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Abstract

Background: FOXG1 has important functions for neuronal differentiation and balances
excitatory/inhibitory network activity. Mutations in the human FOXG1 gene cause a rare
neurodevelopmental disorder, FOXG1-syndrome, which manifests differing phenotypes,
including severe cognitive dysfunction, microencephaly, social withdrawal, and
communication and memory deficits. Changes at the molecular level underlying these
functional abnormalities upon FOXG1 haploinsufficiency are largely unexplored, in human
patients as well as in animals modelling the debilitating disease.

Methods: We present multi-omics data and explore comprehensively how FOXG1 impacts
neuronal maturation at the chromatin level in the adult mouse hippocampus. We used RNA-,
ATAC- and ChIP-sequencing of primary hippocampal neurons and co-immunoprecipitation to
explore various levels of epigenetic changes and transcription factor networks acting to alter
neuronal differentiation upon reduction of FOXG1.

Results: We provide the first comprehensive multi-omics data set exploring FOXG1 presence
at the chromatin and identifying the consequences of reduced FOXG1 expression in primary
hippocampal neurons. Analyzing the multi-omics data, our study reveals that FOXG1 uses
various different ways to regulate transcription at the chromatin level. On a genome-wide
level, FOXG1 (i) both represses and activates transcription, (ii) binds mainly to enhancer
regions, and (iii) bidirectionally alters the epigenetic landscape in regard to levels of H3K27ac,
H3K4me3, and chromatin accessibility. Genes affected by the chromatin alterations upon
FOXG1 reduction impact synaptogenesis and axonogenesis. This finding emphasizes the
importance of FOXG1 to integrate and coordinate transcription of genes necessary for proper
neuronal function by acting on a genome-wide level. Interestingly, FOXG1 acts through
histone deacetylases (HDACs) and inhibition of HDACs partly rescued transcriptional
alterations observed upon FOXG1 reduction. On a more detailed level of analysis, we show
that FOXG1 (iv) operates synergistically with NEUROD1. Interestingly, we could not detect a
clear hierarchy of these two key transcription factors, but instead provide first evidence that
they act in highly concerted and orchestrated manner to control neuronal differentiation.
Conclusions: This integrative and multi-omics view of changes upon FOXG1 reduction reveals

an unprecedented multimodality of FOXG1 functions converging on neuronal maturation,
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fueling novel therapeutic options based on epigenetic drugs to alleviate, at least in part,

neuronal dysfunctions.
Keywords:

Rett-syndrome, histone modification, ATAC, brain, neuron, HDAC, axonogenesis, neuronal

differentiation
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Background

Forkhead box G1 (FOXG1)-syndrome is a rare, congenital neurodevelopmental disorder
(OMIM #613454), and patients present with a complex phenotypic spectrum encompassing
microcephaly, seizures, scoliosis, abnormal movement, coordination and communication
disorders, disrupted circadian rhythm, social withdrawal, avoidance of eye contact,
indifference to visual/auditory stimuli and severe cognitive dysfunction (1-3). FOXG1-
syndrome also falls under the umbrella of autism-spectrum disorders (4). As of vyet,
therapeutic options are limited for patients with FOXG1-syndrome. To overcome this
limitation, research on FOXG1 in model organisms, such as the mouse, needs to unravel its
seemingly diverse molecular functions (5).

In the mouse, FOXG1 acts early in central nervous system (CNS) development, where it is
recognized as one key determinant in forebrain development (6). In the developing ventral
and dorsal telencephalon, FOXG1 affects both progenitor proliferation and differentiation,
and thus strongly impacts corticogenesis (6—11).

Despite a considerable body of data based on cortical development, less information is
available describing FOXG1 functions in the postnatal brain or on the consequences of
impaired FOXG1 expression for neuronal functions. In mature cerebellar neurons, FOXG1
interacts with one of two MECP2 isoforms (MECP2-e2) to prevent cell death (12). In the
postnatal hippocampus, where FOXG1 is strongly expressed in the dentate gyrus (DG), FOXG1
also prevents cell death of postnatally born DG neurons (13). Reduced levels of FOXG1 in the
mouse hippocampus impact the animal's behavior, as Foxgl-haploinsufficient mice show
hyperactivity, impaired habituation in open field tests, reduced performance in contextual
fear conditioning (14) and autism-like features (15). Additionally, FOXG1 fosters hippocampal
progenitor proliferation and differentiation (13,14). Recent studies in mice show altered
electrophysiological properties in neurons upon FOXG1 reduction or increase, disbalanced
neuronal functions of excitation and inhibition (which is an important basis for impaired
behavior), stunted dendritic complexity and reduced spine densities (15-19). While these
studies demonstrate that features of FOXG1 alterations in mice largely reflect those seen in
human FOXG1-patients, the functions of FOXG1 are yet to be fully elucidated. Indeed, several
of the mouse studies relied on the complete loss of both Foxg1 alleles. Thus, the data retrieved

from these models cannot fully tell us whether loss of a single Foxgl allele affects, for
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90 example, neuronal differentiation. Instead, using either heterozygous animals or models with

91 reduced levels of FOXG1 would advance our understanding of the alterations behind the

92  human patient's conditions. Furthermore, the molecular mechanisms of FOXG1-syndrome

93  have been scantly characterized. Although FOXG1 has been recognized as a key transcription

94  factor (TF) of forebrain development for many years, in-depth analyses of chromatin-related

95 FOXG1 functions during forebrain development are still limited (6,8,20) and chromatin-

96 independent functions of FOXG1 are just emerging (21,22). This lack of a high-resolution view

97 on how FOXG1 operates molecularly hampers comprehensive mechanistic insights into its

98 functions.

99 Mouse mutants and human features of FOXG1-syndrome indicate that impaired FOXG1
100 function in the adult hippocampus might account for some of the phenotypes observed, as
101  the hippocampus is a major center for learning and memory, and it is a hotspot for seizures
102  caused by misbalanced neuronal activity (22). Thus, to resolve some of the open questions
103  mentioned above, we studied (i) mouse hippocampal neurons with reduced FOXG1 levels, and
104  used (ii) a multi-omics approach to unravel FOXG1 functions at the chromatin level. We
105 focused particularly on the impact of FOXG1 on neuronal differentiation to establish
106  mechanistic links to the observed and reported phenotypic alterations in FOXG1-mutant
107 animals or humans. Our data show that FOXG1 mainly binds to enhancer regions and
108 reconfigures the epigenetic landscape by altering chromatin accessibility, and increasing and
109 decreasing H3K27ac and H3K4me3 marks at putative enhancers. We further show that FOXG1
110  cooperates with HDACs and NEUROD1 to increase and decrease expression of genes that

111  affect terminal differentiation/maturation of neurons.
112  Methods
113 Mice

114  All mouse experiments were approved by the animal welfare committees of the respective

115  authorities. Foxg1<®* mice were maintained in a C57BI/6 background.
116  Mouse hippocampus isolation and primary neuronal culture

117  Hippocampi of E18.5 C57BIl/6 embryos (Charles River) were dissected and collected in 10 ml
118  Hanks’ Balanced Salt Solution (HBSS, Fisher Scientific) and dissociated in 0.25% Trypsin/EDTA
119  (Fisher Scientific) solution at 37 °C for 10 min. Dissociation was stopped by adding 10% fetal

5
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120  bovine serum (FBS, Fisher Scientific). Cells were collected by centrifugation and cultured in
121  Neurobasal (NB)-complete medium, which consists of neurobasal medium (Fisher Scientific)
122 supplemented with B27 (Fisher Scientific), L-glutamine (0.5 mM, Fisher Scientific), penicillin-
123  streptomycin-neomycin (1X PSN, Fisher Scientific), apo-transferrin (5 pg/ml, Sigma),
124  superoxide-dismutase (0.8 ug/ml, Sigma) and glutathione (1 pg/ml, Sigma). Cells were seeded
125  on poly-L-ornithine (0.1 mg/ml, Sigma) and laminin (1 pug/ml, Sigma) coated 24-well plates
126  (Corning).

127  Viral transduction and selection of primary neurons

128 Lentiviral particles were prepared using plko.1-CMV.Puro-tGFP-shNeurod1l, plko.1-CMV.Puro-
129  tGFP-shFoxgl or plko.1-CMV.Puro-tGFP-shLuciferase (Genscript) plasmids, according to the
130  protocol described previously (23,24). Cells were transduced with lentiviral particles on day-
131  in-vitro (DIV) 1. At DIV4, transduced cells were selected using 0.3 pg/ml puromycin (P9620,
132  Sigma) and cell proliferation was inhibited by addition of 2 uM Arabinocytosine (AraC, C1768,
133 Sigma), while performing a half-volume medium change. Medium was changed again at DIV7

134  and DIV9 including 0.3 pg/ml puromycin and 2 uM AraC.
135  RNA isolation from tissue or primary hippocampal neurons

136  Hippocampi were frozen in liquid nitrogen immediately after dissection, and stored at -80°C
137  until RNA extraction. Total RNA was isolated using RNeasy RNA isolation kit (Qiagen) according
138 to the instructions of the manufacturer. An on-column DNAse digestion was routinely
139  performed. Isolated RNA was kept at -80°C until following gRTPCR experiments.

140  Cells were harvested at DIV7 or DIV11 in buffer RLT (RNeasy RNA isolation kit, Qiagen) for total
141  RNA extraction according to manufacturer’s instructions. Total RNA was kept at -80°C until

142  subsequent reverse transcription.
143 Reverse transcription and qRTPCR

144 1 pg of total RNA was reverse transcribed using RevertAid MMuLV reverse transcriptase kit
145  (Fermentas, Thermo Scientific). gRTPCR analysis was performed on a CFX-Connect Real-Time
146  PCR detection system (Bio-Rad) using GoTag qPCR Master Mix (Promega). Primers used had
147  an efficiency level between 85% and 110%. qRTPCR results were analyzed using the AACt
148 method with GAPDH as internal standard. GraphPad Prism software was used for plotting the

149  bar graphs and statistical analyses. Values in bar graphs are expressed as average + SEM.
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150 RNA-seq

151  Total RNA extracted from mouse hippocampi or DIV7 primary hippocampal neurons were
152  used for RNA-seq. Libraries were prepared using the TruSeq total RNA sample preparation kit
153  from lllumina, following the manufacturer’s instructions. The procedure included depletion of
154  rRNA prior double-stranded cDNA synthesis and library preparation. Samples were sequenced

155  on lllumina HiSeq2500 as paired-end 100 bp reads.
156  ChlP-seq
157  Invivo hippocampal tissue samples

158 CA and DG regions of the hippocampus were dissected separately and snap frozen in liquid
159 nitrogen. CA and DG regions were homogenized in 500 pl ice-cold PBS+Protease Inhibitor
160  Cocktail (PIC) (Sigma Aldrich). Homogenized samples were centrifuged for 5 min, 1500 rpm,
161  4°C, and supernatant was removed. 1% PFA (fresh prepared from 16% Formaldehyde/Thermo
162  Scientific, Article 28906) was added to the pellet and incubated for 15 min at 22°C in rotation.
163  Tostop thereaction, glycine (2.5 M) was added and incubated 5 min in rotation. Samples were
164  centrifuged 6 min, 1500 rpm, 4°C. Samples were washed with PBS+PIC two times. The fixed
165 cells were collected by 5 min, 1500 rpm at 4°C and supernatant was removed. Ice-cold lysis
166  buffer 0,1% SDS+ PIC was added. Each pellet was transferred to a 4°C chilled Dounce
167 homogenizer with tight fitting pestle (Type A), and the samples were homogenized on ice. Cell
168 lysis was confirmed under a microscope. The chromatin of the lysed cells was sheared for 3x10
169  min in the Bioruptor (30 s pulse, 30 s pause, and high power). The samples were centrifuged
170  for 10 min, 13000 rpm, 4°C. Samples were snap frozen in liquid nitrogen and stored at -80°C
171  until following ChIP-seq experiments.

