD in primary hippocampal neu-
rons and identified indeed significantly differentially bound
regions (DBRs) of FOXG1 compared to controls (Fig. 6 A
for significant peaks; all called FOXG1 peaks displayed in
Supplementary Fig. S5 A). Among the significant DBRs 233 in-
creased and 21 decreased FOXG1 binding upon Pantr1 reduc-
tion. To the largest part, DBRs had promoter or distal inter-
genic features (Fig. 6 B). GO-term enrichment retrieved func-
tional terms associated with neuronal differentiation (Fig. 6 C;
all called FOXG1 peaks displayed in Supplementary Fig. S5 B),
in accordance with the observed transcriptional regulations
upon reduced expression of FOXG1. We identified 13 shared
DEGs that also harboured significant DBRs ( Supplementary 
Fig. S6 ), which rendered these as Pantr1 -dependent FOXG1
target genes (Fig. 6 D; common DEGs after Foxg1 KD and
DBRs upon Pantr1 KD displayed in Supplementary Fig. S5C ).
Expression of these Pantr1 -dependent FOXG1 targets in-
creased or decreased, and this bimodal impact of FOXG1
on transcription was in accordance with our previous ob-
servations [ 22 ]. We also observed enrichment of FOXG1 in
human d105 hCO in most of the 13 mouse ChIPseq target
genes. In part, the FOXG1 enrichment was found at sites for
which we identified homology between human and mice, and
which were differentially bound by FOXG1 upon Pantr1 KD
in mouse cells ( Supplementary Fig. S7 A). It is thus tempting
to speculate that PANTR1 is involved in site-specific FOXG1
localisation in humans in similar manner as observed in the
mouse. Supporting this hypothesis is the finding that SLC8A1 ,
an important mediator of intracellular sodium / calcium home-
ostasis [ 53 ], decreased in both human and mouse models with
reduced levels of FOXG1 (Fig. 6 D, Supplementary Fig. S7 B). 

We performed a differential transcription factor DNA-
binding motif enrichment analysis for the significant FOXG1
DBRs upon Pantr1 KD in mouse hippocampal cells. Increased
binding of FOXG1 occurred at sites that were enriched in
GC- and GAA-rich motifs, characteristic for Zinc-finger- or
heat shock transcription factors, in addition to generic Fkh-
binding motifs encompassing the entire Fkh family (Fig. 6 E).
On the other hand, regions with NEUROD- (bHLH) binding

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
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Figure 5. FOXG1 and Pantr1 share transcriptional target genes impacting neuronal differentiation. ( A ) Primary hippocampal neurons DIV7 transduced 
with either shCtrl or shRNAs targeting Foxg1 or Pantr1 . All transcript levels decreased significantly upon KD with the respective shRNAs (shFoxg1_1, 
shFoxg1_2; and shPantr1_1, shPantr1_2) compared to shCtrl, as assessed by qPCR with Gapdh as housekeeping gene. Given is the log2(fold change) 
(LFC) of the expression in shRNA treated cells ( Pantr1 KD and Foxg1 KD) compared to shCtrl treated cells (Ctrl). n = 3 (shFoxg1_1 and shPantr1_1), n = 4 
(shFoxg1_2 and shPantr1_2). Unpaired Student’s t-test to Ctrl: * P < 0.05, ** P < 0.01, *** P < 0.001. ( B ) Volcano plots of DEG in DIV7 primary 
hippocampal neurons transduced with shFoxg1_1 ( Foxg1 KD) compared to shCtrl (Ctrl), and shPantr1_1 ( Pantr1 KD) compared to shCtrl (Ctrl). The 
log2(fold change) (LFC) compared to the control is shown on the x -axis while the y -axis is showing the mean expression value of -log10 ( P -value). Genes 
with increased or decreased expression and an adjusted P -value (padj) < 0.05 and additionally LFC < -0.584 or > 0.584 based on the Deseq2 analysis 
results are indicated. n = 5. Dashed lines are indicating the thresholds for padj (0.05) and LFC ( −0.584 and 0.584). ( C ) RT-qPCR analysis showing 
log2(fold change) (LFC) of Foxg1 and Pantr1 expression following KD with shFoxg1 or shPantr1 in mouse hippocampal neurons. Foxg1 KD significantly 
reduced both Foxg1 and Pantr1 expression. Pantr1 KD significantly reduced Pantr1 expression without significantly affecting Foxg1 levels. n = 4. Data 
are presented as mean ± SEM; *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0 0 01; ns: not significant. ( D ) Heatmap of DEGs upon Foxg1 KD 

and Pantr1 KD in primary hippocampal neurons. Given is the log2(fold change) (LFC) for common DEGs with an adjusted P-value (padj) < 0.05 and a LFC 