172  ChIP-seq libraries were generated from ChIP-DNA using a custom lllumina library type on an
173  automated system (Apollo 342, Wafergen Biosystems/Takara, Active Motif). ChIP-seq libraries

174  were sequenced on lllumina NextSeq 500 as single-end 75bp reads (Active Motif).
175  Invitro primary hippocampal neuron samples

176  Wild-type or virally transduced primary hippocampal neurons were fixed and collected for
177  subsequent ChlIP-seq experiments according to the instructions of the servicing company
178  (Active Motif). Briefly, cells were fixed by adding 1/10 volume formaldehyde solution (11%

179  Formaldehyde, 0.1 M NaCl, 1 mM EDTA pH=8.0, 50 mM HEPES pH=7.9) directly to the medium
7
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180 and incubated at room temperature (RT) with agitation. Fixation was stopped by adding 1/20
181  volume 2.5 M Glycine solution (Roth, Germany) and incubating for 5 min at RT. Cells were
182  scraped from the plates and transferred into conical tubes, and centrifuged at 800 rpm at 4°C
183  for 10 min. Cells were resuspended and washed twice in chilled PBS-Igepal solution (0.5%
184  Igepal CA-360 (Sigma) in 1X PBS pH 7.4 (Gibco)), and a third time in PBS-Igepal-PMSF
185  (phenylmethylsulfonyl fluoride) solution (0.5% Igepal, 1 mM PMSF (Sigma) in 1X PBS pH 7.4).
186 The supernatant was completely removed and cell pellets were snap frozen in liquid nitrogen
187  and stored at -80°C until following ChIP-seq experiments.

188  ChIP-seq libraries were generated from ChIP-DNA using a custom Illumina library type on an
189 automated system (Apollo 342, Wafergen Biosystems/Takara). ChIP-seq libraries were

190 sequenced on lllumina NextSeq 500 as single-end 75bp reads (Active Motif).
191  RELACS ChlP-seq

192  Restriction enzyme-based labeling of chromatin in situ (RELACS) was used for H3K27ac and
193 H3K4me3 ChlIP-sequencing (25). DIV11 primary hippocampal neurons with FOXG1 or
194  luciferase KD were fixed in 1% formaldehyde for 15 min. The reaction was stopped with
195 125 mM glycine for 5 min, followed by two-time DPBS +PIC washes. Cell nuclei were isolated
196 following the NEXSON protocol (treatment time 20 s) and permeabilized with 0.5% SDS (26).
197 Chromatin was digested in situ using five units of restriction enzyme CviKI-1 (NEB, R0710S)
198 every 100.000 nuclei and RELACS custom barcodes (4 bp UMI + 8 bp RELACS barcode) were
199 ligated to end-repaired and A-tailed chromatin using components from NEBNext Ultra || DNA
200 Library Prep Kit for lllumina (NEB) (25).

201  The barcoded chromatin fragments were extracted by sonication for 5 min using these
202  parameters: peak power 105W, 2% duty factor, 200 cycles/burst (Covaris microtubes
203  (520185), Covaris E220 Focused-ultrasonicator). A single immunoprecipitation (IP) reaction for
204  all pooled samples was carried out on SX-8G Compact IP-Star platform (Diagenode) following
205  Arrigoni et al. (25). Immunoprecipitated chromatin was used for NGS library preparation
206  (NEBNext Ultra Il DNA Library Prep Kit for lllumina, NEB). Libraries were sequenced at the Max

207  Planck Institute of Immunology and Epigenetics using HiSeq 3000 (lllumina) as 75 bp reads.

208 ATAC-seq
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209  ATAC-seq was performed on DIV11 primary hippocampal neurons after FOXG1 or luciferase
210 KD following the protocol of Buenrostro et al., 2015 (27). Briefly, cells were washed with PBS
211  and detached by 5 min 0.05% trypsin incubation. Dissociation was stopped with 10% FBS and
212 cells were collected and centrifuged for 5 min at 500 rpm at 4°C. After one time wash with ice-
213  cold PBS, cells were counted and separated into 5x10°cells/replicate/condition. Cells were
214  resuspended in lysis buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgClI2, 0.1% Igepal
215 Ca-630) and immediately centrifuged for 10 min at 500 rpm at 4°C. Transposition, PCR
216  amplification and DNA library preparation were done using Nextera DNA library prep kit
217  according to the manufacturer’s instructions (lllumina). DNA was purified and eluted using
218 MinElute PCR purification kit (Qiagen). Libraries were sequenced at the Max Planck Institute

219  of Immunology and Epigenetics using HiSeq 3000 (lllumina) (paired-end 75bp reads).
220  Co-Immunoprecipitation (Co-IP) and Immunoblotting

221  Tissue or N2A cells were lysed in lysis buffer (300 mM NaCl, 20 mM Tris, 1 mM EDTA, 0.5%
222  nonidet-40 (NP-40), pH 7.4) supplemented with protease inhibitor (Sigma-Aldrich) and
223  incubated for 30 min on ice, triturating every 10 min 20 times. After a 10 min centrifugation
224 at 13000 rpm, the supernatant was collected. The salt and NP-40 concentrations were brought
225 downto 100 mM and 0.15%, respectively, using equilibration buffer (20 mM Tris, 1mM EDTA,
226  pH 7.4). Protein concentrations were determined with Bradford reagent (Bio-Rad). 10% input
227  was saved and equal amounts of protein were used for all Co-IPs. Protein G Dynabeads
228  (10004D, ThermoScientific) were washed once with Co-IP buffer (100 mM NaCl, 20 mM Tris,
229 1 mM EDTA, 0.15% NP-40 pH 7.4), and incubated with Co-IP antibodies (rabbit HDAC2, Cell
230 signaling; rabbit NEUROD1, Abcam) or control IgG antibodies (rabbit 1gG kch-504-250,
231  Diagenode) at 4°C overnight. Antibody-coupled beads were washed once with co-IP buffer
232 before co-IP. Cell lysates were blocked with Protein G Dynabeads for 1 h at 4°C for preclearing,
233 subsequently transferred to antibody-coupled beads, and incubated overnight at 4°C in
234 rotation. Antibody-coupled beads were washed 3 times with Co-IP buffer before they were
235  resuspended in 1X Laemmli sample buffer. Protein-antibody were eluted by incubating the
236  beads at 70°C for 10 min at 550 rpm. 10% input and the complete Co-IP sample were used for
237  immunoblotting.

238  Co-IP samples were loaded on 8% SDS-polyacrylamide gels and run at 120 V for 1.5 h in Tris-

239  Glycine running buffer. Proteins were transferred to PVDF membranes (Trans-blot Turbo
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240  Transfer Pack, Bio-Rad) using the Trans-blot Turbo Transfer System (Bio-Rad) following the
241  manufacturer’s instructions. Membranes were blocked with 5% BSA in TBS (Tris buffered
242  saline) for 1 h, and incubated overnight with primary FOXG1 antibody detecting both FOXG1
243 monomers and dimers (Rabbit polyclonal FOXG1, Active Motif) diluted in 5% BSA in TBST (Tris
244  buffered saline with 0.1% Tween-20). Membranes were washed 3 times with TBST and
245  incubated with secondary antibody anti-rabbit HRP (1:10000 dilution in 5% BSA in TBST,) for
246 1 h. Membranes were washed 2 times with TBST and 1 time with TBS before being developed
247  using SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Scientific).

248 Membranes were imaged using LAS ImageQuant System (GE Healthcare).
249  Tissue sections, in situ hybridization and immunostaining

250  PFA fixed brains were embedded in TissueTec (SAKURA) cut in 14 um sections and mounted
251  on SuperFrost Plus Microscope slides (Thermo Scientific). Probes for in situ hybridization were
252  made by cloning PCR products into pGemTeasy (Promega). 1 ug of the linearized plasmid was
253  transcribed in vitro using NTP labelling mix and T7 or sp6 RNA Polymerase, followed by
254  purification with mini Quick spin RNA columns (Roche). Probes were diluted in hybridization
255  bufferin 1:500 or 1:1000 ratio and incubated on the sections overnight at 68°C. After washing
256  and blocking in lamb serum in MABT buffer (5X MAB, 0.1% Tween 20), sections were
257  incubated with Anti-DIG-AP (Roche) at 4°C overnight. After washing, sections were developed
258  with NBT/BCIP (Roche) overnight and mounted. Bright field images were obtained using an
259  Axioplan M2 microscope (Zeiss). Immunofluorescence was performed as described previously
260  (28,29) using antibodies against SATB2, CTIP2 and ZBTB20. Images were obtained using a
261  primary magnification of 20x, and stitched together to ensemble the complete hippocampus

262  using an Axioplan M2 fluorescent microscope (Zeiss) equipped with an Apotome.2 module.
263  Dil tracing

264  Brains from 7-week old mice were dissected and immersion-fixed in 4% paraformaldehyde in
265 0,1 M phosphate buffer for 2-3 days and horizontal tissue sections of 2-3 mm thickness were
266 cut by a razor blade. Small crystals of Dil (1,1’-dioctadecyl-3,3,3’,3’-tetra-
267 methylindocarbocyanine perchlorate) mounted on the tip of a glass micropipette were placed
268 into different regions of the hippocampal formation under visual control. The brain sections

269  were then stored for 5-6 weeks in the fixative solution at room temperature and in the dark

10
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270  to allow the labelling of fiber pathways. Following this time, sections were washed in PB and
271  sliced into 100 um thick vibratome sections and mounted on glass slides for fluorescence

272  microscopy. Digital images were made using either Axioplan M2 (Zeiss) or ApoTome 1 (Zeiss).
273  N2A cell culture

274  Mouse neuroblastoma cell line, Neuro-2a (N2A) were cultured in Dulbecco’s modified Eagle’s
275 medium (DMEM, ThermoScientific) supplemented with 10% fetal bovine serum (FBS,
276  ThermoScientific), 1% non-essential amino acids (NEAA, ThermoScientific), 1% L-Glutamine,
277 and 1% Penicillin, Streptomycin, and Neomycin (PSN, ThermoScientific). Cells were
278 maintained at 37°C, 95% relative humidity and 5% CO.. Cells were seeded in 6 well plates and
279  transfected with Lipofectamine LTX (ThermoScientific) adding a total amount of 2.5 ug

280 plasmid according to the instructions of the manufacturer.
281  Dual Luciferase Reporter Assay

282  50.000 N2A cells were seeded to 24-well plates overnight and double-transfected the
283  following morning with 2.5 pg pMirGlo luciferase reporter constructs and plenti-lll
284  overexpression plasmid DNA using Lipofectamine LTX (Thermo Scientific) reagent. pMirGlo
285  reporters contained inserts with exemplary Ncald or Ldb2 regulatory regions with or without
286  targeted ablation of Fkh or bHLH/E-Box motifs. pLenti-lll overexpression constructs contained
287  inserts with a sequence coding for the intact FOXG1 protein (FOXG1 OE) or a protein bereft of
288 the Fkh-binding domain (Foxgl AFKH) (30).Medium was changed after 24 h. 48 h after
289  transfection, cells were washed once with 1X PBS and incubated with 1X Passive Lysis Buffer
290 (Promega) at room temperature for 20 min, gently agitating. Lysates were loaded in triplicate
291 to 96-well microtiter plates and luminescence was measured in a GloMax 96 microplate
292  luminometer (Promega). Gene expression was measured by firefly luciferase activity (LAR II;
293  Promega) normalized against the Renilla luciferase signal (Stop & Glo; Promega), which served
294  as a control. Background noise was filtered out of both signals prior to calculation by
295  subtracting luminosity measured before enzyme injection. All promoter constructs were
296  tested with at least three biological replicates.

297  Luciferase reporter sequences:

298  Ldb2
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TTAACATGATGTTAATTATTTGTAAATTGTATGTTTGGATACACATTACTTGAGAGGCATATGTTATAT
TCAA

Ldb2, Fkh deleted
TTAACATGATGTTAATTAGTAAATTGTATGGGATACACATTACTTGAGAGGCATATGTTATATTCAA
Ldb2, E-box deleted
TTAACATGATGTTAATTATTTGTAAATTGTATGTTTGGATACACATTACTTGAGAGGCAGTTATATTCA
A

Ncald
GGAACAATGCAACCAAATATGGACATTCTATTTAGAAACAGTAATGTTAGCATAACAAGGGAGCTTA
AAAAAAGAAAAAGCTAAATAAATATTAAACAGATGGGTGGTCAAATGTTGTTTTTCTTTTTAAGCACA
AAGCCTTAATCTAAAGCCAAGCAG

Ncald, Fkh deleted
GGAACAATGCAACCAAATATGGACATTCTAAGCAGTAATGTTAGCATAACAAGGGAGCTTAAAAAA
AGAAAAAGCTTATTCAGATGGGTGGTCAAATGTTGTTTTTCTTTTTAAGCACAAAGCCTTAATCTAAA
GCCAAGCAG

Ncald, E-box deleted
GGAACAATGCAACCAAATATGGACATTCTATTTAGAAACAGTAATGTTAGCATAACAAGGGAGCTTA
AAAAAAGAAAAAGCTAAATAAATATTAAACAGGGTGGTCAAATGTTGTTTTTCTTTTTAAGCACAAA
GCCTTAATCTAAAGCCAAGCAG

Ncald, Fkh & E-box deleted
GGAACAATGCAACCAAATATGGACATTCTAAGCAGTAATGTTAGCATAACAAGGGAGCTTAAAAAA
AGAAAAAGCTTATTCAGGGTGGTCAAATGTTGTTTTTCTTTTTAAGCACAAAGCCTTAATCTAAAGCC
AAGCAG

Statistics

GraphPad Prism software (version 9.1.1) was used for statistical analyses. Two-way ANOVA
followed by Tukey multiple comparisons was used for dual luciferase assay analyses. Unpaired
t-test was used for testing gRTPCR results. Fisher’s exact test was used to test the enrichment

of DEGs in clusters using GeneOverlap package in R Bioconductor(v. 3.8).
Artwork

The graphical abstracts were illustrated using Biorender.com.

12


https://doi.org/10.1101/2021.10.25.465562
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.25.465562; this version posted October 25, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

329  Bioinformatics, Data repository and analyses of public databases

330 The “Differential Search” tool of the Allen Brain Atlas (31) was used to define field specific
331 gene expression. The respective subfield was set as target structure and the other fields as
332  contrast structure. The emerging list was visually inspected with ISH datasets to confirm
333  selective expression in the field as well as overall expression. Assignment to a field was
334  performed according to clearly visible ISH signal. From this list we compiled the subset of
335 genes that were tested in qRTPCR analysis.

336 The sequencing data from RNA-, ATAC-, RELACS-, and wildtype ChlIP-seq were processed with
337  snakePipes (v. 1.1.1) (32). Relevant parameters used for each experiment and summary QC
338 are available at https://github.com/ipekakol/FOXG1. Mapping was performed on mouse
339 genome build mm10 (GRCm38). For ChIP-Seq and ATAC-seq, high quality and uniquely
340 mapping reads were retained (mapg>5). RELACS custom barcodes were designed with
341  integrated UMI, so duplicate removal was performed using UMITools57 (33), while a standard
342  deduplication was applied for ATAC-seq reads. For ChlP-seq and ATAC-seq data, snakePipes
343  also provided candidate peak regions using MACS2 (v. 2.2.6) using default parameters.

344  Differential expression analysis for RNA-seq was done using DESeq2 (v. 1.22.1) on count
345  matrices output from snakePipes (featureCounts, v. 1.6.4). A linear model controlling for batch
346  effects (e.g., ~batch +treatment or ~ batch + condition) was used and apeglm logx(Fold
347  Change) shrinkage was applied.

348 Differential ChIP-seq and ATAC analyses were performed on consensus peak sets, coverage
349  was computed using multiBamSummary (deeptools) (34) and differential regions identified
350 viacsaw (v. 3.13).

351 The sequencing data from FOXG1 and NEUROD1 ChlIP-seq after NEUROD1 orFOXG1 KD were
352 uploaded to the Galaxy web platform, and the public server at usegalaxy.eu was used to
353  analyze the data (35). Same parameters were applied for quality control and mapping as the
354  snakepipes analyses. Peaks were called using MACS2 callpeak (Galaxy Version
355 2.1.1.20160309.6). Coverage was computed using multiBamSummary, and bam files were
356 normalized by bamcompare and bigwigcompare (deeptools, Galaxy Version 3.3.2.0.0) (34).
357 Differential binding regions of NEUROD1 were computed using DiffBind (Galaxy Version
358  2.10.0) (36).
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359  All metaprofiles and heatmaps of ChIP- and ATAC-seq signals were generated with deeptools
360 (Galaxy Version 3.3.2.0.0). All ChIP- and ATAC-seq peaks were annotated and visualized using
361  ChIPSeeker (Galaxy Version 1.18.0).

362 GimmeMotifs (v. 0.13.1 and v. 0.16.0) was used for motif enrichment and differential motif
363  analysis. The transcription factor affinity prediction (TRAP) method was used to calculate the
364  affinity of FOXG1 and NEUROD1 for the peak sequences at +/- 200 bp flanking intronic and
365 intergenic FOXG1-peak summits retrieved from in vivo and in vitro WT FOXG1 ChIP-seq (37).
366 GO enrichment and differential GO-term analyses were performed using clusterProfiler (R, v.
367 3.10.1) (38).

368  Visualizations were produced in Galaxy, R (v. 4.1) and Python (v. 3.6). Heatmaps were plotted
369 using heatmap2 (Galaxy Version 3.0.1). Volcano plots were plotted using EnhancedVolcano
370 (BioConductor, v. 3.13). Violin plots were plotted using ggplot2 (v. 3.3.5). Venn diagrams were
371 plotted using ggVenn and VennDiagram packages. Fisher’s exact test was applied using the

372  GeneOverlap package (Bioconductor, v. 3.8) (39).
373  Hipposeq

374  Hipposeq (23) was accessed at http://hipposeq.janelia.org/ choosing the dorsal-ventral survey
375  of hippocampal principal cells. Dorsal and ventral populations of CA1, CA2 and CA3 were
376 chosen and the gene names were entered as a list using the standard settings of the database,
377  and the count matrix was normalized as transcripts per million (TPM). The set of genes with
378  significant increase or decrease in expression from our RNA-seq were intersected with the
379 TPM normalized count matrix from hipposeq. The genes found in the intersection were

380 clustered using hierarchical clustering on the row-wise Z score.
381 STRING Database

382  STRING Database (24) was used to explore known and predicted protein-protein interactions
383  of FOXG1 in Mus musculus. Data from experiments and databases were used with medium
384  confidence (0.4) for the interaction scores. Nodes annotated interactor proteins, while edges
385 connected interacting proteins. Line thickness indicated the confidence of interaction. The
386 interactome layout was reorganized in Cytoscape (v 3.8.2) to depict direct interactions of

387 FOXG1 with HDACs ad HATs.

388 Results
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389 Reduced FOXG1 expression alters gene transcription in the adult mouse hippocampus in

390 vivo and primary hippocampal neurons in vitro

391 Since (i) part of the phenotypic impairments of FOXG1-syndrome affect hippocampal
392  functions, (ii) FOXG1 haploinsufficiency has not been studied at the chromatin level in the
393  context of the hippocampus, and (iii) we only have limited insights into FOXG1 function in later
394  developmental stages of the hippocampus, we decided to use the postnatal hippocampus
395  with reduced expression of FOXG1 as a model to unravel molecular mechanisms used by
396 FOXG1 to control transcription at the chromatin level.

397  Foxgl was found to be expressed in the DG as well as granule neurons residing in the CA fields
398 in vivo. The Foxgl-heterozygous (Foxgl®®*) hippocampus contained all fields but was
399 generally smaller compared to wild type (WT) (Fig. S1A). The expression of mature granule
400 cell marker genes (CTIP2, SATB2, ZBTB20) did not reveal obvious differences between the
401 genotypes (Fig. S1B) and the tri-synaptic neuronal network of the hippocampus was similarly
402  unchanged (Fig. S1C). Despite a grossly normal appearing Foxgl<®* hippocampus, we
403  revealed transcriptomic changes compared to WT in vivo, as well as in vitro after shRNA-
404  mediated FOXG1 knockdown (KD) compared to control. RNA-sequencing (RNA-seq) of
405  Foxgle®* and WT hippocampus revealed 174 differentially expressed genes (DEGs) (105
406 increased, 69 decreased) within a threshold of log, Fold Change (LFC) log>(1.5) and an
407  adjusted p-value of <0.05 (Fig. 1A). Genes with increased expression enriched mainly for gene
408 ontology (GO)-terms angiogenesis or inflammation, conferring limited insight into FOXG1
409 functions specifically in the hippocampus. In contrast, genes with decreased expression
410 enriched in GO-terms related to nervous system development or function, including
411  synaptogenesis, in the top 10 significant hits (Fig. 1B). We also generated RNA-seq data after
412  shRNA-mediated KD of FOXG1 in cultivated primary hippocampal neurons in vitro, because
413  this experimental set up would allow biochemical manipulation to explore FOXG1 functions in
414  a comparably less complex cell context. The RNA-seq after FOXG1 KD and luciferase KD as
415 respective control retrieved 2626 DEGs (821 increased, 1805 decreased) using the same
416  thresholds (Fig. 1C). GO-terms enriched in increased DEG reflected forebrain development,
417  whereas neuronal differentiation and synaptogenesis dominated DEG with decreased
418  expression (Fig. 1D). We used publicly available data on region-specific transcriptomes of the

419  hippocampus (23) and revealed that reduced levels of FOXG1 in vivo not only affected the DG
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420 (14), as previously described, but also the CA fields. Transcripts with increased expression
421 upon FOXG1 reduction clustered with the CA3/4-field-enriched marker genes, whereas
422  decreased expression was recognized for CAl-field-specific transcripts (Fig. S2A, B).