< −0.584 or > 0.584. n = 5. ( E ) Venn diagram of DEGs upon KD of Foxg1 or Pantr1 with an adjusted P -value (padj) < 0.05 and a LFC < −0.584 or > 0.584, 
indicating a set of 822 commonly regulated target genes. n = 5. ( F ) GO-term enrichment analysis of DEGs upon KD of Foxg1 or Pantr1 split according to 
DEGs with either increased or decreased expression compared to shCtrl. Given are the top enriched GO terms with a FDR > 0.5. 
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Figur e 6. P antr1 regulates FO XG1 presence at the chromatin. ( A ) Heatmap of diff erently bound regions (DBRs) of FO XG1 upon Pantr1 KD, 5 Kb 
up- / downstream of FOXG1 peak summits in control and Pantr1 KD conditions. DBRs were calculated using Diffbind. Data are normalised by sequencing 
depth and input control as log2(ChIP / Input) for control and Pantr1 KD data. The difference between Pantr1 KD and control conditions was calculated from 

RPKM normalised bigwig files as log2( Foxg1 KD / Control). The metaprofiles (top) show the mean log2(fold change) (LFC) of increased and 
decreased regions. n = 2. ( B ) Genome-wide distribution of DBRs of FOXG1 upon Pantr1 KD in DIV7 primary hippocampal neurons in percentage for near 
and far promotor regions, 5 ′ UTR, intronic and exonic as well as distal intergenic regions. ( C ) GO-term enrichment of differentially bound regions of 
FOXG1 upon Pantr1 KD in DIV7 primary hippocampal neurons with a qvalue cutoff of 0.05 and pvalue cutoff of 0.05. ( D ) Heatmap of common DEGs in 
the RNAseq data sets after Pantr1 KD and Foxg1 KD (adjusted P -value (padj) < 0.05 and a LFC < −0.584 or > 0.584) and annotated genes (ChIPSeeker) 
corresponding to the significant DBR in the FOXG1-ChIPseq data set after Pantr1 KD. Shown are the LFC (RNAseq) or fold change (ChIPseq) compared 
to the control condition. ( E ) Motif analysis of the increased (gain) and decreased (loss) DBRs. Shown is the aggregated z -score. ( F ) Heatmap of FOXG1 
(left three panels) and NEUROD1 (right three panels) enrichments at the increased and decreased DBRs under control, Neurod1 KD, and Foxg1 KD 

conditions. Data were obtained from [ 22 ] and were normalised by sequencing depth and input control as log2(ChIP / Input). The difference between 
Foxg1 KD-Control and Neurod1 KD-Control conditions were calculated from RPKM normalised bigwig files as log2( transcription factor KD / Control). The 
metaprofiles (top) show the average log2(fold change) (LFC) of increased and decreased regions. n = 2. 
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Figur e 7. P antr1 binds directly DNA at FOXG1 binding regions. ( A ) The potential of P antr1 to f orm RNA–DNA triple x es w as assessed using the TDF 
module from the R GT-R egulatory Genomics Toolbox. Highlighted blocks indicate Pantr1 domains with significant prediction to form triplex str uct ures 
with genomic DNA (significant DBD). Squares on top denote predicted binding of the Pantr1 transcript to its own genomic locus (Autobinding). ( B ) The 
binding potential of Pantr1 was assessed at differential FOXG1 peaks identified upon Pantr1 KD in ChIP-seq (from Fig. 6 A). Dots indicate genomic 
target regions within the input set that are predicted to be bound by the specified DBDs of Pantr1 via triplex formation. ( C ) ChIRP-qPCR showing Pantr1 
enrichment at selected genomic loci from ( B ) in P0 mouse cortical tissue. Significant enrichment was detected for Pantr1 and Sephs1 , indicating direct 
chromatin association. Data are presented as % input (mean ± SEM). n = 4; odd and e v en probe sets were pooled, resulting in eight data points per 
t arget. St atistical analy sis w as perf ormed using the Kruskal–Wallis test with Dunn’s multiple comparisons. *: P < 0.05, **: P < 0.0 1, ***: P < 0.00 1. ( D ) 
DNA:RNA hybridisation mobility shift assay using in vitro transcribed Pantr1 RNA and target DNA amplicons from ( C ). A shift to higher molecular weights 
upon RNA addition confirms direct hybridisation between Pantr1 RNA and target DNA fragments for Pantr1 , Sephs1 , St18 , Sox5 , and Slc8a1 . 
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sites or palindromic Fkh motifs, bound specifically by FOXO
and FOXA family members, were fewer among the motifs
under bound sites (Fig. 6 E, Supplementary Fig. S5 D for all
called peaks). These findings suggested that upon Pantr1 KD,
FOXG1 was redistributed at the chromatin, seemingly favour-
ing generic sites harbouring a variety of motifs. 

Motifs conferring binding sites of transcription factors
known to interact with FOXG1, including FOXO members
and NEUROD1, were comparably less represented in the re-
gions gaining FOXG1 binding upon Pantr1 KD. We recently
reported on the cooperative presence of FOXG1 and NEU-
ROD1 at several FOXG1 bound regions [ 22 ], and observed
decreased occurrence of FOXG1 binding at NEUROD mo-
tifs upon Pantr1 KD. Therefore, we hypothesised that regions
where FOXG1 binds in a Pantr1 -dependent manner also
exhibited a specific pattern of NEUROD1 binding. To test
this hypothesis, we specifically analysed Pantr1 -dependent
FOXG1 bound regions in the NEUROD1 ChIPseq dataset.
At DBRs with increased binding of FOXG1 upon Pantr1 KD,
we did not observe significant alterations in the binding pat-
tern of FOXG1 or NEUROD1 upon KD of either Foxg1 or
Neurod1 . However, focusing on regions where FOXG1 bind-
ing decreased upon Pantr1 KD, we observed a corresponding 
reduction in NEUROD1 binding upon Foxg1 KD and a de- 
crease in FOXG1 binding upon Neurod1 KD (Fig. 6 F). To- 
gether, these findings suggested that in mice, Pantr1 facilitates 
cooperative presence of FOXG1 / NEUROD1 at specific sites,
and Pantr1 reduction leads to redistribution of FOXG1 to 

comparably more generic binding sites. 
We hypothesised a direct association of Pantr1 with DNA to 

regulate FOXG1 binding site selection. We used the TDF tool 
from the RGT-Regulatory Genomics Toolbox [ 44 ] that pre- 
dicted five significant DNA-binding regions within the Pantr1 

RNA, involved in forming triplex target sites (TTS) (Fig.
7 A). Next, we used the same tool to assess the probabil- 
ity of Pantr1 binding to FOXG1 binding sites that altered 

upon Pantr1 KD. This analysis revealed that the five Pantr1 

DNA-binding sites showed binding probability to various 
corresponding FOXG1-binding regions (Figs 6 A, 7 B). Only 
four of the predicted chromatin-binding sites for Pantr1 over- 
lapped with regions showing decreased FOXG1 binding upon 

Pantr1 KD, while the majority of normalised TTS signals were 
located in regions with significantly increased FOXG1 bind- 
ing. This suggested that Pantr1 -mediated DNA:RNA hybrids 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf539#supplementary-data
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t FOXG1 peaks limited FOXG1 binding to the chromatin.
e selected a subset of regions potentially bound by Pantr1

ased on normalised TTS counts, sum-of-ranks parameters,
nd primer design feasibility. ChIRP (chromatin isolation
y RNA purification)-qPCR performed on these regions re-
ealed significant enrichment of Pantr1 and Sephs1 , confirm-
ng Pantr1 binding at a subset of the predicted sites (Fig. 7 C).
mplicons of these target regions were also used in an in vitro
NA:RNA hybridisation shift assay. This assay further con-
rmed that Pantr1 directly bound to the Pantr1, Sephs1, St18,
ox5 , and Slc8a1 target sequences, as the addition of Pantr1
NA caused a shift of these DNA fragments to higher molecu-

ar weights (Fig. 7 D), supporting a direct association between
antr1 and chromatin. 