423  Together, these analyses indicated that reduced expression of FOXG1 decreased the
424  hippocampus size without further major impact on the gross structure, but with a defined
425  altered transcriptional program in vivo and in vitro, affecting, amongst others, neuronal

426  differentiation and synaptogenesis.
427  FOXG1 binds chromatin in intronic and intergenic regions in vivo and in vitro

428 To correlate the observed transcriptional changes upon FOXG1 reduction with its presence
429  and thus action at the chromatin level, we explored the binding of FOXG1 to the DNA. We
430 performed ChIP-seq, again both in vivo (from 6-week old hippocampus tissue) and in vitro
431  (from primary hippocampal neurons). The comparison of both data sets was intended to
432  explore whether insights from in vitro cultivated cells could be used, at least partially, to
433  understand FOXG1 functions in vivo.

434  As our transcriptome data had shown that FOXG1 reduction affected both DG and CA fields,
435  we used hippocampus tissue subdivided into DG or CA fields for in vivo ChIP-seq. FOXG1 was
436  bound to unique loci in both the DG and CA data sets, but we also detected shared chromatin
437  regions. The percentage and the pattern of the distribution of FOXG1 peaks within the genome
438  was similar in both DG and CA fields, and we observed a high degree of overlap of functional
439  GO-terms of genes associated with FOXG1 peaks (Fig. S2C-F). As we did not concentrate on
440 region-specific FOXG1 functions in further experiments, but rather aimed to study general
441  chromatin functions of FOXG1, we merged DG and CA FOXG1 peaks for in vivo ChIP-seq data
442  sets for subsequent analyses.

443  We addressed next (i) the nature of the binding regions of FOXG1 in hippocampus tissue and
444  in cultivated hippocampal neurons, and (ii) the degree of overlap in the binding pattern in the
445  two different cellular sources. For both in vivo and in vitro data sets, to the largest extent,
446  FOXG1 peaks were distributed genome-wide to distal intergenic and intronic regions, and a
447  smaller fraction to promoters (Fig. 2A). We used the transcriptional start sites (TSS) as
448 reference points to analyze localization of FOXG1 peaks at promoters. GO-term analysis of
449  regions where FOXG1 peaks allocated to specific genes revealed a large overlap between in

450 vivo and in vitro data sets, with neuronal differentiation and synaptic functions represented
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451  within the top 10 enriched terms (Fig. 2B). This was generally in line with the GO-term
452  signature based on the transcriptional changes observed upon reduced expression of FOXG1
453  (Fig. 1B, D). Using k-means (with k=5) revealed similarities between in vivo and in vitro (Fig.
454  2C). Two clusters had FOXG1 peaks at or near the TSS, two other clusters indicated a less
455  discrete localization of FOXG1, and one cluster was not enriched in FOXG1 binding. Cluster-
456  wise GO-term analysis of the FOXG1 cistrome at promoter regions showed in the first two
457  clusters that genes with FOXG1-associated peaks affected axono- and synaptogenesis both in
458  vivo and in vitro (Fig. 2D, F). Genes affecting mitochondrion organization and non-coding RNA
459  biology were represented in cluster 4 in vivo and cluster 3 in vitro. Thus, largely, cluster-wise
460 GO-term analysis retrieved overlapping classifications in vivo and in vitro.

461 We plotted the distribution of DEGs upon reduced expression of FOXG1 in the five different
462  clusters of FOXG1-peak locations for in vivo and in vitro data sets. We observed DEGs in all 5
463  clusters, both with increasing and decreasing levels, and statistically significant enrichment of
464  DEGs with either increased or decreased expression in specific clusters (Fig. 2E, G).

465 We concluded that (i) the binding patterns of FOXG1 observed in vivo and in vitro overlapped
466  largely, (ii) genes in the vicinity of FOXG1 peaks in vivo and in vitro confer similar functions,
467  and (iii) genes in the vicinity of FOXG1 peaks can increase or decrease in expression upon
468 FOXG1 reduction both in vivo and in vitro. This high degree in overlap between in vivo and in
469  vitro cellular resources prompted us to study in vitro primary hippocampal neurons in further
470  experimentation, aiming to unravel molecular mechanisms used by FOXG1 to control gene

471  expression at the chromatin level.
472  Reduced levels of FOXG1 alters the epigenetic landscape
473  Reduced levels of FOXG1 increase and decrease H3K27 acetylation

474  FOXG1 ChIP peaks localized at putative enhancer and promoter regions. We next aimed to
475  confirm this localization and to elucidate concomitantly whether FOXG1 impacts transcription
476  through epigenetic mechanisms. We addressed these questions by using quantitative ChlIP-
477  seq of H3K27ac. Wild type and FOXG1 KD in vitro primary hippocampal neurons were used
478  and correlative mapping of FOXG1- and H3K27ac-peaks confirmed co-occurrence of FOXG1
479  with H3K27ac, thus presence of FOXG1 at enhancers in hippocampal neurons (Fig. 3A). As we

480 hypothesized, KD of FOXG1 in primary hippocampal neurons indeed altered H3K27ac levels,
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481  both increasing and decreasing H3K27ac. In three out of four k-means clusters, FOXG1 and
482  H3K27ac peaks co-occurred. H3K27ac levels did not change upon KD in cluster 1, increased in
483  cluster 2, decreased in cluster 3, and cluster 4 did not have any noticeable levels. The H3K27ac
484  signal in the H3K27ac-stable cluster 1 mapped genome-wide to around 60% at promoter-
485  assigned sites, whereas the regions with increasing (cluster 2) and decreasing (cluster 3)
486  H3K27ac levels localized respectively to only 30% and 10% to promoters, but mapped
487  predominantly to intergenic and intronic regions (Fig. 3B). GO-terms of annotated genes
488  correlating with FOXG1/H3K27ac-peaks in the four clusters enriched for synapse organization
489  and axonogenesis, as well as signal transduction (Fig. 3C). Differential transcription factor (TF)-
490  binding-motif analysis within 200bp flanking the peak summits in the four clusters showed
491  that cluster 1 regions enriched for cell-cycle control TFs, including HES proteins or the E2F
492  family, in addition to CXXC1. Cluster 2 specifically enriched for Forkhead (Fkh) TFs, and clusters
493 2, 3 and 4 enriched for basic helix-loop-helix (bHLH) and GATA motifs (Fig. 3D). DEGs upon
494  FOXG1 KD distributed to all four clusters, where cluster 1 (unchanged high levels of H3K27ac)
495  was significantly enriched in genes with increased and decreased expression, and cluster 3
496  (decreasing levels of H3K27ac) contained significantly more genes with decreased expression,
497  in accordance with reduced levels of H3K27ac (Fig. 3E).

498  We also analyzed only those regions that significantly gained or lost H3K27ac upon FOXG1 KD.
499  This confirmed that (i) regions with altered H3K27ac levels localized predominantly to introns
500 and intergenic regions (Fig. S3A, B), (ii) DEGs significantly enriched for genes with increased
501 expression and increased H3K27ac, and vice versa for decreased expression and decreased
502  H3K27ac (Fig. S3C), (iii) axonogenesis and neuron projection extension enriched as GO-terms
503  with genes showing altered expression and H3K27ac levels (Fig. S3D), and (iv) specific TF
504  motifs enriched in regions gaining or loosing H3K27ac upon FOXG1 reduction (Fig. S3E).

505 We concluded that FOXG1 controls transcription by altering H3K27ac levels, predominantly at

506 enhancers, which might impact binding of other TFs, including members of the bHLH family.
507  Reduced levels of FOXG1 alter H3K4 trimethylation

508 We used H3K4me3 ChlP-seq that is found at both promoters and enhancers, and investigated
509 whether FOXG1 controls transcription by impacting this epigenetic modification. We used k-
510 means clustering with k=3 to explore the H3K4me3 profile at FOXG1 binding sites in FOXG1

511 KD cells compared to controls. Two clusters displayed mild changes in H3K4me3 levels. Cluster
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512 2 had slightly increased levels of H3K4me3, and cluster 3 had slightly decreased levels (Fig.
513  3F). The majority of the H3K4me3 peaks were found at promoters for the cluster 1 as
514  expected, whereas the regions gaining or losing H3K4me3 upon FOXG1 KD mapped with 90%
515 tointronicorintergenicregions (Fig. 3G). Among enriched GO-terms were synaptogenesis and
516  axonogenesis (Fig. 3H). TF motifs enriched in the respective clusters again contained CXXC1 in
517 the stable cluster, as well as bHLH and GATA TF in the clusters with altered H3K4me3 (Fig. 3I).
518 DEGs upon FOXG1 reduction were distributed to all clusters, and significantly more genes
519  either with increased or decreased expression were found in cluster 1, which had the
520 strongest H3K4me3 levels (Fig. 3J). Focused analyses of the regions with significant gain or
521  loss of H3K4me3 upon FOXG1 KD showed that (i) these regions were classified mainly as
522  promoters (Fig. S4A, B), (ii) the distribution of DEGs was significantly enriched for genes with
523  decreased expression and decreased H3K4me3 (Fig. S4C), and axon extension enriched as GO-
524  term within the genes that lost H3K4me3 alongside other terms indicative of neuronal
525  differentiation (Fig. S4D).

526  We concluded that FOXG1 alters transcription by altering H3K4me3 levels, but the extend
527 seemed milder compared to H3K27ac. Altered H3K4me3 levels predominantly localized at
528 enhancers, also impacting binding sites for bHLH family members. Therefore, FOXG1 uses

529  epigenetic mechanisms at enhancers, and impacts function of other TFs.
530 Reduced levels of FOXG1 increase and decrease chromatin accessibility

531  Presence of FOXG1 at regulative regions, i.e. enhancers, its action towards altering epigenetic
532  marks, and the prediction that other TF might be affected at these locations, prompted us to
533  complete our epigenetic survey by analyzing opening and closing of chromatin regions upon
534  FOXG1 KD. ATAC-seq revealed that FOXG1 peaks mapped indeed to opened and closed
535 chromatin regions, and k-means clustering associated the cluster 4 with gain of accessibility
536 and clusters 3 and 5 with loss of accessibility upon FOXG1 KD (Fig. 3K). As with the other
537 epigenetic parameters, the altered clusters mainly contained regions between genes or in
538 introns (Fig. 3L). Similarly, GO-terms enriched for axono- and synaptogenesis, as well as signal
539 transduction (Fig. 3M), and the TF motifs at the FOXG1 peaks included CXXC1, E2F, HES, bHLH
540 and GATA TF (Fig. 3N). DEGs distributed again to all clusters, with clusters 1 and 2 showing

541  significant differences in the distribution between decreased or increased genes (Fig. 30).
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542  The focused analyses of the regions that significantly gained or lost accessibility upon FOXG1
543 KD affirmed impact at enhancer regions (Fig. S5A, B). Interestingly, compared to H3K27ac and
544  H3K4me3, the FOXG1 peaks distributed more sharply around the center of the peak in the
545  regions that changed in accessibility (Fig. S3A, S4A, S5A). All clusters contained DEGs (Fig. S5C)
546  and synaptogenesis enriched as a GO-term within the genes that gained access, while signal
547  transduction was enriched within genes that lost access (Fig. S5D). Importantly, bHLH and
548  GATA TF motifs enriched also in regions gaining access upon FOXG1 reduction (Fig. S5E).