antr1 OE upon reduced expression of Foxg1 

escues dendritic outgrowth defects 

ince GO-term enrichment suggested that impaired neuronal
ifferentiation might be a common feature of reduced expres-
ion of Foxg1 or Pantr1, we transduced primary hippocam-
al neurons with the respective shRNAs, cultured them until
IV7 and quantified dendritic branching and outgrowth us-

ng Sholl-analysis. The number of dendrites decreased 10–100
m proximal to the soma upon either Foxg1 KD or Pantr1 KD
ondition compared to control (Fig. 8 A and B). Further, we
ested whether Pantr1 KD would impair spine density and
pontaneous excitatory post-synaptic currents (sEPSC), as re-
orted for Foxg1 loss-of-function [ 16 ]. Indeed, we observed
 reduced spine density in transduced primary hippocampal
ells that expressed shPantr1 alongside a GFP reporter con-
truct compared to control condition (Fig. 8 C and D). This
ecrease in spine density was associated with reduced spon-
aneous firing rates (Fig. 8 E), decreased sEPSC amplitudes
Fig. 8 F) and a lower frequency of sEPSCs (Fig. 8 G) following
antr1 KD compared to controls. These findings are consistent
ith a downregulation of Gria2 and Gria4 expression upon
antr1 KD as indicated by the transcriptome data (Fig. 8 H). 

Our data suggested that reduced expression of FOXG1 de-
reased Pantr1 expression, and that the regulative network
entred on both factors impacted dendritic outgrowth in hip-
ocampal neurons. The upstream action of FOXG1 implied
hat OE of Pantr1 would be a means to rescue - at least in part
 loss of FOXG1 function. To address this potential functional
nterplay between FOXG1 and Pantr1 , we expressed either
hFoxg1 alone, overexpressed Pantr1 or expressed shFoxg1
longside Pantr1 OE in primary hippocampal neurons. Sholl-
nalysis of hippocampal neurons showed a mild, but still ob-
ervable decrease in dendritic arborisation upon Foxg1 KD,
ut significant increase upon Pantr1 OE in the condition of
oxg1 KD, compared to the control (Fig. 8 I). The rescue ef-
ect was strongest in a range near the soma, between 10 and
0 μm (Fig. 8 I and J). These data suggested that in the context
f dendritic development Pantr1 acts downstream of FOXG1
o regulate this aspect of neuronal differentiation in mouse
ippocampal neurons. 

iscussion 

ur investigation into the role of l(i)ncRNAs in the context
f FOXG1-syndrome led to identifying Pantr1 as one of the
rucial lincRNAs that shows altered expression levels across
arious model systems exhibiting Foxg1 -haploinsufficiency or
full deletion. Here, we report a functional synergy between
FOXG1 and Pantr1 , manifested through two distinct molecu-
lar mechanisms in our study. For one, our transcriptomic and
functional characterisations place FOXG1 as an upstream reg-
ulator of Pantr1 expression in the cerebral cortex and hip-
pocampus of the mouse as well as in hCO . In hCO , FOXG1
mutation impaired proper PANTR1 expression especially in
distinct IN stages. It might be tempting to speculate that dys-
regulated PANTR1 levels correlate with the disbalance of ex-
citatory and inhibitory activity in iPSC-derived model sys-
tems of human FOXG1-syndrome patients [ 2 , 17 ]. Notably,
in the context of the human FOXG1-syndrome, OE of Pantr1
in mouse hippocampal neurons with reduced FOXG1 lev-
els rescued dendritic complexity. This finding renders the lin-
cRNA Pantr1 as an important mediator of FOXG1 function
in promoting the correct formation of the dendritic tree in
the mouse. It might also be a potential target for testing ther-
apeutic options in humans for FOXG1-syndrome, but also
beyond, since both PANTR1 and FOXG1 are implicated in
glioblastoma pathology [ 54 , 55 ]. However, much more re-
search on PANTR1 functions, especially in the human system
in the different cell subtypes, is needed in further upcoming
studies. 