549  Summarizing the entire epigenetic survey, we conclude that FOXG1-bound chromatin
550 localized to enhancer, and to a smaller extend to promoter regions. The epigenetic alterations
551  studied upon FOXG1 KD affected H3K27ac and H3K4me3 levels as well as chromatin
552  accessibility, whereby both gain and loss of marks/accessibility was observed. Affected genes
553 classified as regulating axono- and synaptogenesis. Epigenetic changes impacted regions that
554  can be bound by TFs, among which bHLH family members were associated in all three altered
555 chromatin contexts. Thus, FOXG1 is a TF with multi-modal activities at the chromatin level,

556  one of which is alteration of the epigenetic landscape.
557  HDAC inhibition reverts a fraction of FOXG1 transcriptional changes

558 To elucidate mechanistically how FOXG1 alters the epigenetic landscape, we decided to focus
559  onitsimpact on H3K27ac because of the predominant localization of FOXG1 at enhancers. We
560 observed both increasing and decreasing levels of H3K27ac upon FOXG1 KD, but reasoned
561 that because FOXG1 does not have HAT or HDAC activity itself, it might regulate access of
562 these enzymesto the chromatin. Indeed, the publicly available network of proteins interacting
563  with FOXG1 (STRING database) suggested association with both HATs (EP300) and HDACs
564  (SIRT1) (Fig. 4A). Our own interactome study after overexpression of FOXG1 in N2A cells ((30))
565 indicated as well potential association with HDACs (HDAC1, 2, SIRT1) (Fig. 4B). Confirming
566 these indications, FOXG1 co-immunoprecipitated with HDAC2 from hippocampal tissue (Fig.
567  4C). We thus hypothesized that using epigenetic drugs impacting histone acetylation could be
568 a potential way to develop novel therapeutic strategies for the human disease.

569 To test this hypothesis, we treated primary hippocampal neurons with the broad HDAC
570 inhibitor Trichostatin A (TSA) in the condition of FOXG1 KD (shFoxgl) or control (shControl)
571 and assessed the corresponding transcriptional alterations using RNA-seq. Bioinformatics

572  analyses comprised of (i) the identification of DEGs from shFoxgl/shControl, (ii) intersection
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573  of this DEG set with DEGs from TSA/DMSO in shFoxg1, and (iii) exclusion of DEGs in TSA/DMSO
574  in shControl to eliminate FOXG1-independent effects of HDAC inhibition. This approach
575 retrieved 956 DEGs that changed expression upon TSA treatment in FOXG1 KD (Fig. 4D).

576  We next tested for two hypotheses as to how FOXG1 could affect HDACs to influence gene
577  transcription. Firstly, FOXG1 could prevent binding of HDACs to the chromatin (repression
578 model, Fig. S6A), or could otherwise recruit HDACs to the chromatin (recruitment model, Fig.
579 S6B). The repression model is independent of FOXG1-binding to the chromatin and predicts
580 that reduced levels of FOXG1 lead to reduced levels of H3K27ac (shFoxgl/Ctrl decreased
581 H3K27ac: 156 loci) and concomitant transcriptional decrease (shFoxgl/Ctrl decreased
582  expression: 1779 DEG). Upon HDAC inhibition with TSA, we expect transcriptional increase of
583 genes (shFoxgl+TSA/shFoxgl increased expression: 4849 DEG) regulated through the
584  repression model. Intersection of the respective gene fractions showed that 54 genes
585 decreased in expression alongside decreased H3K27ac levels (Fig. 4E, F). GO-term analysis
586 returned functional terms for synaptic functions and axonogenesis (Fig. 4G). 7 genes of the 54
587 fulfilled all criteria for the repression model, i.e. increasing upon TSA inhibition alongside
588 FOXG1 KD (Fig. 4E, H). Among these target genes regulated in a setting following the
589 repression model were Lims1 and Fras1, which are linked to epilepsy and neurite growth,
590 processes that are affected by FOXG1 mutation.

591 The recruitment model predicts that reduced levels of FOXG1 correlate with increased
592  H3K27ac levels (shFoxgl/Ctrl increased H3K27ac: 56 loci) and concomitantly with increased
593  transcription (shFoxgl/Ctrl increased expression: 729 DEG) at FOXG1-binding regions (FOXG1
594  peaks: 9066 loci) (Fig. 4l). In this case, TSA treatment would not alter transcription upon
595 reduced FOXG1 levels, as inhibition of the HDACs does not occur bound to the chromatin. Five
596 genes had increased expression and H3K27ac levels upon FOXG1 reduction, three of which
597  were also bound by FOXG1 (Fig. 41, J). All criteria for the recruitment model was fulfilled by
598 one gene, Sema5a, which is an autism-susceptibility gene with a role in axon guidance and
599  synaptogenesis.

600 We concluded from these findings that HDAC inhibitor treatment might be worth further
601 exploration as potential drug to alleviate transcriptional alterations upon reduced FOXG1
602  expression. In regard to the mechanism, FOXG1 seems to affect both functional repression

603  and recruitment of HDACs, as shown for a small subset of target genes.
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604 FOXG1 and NEUROD1 act in concert to regulate axono- and synaptogenesis genes in

605 hippocampal neurons

606 A further perception of our study of the epigenetic alterations upon reduced FOXG1
607  expression was that other TF, especially bHLH family proteins acted in synergistic or
608  antagonistic fashion to FOXG1. For some Fkh- and bHLH-domain proteins pioneering functions
609 and thus the potential to alter the epigenetic landscape have been assigned (40-42). We
610 therefore explored the hypothesis that FOXG1 acted together with bHLH TF. To this aim, we
611 determined, using bioinformatics predictions, the affinities of TF binding to FOXG1 peaks at
612 intronic and intergenic regions that we retrieved from FOXG1 ChlIP-seq in vivo and in vitro as
613 predominant localization of FOXG1. Indeed, at these putative enhancer regions containing
614 FOXG1 peaks, we observed not only enrichment of Fkh TF motifs, but also surprisingly a
615  significant co-occurance of bHLH TF motifs (Fig. S7A, B). Importantly in the context of neuronal
616  functions, we identified the bHLH TF NEUROD1 binding motif as significantly enriched at
617 FOXG1 peaks (Fig. 5A), both in vivo and in vitro. We also noted that motif analysis generally
618 ranked bHLH motifs at a higher significance level than Fkh motifs (Fig. 5B). Moreover,
619  Fkh/bHLH motifs mainly co-occurred in intergenic regions and introns, while the Fkh motif was
620 also enriched in proximal promoter regions (Fig. 5C).

621  We next used luciferase reporter assays to investigate FOXG1/bHLH co-activity exemplarily at
622  regulative regions of two DEGs, Ldb2 and Ncald, that both contain Fkh and bHLH (called E-box)
623  motifs in direct vicinity (Fig. 5D). Ldb2 increased and Ncald decreased upon FOXG1
624  overexpression, and this opposing response gave the possibility to explore diverse
625 mechanisms of FOXG1l-mediated transcriptional control. FOXG1 activation of Ldb2
626  transcription was abolished upon deletion of its Fkh protein domain, and was dependent on
627 the FOXG1-binding motifs in the reporter construct. Presence of the bHLH/E-box binding
628 sequence seemingly prevented a repressive FOXG1 function. FOXG1 repression of Ncald
629 transcription was also dependent on the presence of its Fkh domain, and the deletion of the
630  Fkh domain increased reporter transcription. Deletion of the binding sites for FOXG1 in the
631  regulatory region still resulted in the same response of the reporter transcription as observed
632 for the unmodified construct. The deletion of the bHLH/E-box binding site silenced the

633  regulatory region, independent of the presence or absence of Fkh motif.
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634  We concluded that for these two regulatory regions, FOXG1 modulated the bHLH-mediated
635 transcriptional regulation. Repression of transcription depended on the Fkh domain but was
636 independent of FOXG1 binding sites on the DNA. In contrast, activation of transcription
637 depended on the Fkh domain and on FOXG1 binding sites, whereas both FOXG1 repressive or
638  activating functions depended on the presence of the E-box motif. Thus, the transcriptional
639 responses of FOXG1 in concert with bHLH appeared to be context-dependent and multimodal.
640 The observation of a crosstalk of FOXG1 with bHLH TFs prompted us to explore this in more
641  detail with a focus on FOXG1 and NEUROD1. We decided on NEUROD1, as (i) its binding motif
642  significantly enriched at FOXG1 peaks, (ii) it is a pro-neuronal bHLH transcription factor
643  expressed in mature hippocampal neurons, with essential roles in neuronal development and
644  function (43,44), similar to FOXG1, and (iii) it has been associated with pioneering activity (41).
645  Further, co-immunoprecipitation showed that FOXG1 and NEUROD1 precipitated together,
646  and that they might therefore act in concerted manner at the chromatin level (Fig. 5E).

647 We next aimed to confirm FOXG1/NEUROD1 co-occurance on the chromatin level by
648  determining the cistrome of NEUROD1 in primary hippocampal neurons. The NEUROD1 ChlP-
649  seq profile, centered around the TSS, showed enrichment of NEUROD1 peaks at these sites
650  but also up- and downstream (Fig. 5F). Genome-wide distribution profiles indicated that the
651  majority of peaks localized at intergenic and intronic regions (Fig. 5G). GO-terms enriched for
652 genes with NEUROD1 peaks contained axono- and synaptogenesis, similar to what we
653  observed for FOXG1 peak distribution (Fig. 5H). We therefore compared FOXG1 and NEUROD1
654  ChlIP-seq profiles, which returned clustered genes bound by both (shared fraction) and also
655  genes that only enriched binding of one of the TFs (FOXG1, NEUROD1 fraction) (Fig. 51), with
656 enrichment of genes implicated in synapse organization and axonogenesis (Fig. S7C).
657 Interestingly, for all three clusters, including NEUROD1 unique peaks, we observed DEGs upon
658 FOXG1 reduction with both increased and decreased expression (Fig. 5J). This finding
659  consolidated our viewpoint that FOXG1 and NEUROD1 act in concert, in chromatin-dependent
660 and-independent fashions, the latter of which is displayed by altered expression of NEUROD1
661  uniquely-bound genes upon FOXG1 KD. Again, axono- and synaptogenesis were enriched GO-
662 terms for the gene fraction with both FOXG1- and NEUROD1-bound peaks and altered
663  expression levels upon FOXG1 KD (Fig. 5K). We plotted the observed epigenetic changes upon

664  reduced expression of FOXG1 to the regions that were shared or enriched for either FOXG1 or
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665 NEUROD1 (Fig. S8A). Only a small fraction of genes with peaks for FOXG1, NEUROD1, or both
666 displayed epigenetic alterations upon FOXG1 reduction. The moderate alterations were
667 confined to altered chromatin accessibility, whereas genome-wide H3K27ac or H3K4me3
668 levels were affected very little.

669  We concluded that FOXG1 and NEUROD1 co-occurred at the chromatin level and that they
670 have a remarkable overlapping set of target genes conferring neuronal functions. Alteration
671  of the epigenetic landscape at regions bound by both TF was moderate, indicating another
672  mechanism by which these two key instructors affect transcriptional programs important for

673  axono- and synaptogenesis.

674 FOXG1 and NEUROD1 act in a concerted manner, both at the chromatin level and prior to

675 chromatin binding

676  We next aimed to define whether FOXG1 and NEUROD1 would act in a concerted manner, or
677  up-/downstream from each other. This question is of interest to place either factor in the
678 driver seat regarding neuronal differentiation. Thus, to analyze the nature of the
679 FOXG1/NEUROD1 crosstalk in more detail, we knocked down either FOXG1 or NEURODL1 in
680  primary hippocampal neurons and assessed the binding profile of the other respective TF
681  using ChIP-seq. We clustered the peak regions according to the shared fraction and regions
682  that enriched predominantly for either FOXG1 or NEUROD1 (Fig. 6A). Within the shared
683  regions, FOXG1 binding was reduced upon NEUROD1 KD, and vice versa, NEUROD1 reduced
684  upon FOXG1 KD, excluding a clear hierarchy in this crosstalk.