The second molecular mechanism through which FOXG1
and Pantr1 converge arises from our observation that FOXG1
binds Pantr1 . Together with recent evidence showing that
FOXG1 associates with L1 mRNA [ 49 ], this suggests an
emerging model in which FOXG1 engages in both DNA and
RNA interactions, despite lacking canonical RNA-binding
motifs. Recent reports link RNA binding to other features
than classical RNA-binding domains, including intrinsically
disordered regions (IDR), and they suggest interaction of
DNA and / or DNA-binding proteins with RNA-binding pro-
teins (RBP) [ 56–58 ]. Along these lines, the Fkh protein do-
main has been recognised mainly as DNA-binding so far, but
recently it has been also reported to confer association with
RNA by binding to G2-rich sequences, being composed of a
consensus sequence containing 8 GG nucleotides interspersed
by one or two different nucleotides [ 48 ]. We did not identify
a G2-rich consensus within the sequences of human PANTR1
(ENST00000443988.7, PANTR1-202) or mouse Pantr1 (EN-
SMUSG00000060424, all exons). The Pantr1 -binding capa-
bility of FOXG1 might therefore be encoded in its exten-
sive IDR, as predicted by using disoFLAG [ 59 ]. Despite our
EMSA data indicating direct association between FOXG1 and
Pantr1 , different modes of binding cannot be ruled out com-
pletely, as these partners share common protein binding part-
ners. Among these we studied PURB, which did not lose its
interaction with FOXG1 upon Pantr1 KD, but lost it in pres-
ence of RNase. Similar to PURB, DDX5 and NEUROD1 in-
teractions with FOXG1 are RNA dependent, indicating that
FOXG1 uses RBPs to extend its functional repertoire to a
plethora of post-transcriptional processes. 

Our study showed further that presence of Pantr1 coin-
cided with a specific FOXG1 protein isoform, with a slightly
higher molecular mass, i.e. FOXG1 

65 , compared to slightly
lower, predicted mass of FOXG1 in FOXG1 

50 . Association
with a small, 10–15 kDa protein could explain this shift in
mass. However, neither the interactome nor RIP followed by
MS studies suggested a common top enriched protein with
10–15 kDa that could account for the difference between
FO XG1 

50 and FO XG1 

65 . It thus remains to be explored
whether FOXG1 

65 contains RNA, represents a stable con-
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Figur e 8. P antr1 partially rescues neuronal diff erentiation def ects upon FO XG1 reduction. ( A and B ) Camera lucida reconstruction of representative DIV7 
primary neurons after transduction with shCtrl (Ctrl), shFoxg1 (Foxg1KD) or shPantr1 ( Pantr1 KD) and superimposed concentric circles used for 
Sholl-analy sis. T he radius interv al betw een the circles was 10 μm per step. Quantification of Sholl-analysis of control (shCtrl) and Foxg1 KD ( A , combined 
f or shFo xg1_1 and 2) or Pantr1 KD ( B , combined f or shPantr1_1 and 2), sho wing significantly decreased dendritic comple xity upon Fo xg1 KD (shCtrl: 
n = 45, shFoxg1_1 and 2: n = 76) or Pantr1 KD (shCtrl: n = 65, shPantr1_1 and shPantr1_2: n = 53). Tw o-w a y ANO V A, Sidak multiple comparison test. *: 
P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0 0 01. ( C ) R epresentativ e images of spines from dendritic branches upon shCtrl and shPantr1_1. 
Biocytin-filled neurons were stained with Alexa Fluor™ 633-conjugate. Scale bar: 10 μm. ( D ) Quantification of spines in 20 μm increments of stained 
dendrites as shown in C, showing that spine density reduced significantly in Pantr1 KD condition (shCtrl: 13 cells from 4 cultures; shPantr1_1 : 19 cells 
from 4 cultures, unpaired Student’s t-test, ****: P < 0.0 0 01). ( E ) R epresentativ e traces of spontaneous e x citatory postsynaptic currents (sEPSCs) from 