685  Shared binding regions could reflect binding through one of the respective factors and indirect
686  presence at the site of the other, or usage of adjacent binding sites (Fig. 6B). To resolve these
687  binding paradigms, we determined the distribution of the respective other binding motif in
688  the vicinity of either the FOXG1 or NEUROD1 peaks within the shared regions. The majority of
689 NEUROD1 motifs distributed directly in the center of the FOXG1 peaks (Fig. 6C). This finding
690  suggeststhat NEUROD1 binds most likely directly to chromatin and brings in FOXG1 alongside,
691 thus FOXG1 is indirectly recruited to chromatin at the majority of these sites. In contrast,
692 FOXG1 motifs at NEUROD1 peaks were distributed broadly around and flanking the center of
693 NEUROD1 peaks (Fig. 6C). Thus, at NEUROD1 peaks FOXG1 could recruit NEUROD1 to one

694  extend, but also flanking, cooperative binding would be possible. We concluded that rather
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695  than having a clear hierarchy within the crosstalk of both TF, they are acting multi-modal and
696  cooperative.

697  Surprisingly, FOXG1 KD decreased NEUROD1 presence at NEUROD1 sites (hardly enriched for
698 FOXG1). And vice versa, NEUROD1 KD decreased FOXG1 presence at FOXG1 sites (hardly
699 enriched for NEUROD1). We concluded that either factor might be needed before or during
700 recruitment but not for stable binding as well.

701  We next analyzed the changes of NEUROD1 and FOXG1 binding upon the respective KDs, with
702  a focus on those regions that showed differential binding of NEUROD1 upon FOXG1 KD.
703  Regions presenting differential binding of NEUROD1 clustered into three main profiles: Cluster
704 1 had strong enrichment for NEUROD1 and FOXG1, cluster 2 had moderate enrichment for
705 NEUROD1 and lower enrichment of FOXG1, and cluster 3 had strong enrichment for NEUROD1
706  and moderate enrichment of FOXG1 (Fig. 6D). Upon FOXG1 KD, binding of NEUROD1 within
707  clusters 1 and 3 (high and moderate levels of FOXG1) reduced. Interestingly, cluster 2, with
708 little enrichment of FOXG1, had increased binding of NEUROD1 after FOXG1 KD. NEUROD1 KD
709  also altered FOXG1 presence at loci within clusters 1 and 3, but not in cluster 2.

710  We concluded that binding of NEUROD1 and FOXG1 at clusters 1 and 3 is cooperative, either
711  at one binding site (cluster 3) or at adjacent sites (cluster 1), as supported by the distribution
712  of the binding motifs in regard to the peak center (Fig. 6E).Cluster 2 targets in contrast are
713  bound mainly by NEUROD1, and at these sites FOXG1 presence interferes with NEUROD1
714  binding. In support of this interpretation is the cluster-wise analysis of enriched binding
715  motifs. Cluster 2 enriched for example for GATA and TBX TF, but neither for Fkh or bHLH/E-
716  box motifs (Fig. 6F). We speculate that NEUROD1 can thus be recruited to chromatin by other
717  than Fkh TF, but that FOXG1 is a competing NEUROD1 binding partner impacting the cluster 2

718  genomic regions.
719  Discussion

720 The data presented in this study enlighten for the first time in a comprehensive manner
721  diverse and multi-modal functions of FOXG1 at the chromatin level in mature neurons. Despite
722  FOXG1 being recognized as a key transcription factor for telencephalic development and
723  neuronal function, insights into the mechanism underlying transcriptional regulation are
724  sparse. We here show that (i) FOXG1 acts both as repressor and activator, (ii) localizes

725 predominantly to enhancer regions, (iii) alters the epigenetic landscape, (iv) affects directly
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726  HDAC functions, and (v) acts in concert with NEUROD1 to instruct transcriptional programs
727  necessary for axono- and synaptogenesis.

728 FOXG1 is generally considered to be a TF with repressive function (6, 45), but recent data
729  support pleiotropic and context-dependent functions. For example, non-nuclear functions of
730 FOXG1 encompass posttranscriptional regulation (21) and functions in mitochondria (22).
731  Further, different signaling pathways control nuclear or cytoplasmic localization of FOXG1
732 (46). Surprisingly, chromatin-related functions of FOXG1 are only partly understood, but also
733  seem to be diverse in their nature. For example, FOXG1 exerts transcriptional regulation in
734  ternary protein complexes, hampering FOXO/SMAD transcriptional activators to bind to Myc-
735  target regions (47). ZBTB18, a zinc-finger protein binding to E-box core motifs, was proposed
736  as a repressor that was cooperatively recruited with FOXG1 to genes affecting neuronal
737  migration and axonal projections (6). However, the complexity of the FOXG1-syndrome
738  suggests further actions. To fill the gap in knowledge about FOXG1 functions at the chromatin,
739  we report on various high-throughput data sets that extend current views of the multiple
740  mechanisms used by FOXG1 to control gene expression, both as a repressor and an activator.
741  In the hippocampus model system, one important finding is that FOXG1 impacts regulatory
742  genomic regions, mostly enhancers but also promoters, by direct binding and by altering the
743  epigenetic landscape. Thereby, reduced FOXG1 levels correlated with both increased and
744  decreased H3K27ac, H3K4me3, and/or chromatin accessibility, highlighting the diverse
745  context-dependent molecular functions of FOXG1. In regard to FOXG1 impacting H3K27ac, we
746  identified two means of action. On one hand, FOXG1 represses the recruitment of HDACs to
747  chromatin (chromatin-independent function); on the other, it can repress HDAC function at
748  the chromatin (chromatin-dependent function). FOXG1 target genes regulated via HDACs
749  were, for example, Lims1, Fras1, and Sema5a, which are associated with epilepsy, behavioral
750 abnormalities, autism, intellectual disability and impaired synaptogenesis (48-51). These
751  features are also observed in FOXG1-syndrome patients.

752  In accordance with other studies reporting on FOXG1 cistrome in the cerebral cortex (6,8),
753  FOXG1 peaks localized at genes that influence maturation and function of neurons in the
754  hippocampus. Axono- and synaptogenesis are functional terms that were enriched in several
755  of our data sets, indicating that FOXG1 influences these processes both by direct presence, by

756  associated epigenetic alterations, and in concert with NEUROD1. Other studies have provided
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757  experimental evidence that FOXG1 is important for axonogenesis, synaptogenesis and other
758  features of neuronal differentiation in the hippocampus (18), the retina (52) and the cerebral
759  cortex (6), but lacking the mechanistic layer that our study provides.

760  Our in-depth analysis of the genome-wide binding pattern of FOXG1 further advances
761  understanding of this TF with highly context-dependent functions. Our data indicate that
762  FOXG1 might have different affinities to chromatin, because FOXG1 reduction seems to affect
763  transcription largely in regions that are moderately bound by FOXG1. Changes in FOXG1,
764  either by loss of function or by increased/decreased abundance, influence proper functioning
765  of the CNS in human patients or animal models (3,15). Thus, maintaining a critical amount of
766  FOXG1 present at the chromatin seems important for proper neuronal function. Our data
767  suggest that differences in the presence of FOXG1 at respective loci, i.e. loci with less FOXG1
768  bound, might be particularly vulnerable to association with altered transcription in conditions
769  of reduced FOXG1 presence. Of note, it has been recently shown that other Fkh TF bind DNA
770 as mono- and dimers (53). Despite the fact that our data so far have not the necessary
771  resolution to further analyze action as mono- or dimers, this is an attractive model to explain
772  one aspect of the multi-modal effects of FOXG1 at the chromatin level.

773  Of particular note is our observation that the FOXG1 presence at the chromatin has a strong
774  correlation with co-occurrence of NEUROD1, a bHLH TF necessary for neuronal differentiation
775  (54,55). Interestingly, both FOXG1 and NEUROD1 influenced the presence of the other TF at a
776  variety of binding sites in hippocampal neurons.

777  NEUROD1 has been reported to act as a pioneer factor when its expression was induced in
778  mouse embryonic stem cells (41). In this paradigm of neuronal differentiation, H3K27ac levels
779 increased concomitantly with NEUROD1 activation, and H3K27me3 levels decreased at
780  selected loci. The authors proposed NEUROD1 as a pioneering factor, relieving
781  heterochromatic repression. Our data allow for the assessment as to whether such pioneering
782  function would also be observable in hippocampal neurons, and whether FOXG1 would follow
783  NEUROD1's pioneering function to access chromatin. We observed a concomitant reduction,
784  but also an increase of binding events for NEUROD1 upon reduced expression of FOXG1. Only
785  aminor fraction of regions that bound altered amounts of NEUROD1 displayed accompanying
786  altered H3K27ac levels upon FOXG1 KD; in 2554 regions that lost NEUROD1 binding, only 23

787  hadsignificantly lower H3K27ac levels, and in 321 regions that gained NEUROD1, only 1 region
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788  had significantly higher H3K27ac levels (data not shown). This observation weakens support
789  for the argument that NEUROD1 acts as a pioneer that alters H3K27ac levels in mature
790  hippocampal neurons upon FOXG1 KD. Because of the reported pioneering potential of
791 NEUROD1, one can also hypothesize that NEUROD1 might act upstream of FOXG1 to regulate
792  its access to the chromatin. However, our data do not support a clear hierarchy of the two
793  factorsin hippocampal neurons, but favor the interpretation that they act in concert and both
794  regulate access to each other. Further, our data support the view that, in addition to concerted
795 action through presence at the chromatin, FOXG1 interferes with NEUROD1 binding to
796  chromatin, similar to what has been observed for chromatin accessibility of the SMAD/FOXO
797  TF complexes (47). Thus, FOXG1 and NEUROD1 act together in a chromatin-dependent and -
798 independent manner.

799  Conclusion

800 Together, our data highlight that the multiple modalities of FOXG1 functions found in different
801 cellular compartments, or occurring at posttranscriptional and transcriptional levels, extend
802  tothe chromatin level. Here, FOXG1 acts through different epigenetic mechanisms, as well as
803 in concert with other TFs, one of which is NEUROD1. Given that we identified a larger set of
804  TFs, including the Fkh and bHLH families, enriched at FOXG1 bound peaks, the data presented
805  here likely unearth just a small part of the wider epigenetic picture and further studies will
806 addtothe complex pattern of different FOXG1 actions. In regard to therapeutic options, direct
807 interference with the litany of TFs acting in concert with or antagonized by FOXG1 would prove
808 challenging. However, considering our observed epigenetic changes upon FOXG1 KD in light
809 of increasing inclusion of epigenetic drugs in clinical trials, our data might highlight an

810 attractive avenue for treatments of FOXG1-syndrome by epigenetic drugs in the future.