shCtrl or shPantr1_1 transduced hippocampal neurons recorded on DIV14. ( F, G ) Group data of mean sEPSC amplitude ( F ) and frequency ( G ) from Ctrl 
and Pantr1 KD neurons recorded on DIV14. shCtrl: n = 23, shPantr1_1: n = 17. Significance was determined by Mann–Whitney test, *** P < 0.001, 
**** P < 0.0 0 01. ( H ) Heatmap of log2(fold change) (LFC) expression level changes of Gria2 and Gria4 upon Pantr1 KD in DIV7 hippocampal neurons 
compared to controls as re v ealed b y RNAseq analy sis. ( I ) Sholl analy sis of dendrite comple xity upon Fo xg1 KD, Pantr1 OE and combination of Fo xg1 KD 

and Pantr1 OE compared to Ctrl, showing that Pantr1 OE rescues reduced dendritic complexity upon FOXG1 reduction (Ctrl n = 34, Foxg1 KD n = 32, 
Pantr1OE n = 33, Foxg1 KD_ Pantr1 OE n = 29). The radius interval between the circles was 10 μm per step. Two-way ANO V A with Sidak multiple 
comparison test was performed over all conditions. Shown is the significance of Foxg1 KD_ Pantr1 OE versus Foxg1 KD, ** P < 0.01, *** P < 0.001, 
**** P < 0.0 0 01. ( J ) Bar chart representation of quantifications given in I . Given is the sum of intersections of all intervals as area under the curve for 
control cells and cells with Foxg1 KD, Pantr1 OE and the combination of Foxg1 KD and Pantr1 OE. One-w a y ANO V A with Tuk e y’s multiple comparison test 
w as perf ormed o v er all conditions, ** P < 0.0 1, *** P < 0.00 1. 
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formation, or has a small, but currently undetected protein
interactor. 

The enrichment of cytoplasmic binding partners of FOXG1
and / or Pantr1 could result from a technical bias, for exam-
ple caused by predominant extraction of cytoplasmic proteins
for the Pantr1 binding assay. On the other hand, predomi-
nant cytoplasmic interactors can reflect that FOXG1 would
be sequestered in the cytoplasm through Pantr1 . A sequester-
ing function of Pantr1 for FOXG1 could explain the increased
binding of FOXG1 to chromatin upon P antr1 KD. However ,
the sponging being the sole purpose of FOXG1 / Pantr1 com- 
plexes is not well supported by two of our observations: (i) the 
nuclear colocalisation of FOXG1 and Pantr1 in vivo , and (ii) 
Pantr1 ’s sponging effect on FOXG1 protein in the cytoplasm 

would scarcely account for the selectivity observed in differ- 
entially bound chromatin regions of FOXG1 upon Pantr1 KD.

The limited number of loci, with mainly increased FOXG1 

binding upon Pantr1 KD, rather suggests that Pantr1 is in- 
volved in localising FOXG1 and confers site-specific tran- 
scription factor binding. In this context, our data suggest that 
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antr1 does not interfere with de novo binding of FOXG1 to
he chromatin, as sites with increased binding had FOXG1
eaks also in the control condition. Rather our data indicate
hat Pantr1 limits (i) FOXG1 presence at already bound re-
ions ( Supplementary Fig. S5 ) and (ii) spreading of FOXG1
o generic binding sites (Fig. 6 E). In support of Pantr1 limit-
ng FOXG1 chromatin binding, Pantr1 binds the FOXG1 tar-
et regions by its significantly predicted DBDs. The majority
f DBRs upon Pantr1 KD exhibited increased FOXG1 bind-
ng, indicating that Pantr1 exerts a predominantly antagonis-
ic effect on FOXG1 chromatin occupancy. These findings are
onsistent with a model in which Pantr1 forms DNA:RNA
ybrids (R-loops) at FOXG1 peaks with generic binding mo-
ifs to block FOXG1 binding. Removal of Pantr1 relieves this
teric hindrance, allowing FOXG1 access. On the other hand,
antr1 might facilitate cooperative localisation of FOXG1
nd NEUROD1, as the regions where FOXG1 binding de-
reased upon Pantr1 KD coincide with regions where loss of
ither FOXG1 or NEUROD1 affects the localisation of the
ther transcription factor (Fig. 6 F). Importantly, co-IP experi-
ents revealed that FOXG1–NEUROD1 interaction increases
pon RNase treatment, suggesting that RNA, maybe includ-
ng Pantr1 , obstructs their physical interaction, at least, in
ysates. The data on RNA-dependent interaction of FOXG1
ith other TFs are to scarce as of yet to go beyond specula-