811 List of abbreviations

Abbreviations | Definitions

ATAC Assay for Transposase-Accessible Chromatin
BSA Bovine serum albumin

CA Cornu ammonis

CNS Central nervous system

DB Database
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DEG Differentially expressed gene

DG Dentate gyrus

DIV Days in vitro

DMEM Dulbecco’s Modified Eagle's Mediu
DMSO Dimethyl sulfoxide

DPBS Dulbecco's phosphate buffered saline
EDTA Ethylenediaminetetraacetic acid

FBS Fetal bovine serum

FGF Fibroblast growth factor

FKH Forkhead

FOXA1l Forkhead box A 1

FOXG1 Forkhead box G 1

FOXO Forkhead box O

GABA Gamma-Aminobutyric acid

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GFP Green fluorescent protein

H3K27 Histone 3 lysine 27

H3K4 Histone 3 lysine 4

H3K79 Histone 3 lysine 79

HAT Histone acetyl transferase

HBSS Hank's buffered salt solution

HDAC Histone deacetylase

HEPES N-2-hydroxyethylpiperazine-n'-2-ethanesulfonic acid
IP Immunoprecipitation

ISH In stu hybridization

ISL1 Isl lim homeobox 1

KD Knockdown

KI Knockin

LFC Log fold change

MECP2 Methyl cpg binding protein 2
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N2A Neuro2a neuroblastoma

NEAA Non-essential amino acids

NEUROD1 Neurogenic differentiation 1

NTP Nucleoside triphosphate

OE Overexpression

PBS Phosphate buffered saline

PFA Paraformaldehyde

PIC Proteinase inhibitor cocktail

PMSF Phenylmethylsulfonyl fluoride

PSN Penicillin-streptomycin-neomycin

QcC Quality control

RELACS Restriction enzyme-based labeling of chromatin in situ
ROR Retinoic acid-related Orphan Receptors
RPKM Reads per kilo base per million mapped reads
RT Reverse transcription

SATB2 Special AT-rich sequence-binding protein 2
SDS Sodium dodecyl sulfate

SEM Standard error of mean

SEMASA Semaphorin 5A

SIRT1 Sirtuin 1

SNP Single nucleotide polymorphism

SOX2 Sry-box transcription factor 2

TBS Tris buffered saline

TBST Tris buffered saline with tween

TF Trasncription factor

TGF Transforming growth factor

TPM Transcript per million

TRAP Transcription factor Affinity Prediction
TSA Trichostatin A

TSS Transcription start site
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UMI Unique molecular identifiers

WT Wild type

ZBTB18 Zinc finger and btb domain containing 18
ZBTB20 Zinc finger and btb domain containing 20
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813  Figure legends

814  Figure 1: Foxgl haploinsufficiency alters the transcriptome of the mouse hippocampus in

815 vivo and in vitro.

816 (A) Volcano plot displaying differentially expressed genes (DEGs) between hippocampus
817  samples from Foxg1<®* and Foxg1*/* (n=2). The y-axis corresponds to the adjusted p-value
818 and the x-axis displays the log,Fold Change (log,FC). Grey: Transcripts with insignificant
819 adjusted p-values (p>0.05). Red: Transcripts with differential expression of less than
820  tlogy(1.5). Blue: Transcripts with differential expression of more than tlogy(1.5). Positive
821 log:FC represents increase, negative log;FC decrease in expression upon Foxgl-
822  haploinsufficiency. (B) Dotplot of top 10 functionally enriched GO-terms in the fraction of
823  increased or decreased DEGs in the adult Foxg1* hippocampus. Total number of increased
824  or decreased genes are on the x-axis, dot size displays the gene ratios and color indicates
825 significance level of the enrichment. Threshold for enrichment analysis is adjusted to p < 0.01.
826  (C) Volcano plot displaying DEGs upon reduction of FOXG1 in primary neurons (n=5). The y-
827  axis corresponds to the adjusted p-value, and the x-axis displays the log,FC value. Color code
828 asinA. (D) Top 10 functionally enriched GO-terms in DIV7 primary neurons upon KD of FOXG1.

829  Representation asin B.

830  Figure 2: FOXG1 enriches at intergenic, intronic and promoter regions in the hippocampus

831 in vivo and in vitro.

832  (A) Pie charts depicting the genomic distribution of FOXG1 peaks in vivo (left), and in vitro
833  (right) and showing FOXG1 enrichment in distal intergenic (brown), intronic (pink, purple), and
834  promoter (blue) regions. (B) K-means clustering (k=5) of FOXG1 enrichment in vivo (orange)
835  and in vitro (green) found 5 Kb up-/down-stream of transcription starts sites (TSS) of protein
836 coding genes. Data is normalized by sequencing depth and input control. The metaprofiles
837  (top) show the average reads per kilo base per million mapped reads (RPKM) of each cluster.
838 (C) Dotplot of functional GO-enrichment analysis showing the profiles for in vivo, in vitro, and
839  their shared FOXG1 peaks. (D) Dotplot of cluster-wise GO-enrichment analysis of FOXG1
840  occupancy in vivo (according to clusters shown in A). Gene ratios and adjusted p-values are
841 indicated at the top-right corner and total number of genes per group are on the x-axis.

842  Threshold for enrichment analysis is adjusted to p <0.01 (C, D). (E) Violin plot correlating
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843  FOXG1 enrichment in k-means clusters in vivo (clusters as in A) and DEGs upon FOXG1
844  haploinsufficiency. Y-axis corresponds to log,FC of gene expression, and x-axis shows clusters.
845 The black dot marks the median of log,FC of DEGs in each cluster. (F) Cluster-wise GO-
846  enrichment analysis of FOXG1 enrichment in vitro (according to clusters shown in A). Dotplot
847 asin D. (G) Violin plot correlating FOXG1 enrichment in k-means clusters in vitro (clusters as
848 in A)and DEGs upon KD of FOXG1. Representation as in E. (E, G) Fisher’s exact test *: p<0.05,
849  **:p<0.01, ***: p<0.001.

850  Figure 3: Reduced levels of FOXG1 alter the epigenetic landscape.

851 (A) Heatmap of k-means clustered (k=4) H3K27ac enrichment at 2Kb up-/down-stream of
852  FOXG1 peak summits (left, green) in control and FOXG1 KD conditions. Data is normalized by
853  sequencing depth and input control as log, (ChIP/Input) for FOXG1, H3K27ac control and
854  H3K27ac FOXG1 KD data. The difference between FOXG1 KD and control conditions is
855  calculated from RPKM normalized bigwig files as log, (FOXG1 KD/Control). The metaprofiles
856  (top) show the mean log,FC (LFC) of each cluster. (B) Genomic distribution of H3K27ac
857 enrichment at FOXG1 peaks, according to k-means clusters from A, displayed as a stacked bar
858  graph. (C) Enriched GO-terms for the respective k-means clusters as shown in A. Scales of gene
859 ratios and adjusted p-value are at top-right corner, and total number of genes per cluster are
860 on the x-axis. Threshold for enrichment analysis was adjusted to p <0.01. (D) Transcription
861  factor (TF)-binding differential motif analysis according to the clusters of H3K27ac enrichment
862  at FOXG1 binding regions as shown in A. (E) Violin plot depicting the distribution of DEGs upon
863 FOXG1 KD at k-means clusters of H3K27ac enrichment at FOXG1 peak as shown in A. Y-axis
864  corresponds to log,FC of gene expression, and x-axis shows the four clusters. The black dot
865  marks the median of log,FC of DEGs in each cluster. (F) Heatmap of k-means clustered (k=3)
866  H3K4me3 enrichment 2Kb up-/down-stream of FOXG1 peak summits (left, green) in control
867 and FOXG1 KD conditions. Data representation as in A. (G) Genomic distribution of clustered
868  H3K4me3 enrichment at FOXG1 peaks represented as a stacked bar graph as shown in F. (H)
869  GO-term analysis comparing enrichment of H3K4me3 enrichment at FOXG1 peaks according
870  tok-means clusters shown in F. Representation as in C. (I) TF-binding differential motif analysis
871 of the three k-means clusters of H3K4me3 enrichment at FOXG1 binding regions. (J) Violin plot
872  depicting the distribution of DEGs upon FOXG1 KD at the three k-means clusters (according to

873  F) of H3K4me3 enrichment at FOXG1 peaks. Representation as in E. (K) Heatmap of k-means
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874  clustered (k=5) ATAC enrichment 2Kb up-/down-stream of FOXG1 peak summits (left, green)
875 in control and FOXG1 KD conditions. Data representation as in A. (L) Genomic distribution of
876  ATAC enrichment according to the five k-means clusters shown in K at FOXG1 peaks displayed
877  as a stacked bar graph. (M) GO-term comparison between the five k-means clusters (K) of
878  ATAC enrichment at FOXG1 peaks. Representation as in C. (N) TF-binding differential motif
879 analysis of the five clusters of ATAC enrichment at FOXG1 binding regions. (O) Violin plot
880  depicting DEGs upon FOXG1 KD at five k-means clusters of ATAC enrichment at FOXG1 peaks
881 (accordingto K). Representation and statistics as in E. Fisher’s exact test, *: p<0.05, **: p<0.01,

882  ***:p<0.001.
883  Figure 4: FOXG1 influences HDAC function

884  (A) STRING DB predictions of FOXG1-interacting proteins shows FOXG1 interaction with HATs
885 and HDACs. Each node represents an interactor protein. Known interactions between proteins
886 are retrieved from curated databases and experimental data. Line thickness indicates the
887  strength of data support. (B) Heatmap of enriched HATs and HDACs upon FOXG1 pull-down
888  after its overexpression in N2A cells according to (30). (C) Immunoblots after co-IP
889 demonstrating interaction between HDAC2 and FOXG1 dimer in hippocampal tissue from
890  adult animals. n=1 (D) Volcano plot showing 956 DEGs of DIV11 hippocampal neurons upon
891 TSA treatment alongside FOXG1 KD. Differential expression is analyzed for TSA/DMSO
892  conditions upon FOXG1 KD. DEGs obtained are intersected with DEGs upon FOXG1 KD. DEGs
893  upon TSA treatment under shCtrl conditions are removed to exclude FOXG1-independent
894  effects of HDAC inhibition. The y-axis corresponds to the adjusted p-value, and the x-axis
895  displays the log,FC. Color code and thresholds as represented as in Fig. 1A. (E) DEGs assuming
896 FOXG1-HDAC interaction according to repression model. Venn diagram shows the intersection
897  of DEGs with decreased expression and decreased H3K27ac upon reduced levels of FOXG1,
898 and DEGs with increased expression upon TSA treatment after FOXG1 KD. (F) Heatmap of 54
899  genes at the intersection of reduced H3K27ac and gene expression upon FOXG1 KD resulting
900 from D. Scale shows log>FC upon respective conditions shown in the x-axis. (G) GO-term
901 enrichment analysis shows the biological processes affected in the 54 genes according to
902 repression model. (H) Heatmap of 7 genes at the intersection of reduced H3K27ac and gene
903  expression upon FOXG1 KD, and rescued upon TSA treatment. Scale as in F. (I) DEGs assuming

904 FOXG1-HDAC interaction according to recruitment model. Venn diagram demonstrates the
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905 intersection of FOXG1 peaks, DEGs with increased expression and gain of H3K27ac upon
906 reduced levels of FOXG1. (J) Heatmap of 5 genes at the intersection of gain of H3K27ac and
907 increased gene expression upon FoxglKD assuming the recruitment model resulting from I.

908 Scale asin F.

909  Figure 5: FOXG1 and NEURODL1 interact and share binding sites at genes implicated in

910 neuronal functions.