ion that all components are required for their functional co-
peration at the chromatin, but it seems emerging that Pantr1
s required for FOXG1 / NEUROD1 functional cooperation at
hromatin. 

In conclusion, based on our data, we propose that Pantr1
as diverse roles in modulating FOXG1 presence at the chro-
atin. At FOXG1 binding sites containing generic binding
otifs, Pantr1 acts as a repressor by forming R-loops that
lock FOXG1 binding. In addition, Pantr1 affects FOXG1
inding at sites with cooperative FOXG1 / NEUROD1 bind-
ng, where KD of FOXG1 or NEUROD1 affects presence
f the other partner. At these sites, Pantr1 has a promoting
ffect on FOXG1 binding. Off-chromatin, RNA molecules
imit FOXG1 / NEUROD1 complex formation, indicating a
ontext-dependent regulatory role of RNA in modulating
his FOXG1 interaction and potential genomic targeting of
OXG1 / NEUROD1 complexes. 
Clearly, much more research is needed to unravel how

OXG1 localisation within cellular compartments, at the
hromatin level, and in association with RNAs is regulated.
vidently, our study of Pantr1 localisation and interaction
ith putative other protein partners suggest a plethora of ad-
itional functions for Pantr1 as well as FOXG1 in the cyto-
lasm and nucleus that await further research. 
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RNAseq data after scRNAseq of cortical organoids (CO)
from HD, FO XG1del, and FO XG1c460 were deposited to
the NCBI Gene Expression Omnibus (GEO) with acces-
sion number GSE273180. Human FOXG1-ChIPseq from
hCO were deposited to GEO with the accession number
GSE272853. RNAseq data of E18.5 hippocampus and adult
hippocampus were published previously [ 22 , 24 ], and have
the accession numbers GSE189119 (E18.5 hippocampus)
and GSE106801 (adult hippocampus). E13.5 RNAseq data
from cerebral cortex have the accession number GSE95833.
RNAseq data from DIV7 primary hippocampal neurons
with Foxg1 KD and Pantr1 KD were deposited to GEO with
accession number GSE172220. Murine FOXG1-ChIPseq
data after Pantr1 KD in DIV7 primary hippocampal neurons
were deposited to GEO with accession number GSE272852.
RIPseq data were deposited to GEO with accession num-
ber GSE272854. NEUROD1 and FOXG1-ChIPseq data
of DIV11 primary hippocampal neurons are published
with accession number GSE189119 [ 22 ]. All other data
types and codes recreating the analyses from the data files
can be found at DOIs: 10.6084 / m9.figshare.26788915
( https:// figshare.com/ s/ bbff462c5689515bfb39 ) and
10.6084 / m9.figshare.28869728 ( https:// figshare.com/ s/
97ba6960e2841fe9fe78 ) as R markdown files, Python
scripts, and Galaxy workflows. The MS proteomics data
from mouse N2a cells have been deposited to the Pro-
teomeXchange Consortium via the PRIDE [ 60 ] partner
repository with the dataset identifier PXD056060. The
MS raw data for the hCO FOXG1 interactome have
been deposited at the ProteomeXchange Consortium
( http://proteomecentral.proteomexchange.org ) under the ac-
cession number PXD062978. Furthermore, all MS proteomics
datasets used and / or analysed during this study are available
online at the MassIVE repository ( http:// massive.ucsd.edu/ ;
dataset identifier: MSV000097629). 
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