911  (A) Affinities of FOXG1 and NEUROD1 to bind sequences in a range from +/- 200 bp flanking
912 FOXG1 peak summits at intronic and intergenic regions in vivo (red), and in vitro (green) as
913  predicted by TRAP motif affinity analysis. FOXG1 and NEUROD1 have both significantly high
914  affinities at FOXG1 binding sites compared to dinucleotide-shuffled background control. Y-axis
915 shows the binding site numbers, while x-axis indicates the calculated affinity scores. (B, C)
916  Enriched TF binding motifs at +/- 200bp of FOXG1 summits include bHLH and Fkh motifs in
917  vivo (B) and in vitro (C). (D) Luciferase reporter assays showing FOXG1 activity on regulatory
918 regions of two target genes containing Fkh- and bHLH/E-box motifs in direct vicinity, Ncald
919 (top) and Ldb2 (bottom). Regulatory regions containing WT or modified sequences are
920 illustrated next to the graphs along the y-axis. Deleted motifs are shown in grey, while present
921  binding motifs are shown for FOXG1 (green), FOXO1 (purple), FOXA1 (blue), bHLH/E-box motif
922 (red), and ISL1 (yellow). Relative luciferase activity upon overexpression of full length FOXG1
923  (Foxgl OE, light grey), FOXG1 with deleted Fkh domain (Foxgl AFKH, dark grey), or empty
924  vector (control, black) are shown on the x-axis. Two-way ANOVA with Tukey’s multiple
925 comparisons: *: p<0.05, **: p<0.01, ***: p<0.001, ns: non-significant. (E) Representative
926 immunoblot after NEUROD1 co-IP using anti-FOXG1 antibody shows that monomeric FOXG1
927 and NEUROD1 interact in vivo in adult hippocampus (left), and in vitro in primary hippocampal
928  neurons (right). n=1 (F) K-means clustering (k=4) of NEUROD1 enrichment in vitro at 5 Kb up-
929 /down-stream of TSS of protein coding genes. Data is normalized by sequencing depth and
930 input control. The profiles (top) show the average RPKM of each cluster. (G) Pie chart of
931 genomic distribution of NEUROD1 peaks in vitro shows NEUROD1 enrichment mainly in distal
932 intergenic (brown) and intronic (pink, purple) regions, and to a lesser extent, promoter (blue)
933  regions. (H) GO-term enrichment analysis of NEUROD1 peaks. Scales of gene ratio and
934  adjusted p-value reported at the top right. Total number of genes per cluster are on the x-axis.

935  Threshold for enrichment analysis was adjusted to p <0.01. (I) Heatmap showing FOXG1
35


https://doi.org/10.1101/2021.10.25.465562
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.25.465562; this version posted October 25, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

936 (green)and NEURODL1 (purple) binding sites clustered into shared and unique (FOXG1_unique,
937 NEUROD1_unique) regions. Data normalization and metaprofiles (top) as in F. (J) Violin plot
938 demonstrates the distribution of DEGs upon reduced levels of FOXG1 at unique and shared
939  clusters of FOXG1 and NEUROD1 binding sites according to I. y-axis corresponds to log,FC of
940 gene expression, and x- axis shows clusters. The black dot marks the median of log,FC of DEGs
941 in each cluster. (K) Dotplot shows the top 10 terms of biological processes enriched in unique
942  and shared clusters of DEGs corresponding to FOXG1 and NEUROD1 peaks.in. p-value
943  threshold asin H.

944  Figure 6: FOXG1 and NEUROD1 act in concert rather than up- or downstream from each
945  other.

946  (A) Heatmap of FOXG1 (green) and NEUROD1 (purple) enrichment clustered into unique and
947  shared regions under control (grey), NEUROD1 KD, and FOXG1 KD conditions. Data is
948 normalized by sequencing depth and input control as logz (ChIP/Input). The difference of
949 FOXG1 KD/Control and NEUROD1 KD/Control are calculated from RPKM normalized bigwig
950 files as logz (NEUROD1 KD/Control or FOXG1 KD/Control). The metaprofiles (top) show the
951 average log,FC (LFC) of each cluster. (B) Cartoon of binding modes that classify for
952  categorization as shared binding sites. 1: NEUROD1 binds to its bHLH/E-box motif at the
953  chromatin and indirectly brings in FOXG1. 2: FOXG1 binds to its Fkh motif at the chromatin
954  and indirectly brings in NEUROD1. 3: Binding sites of NEUROD1 and FOXG1 co-occur near a
955 respective peak center (example depicts NEUROD1 as peak center). (C) Positional preference
956 plots and motif logos of bHLH (top) and Fkh (bottom) motifs at FOXG1/NEUROD1 shared
957 regions retrieved from de novo motif analysis. (D) Heatmap of k-means clustered (k=3)
958 NEUROD1 (purple) and FOXG1 (green) enrichment 2Kb up-/down-stream of differential
959 NEUROD1 binding sites retrieved from DiffBind analysis between FOXG1 KD and control
960 conditions. Data representation as in A. (E) Positional preference plots and motif logos of bHLH
961 (top) and Fkh (bottom) motifs at sites with significant alteration of NEUROD1 binding upon
962 FOXG1 KD, according to the three clusters from D, retrieved from de novo motif analysis. (F)
963 Heatmap showing differential TF-binding motif analysis clustered at differential NEUROD1

964  binding sites as shown in B.

965 Legends to supplementary figures
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966  Figure S1: Histological characterization of the FOXG1-haploinsufficient adult mouse

967 hippocampus.

968  (A) Expression pattern of Foxg1 in the 6-week old Foxg1*/* (left, control) and Foxg1<¢/* (right)
969 mouse hippocampus was detected by in situ hybridization. Foxgl was expressed in both the
970 dentate gyrus (DG), and in the granule cells of the CA fields. Foxg1¢®* mice had smaller
971 hippocampus, although the CA and DG fields were preserved. n=1 (B) Immunostainings of 3-
972  week old brains of Foxg1¢®/* and Foxgl*/* for SATB2, CTIP2 and ZBTB20. The first row of
973  images in each panel shows an overview of the hippocampus. The lower rows represent a
974  magnification of the indicated regions in the overviews. n= 3 (C) Dil tracing in CA1, CA3, and
975 DG in 7-week old mice shows that haploinsufficiency of FOXG1 did not affect intra-
976  hippocampal connectivity. Foxg1** n=3, Foxg1<®* n=5. CA: cornu ammonis, DG: dentate

977  gyrus. Scale bars as indicated within the figures.

978  Figure S2: Foxg1 haploinsufficiency affects gene expression in the CA fields and DG in vivo,

979  but its cistrome is comparable in vivo and in vitro.

980 (A) Genes that showed increased expression (left panel) in hippocampus of six-week old
981  Foxgl®®* mice show relatively high expression in CA3/4. Genes that showed decreased
982  expression (right panel) in hippocampus of six-week old Foxg1<e* mice show relatively high
983  expression in CA1l, as assessed with Hipposeq. (B) Expression analysis of marker genes for
984  hippocampal subfields shows that CA1 and DG are most prominently affected after KD of
985  FOXG1. gRTPCR analysis of selected marker genes for hippocampal subfields in hippocampus
986  of six-week old Foxg1®* mice compared to their respective wild type littermates shows that
987  genes with high expression in CA1l or DG mostly decreased after KD of FOXG1. CA: cornu
988 ammonis, DG: dentate gyrus, sub: subiculum. All gRTPCR data are represented as mean+SEM,
989 n=3-5, *: p<0.05, **: p<0.01, ***p<0.001, unpaired Student's t-test. (C) Genomic distribution
990 of FOXG1 peaks in CA-DG shared, CA-unique, and DG-unique binding regions represented as
991 pie charts. (D) K-means clustering (k=5) of FOXG1 enrichment in CA (red) and DG (orange)
992  regions found 5 Kb up-/down-stream of TSS of protein coding genes. Data is normalized by
993  sequencing depth and input control. The metaprofiles (top) show the average reads (RPKM)
994  of each cluster. (E) Heatmap showing FOXG1 enrichment at binding sites clustered into

995 shared, CA-unique, and DG-unique regions. Data normalization and metaprofiles (top) as in D.
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996 (F) GO-terms were compared among clusters derived from E. Scales of gene ratio and adjusted
997  p-value are reported at the top right. Total number of genes per cluster are on the x-axis.

998  Threshold for enrichment analysis was adjusted to p < 0.01.
999  Figure S3: Gain and loss of H3K27ac upon reduced FOXG1 levels.

1000 (A) Heatmap of H3K27ac enrichment at regions retrieved from differential binding analysis of
1001  H3K27ac FOXG1 KD/Control (H3K27ac-up, -down, -random). Data is normalized by sequencing
1002  depth and input control as logz (ChIP/Input) for H3K27ac control and H3K27ac FOXG1 KD data.
1003  Thedifference between FOXG1 KD and control conditions is calculated from RPKM normalized
1004  bigwig files as logz (FOXG1 KD/Control). The metaprofiles (top) show the average log,FC (LFC)
1005 of each cluster. (B) Genomic distribution of regions gaining and losing H3K27ac enrichment
1006 displayed as a stacked bar graph. (C) Violin plot depicting the distribution of DEGs upon FOXG1
1007 KD at H3K27ac-gain,—loss and -random clusters as shown in A. Y-axis corresponds to log,FC of
1008 gene expression, and x-axis shows the three clusters. The black dot marks the median of log,FC
1009 of DEGs in each cluster. Fisher’s exact test, *: p<0.05, **: p<0.01, ***: p<0.001. (D) Enriched
1010 GO-terms for the respective clusters as shown in A. Scales of gene ratios and adjusted p-value
1011  are at top-right corner, and total number of genes per cluster are on the x-axis. Threshold for
1012  enrichment analysis was adjusted to p < 0.01. (E) Heatmap showing transcription factor (TF)-
1013  binding differential motif analysis according to the clusters of H3K27ac enrichment as shown

1014 inA.
1015  Figure S4: Gain and loss of H3K4me3 upon reduced FOXG1 levels.

1016  (A) Heatmap of H3K4me3 enrichment at regions retrieved from differential binding analysis
1017  of H3K4me3 FOXG1 KD/Control (H3K4me3-up, -down, -random). Data is normalized by
1018 sequencing depth and input control as log, (ChIP/Input) for H3K4me3 control and H3K4me3
1019 FOXG1 KD data. The difference between FOXG1 KD and control conditions is calculated from
1020 RPKM normalized bigwig files as log, (FOXG1 KD/Control). The metaprofiles (top) show the
1021  average log,FC (LFC) of each cluster. (B) Genomic distribution of regions gaining and losing
1022 H3K4me3 enrichment displayed as a stacked bar graph. (C) Violin plot depicting the
1023  distribution of DEGs upon FOXG1 KD at H3K4me3-gain,—loss and -random clusters as shown
1024  in A. Y-axis corresponds to log,FC of gene expression, and x-axis shows the three clusters. The

1025  black dot marks the median of log,FC of DEGs in each cluster. Fisher’s exact test, *: p<0.05,

38


https://doi.org/10.1101/2021.10.25.465562
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.25.465562; this version posted October 25, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

1026  **: p<0.01, ***: p<0.001. (D) Enriched GO-terms for the respective clusters as shown in A.
1027  Scales of gene ratios and adjusted p-value are at top-right corner, and total number of genes

1028  per cluster are on the x-axis. Threshold for enrichment analysis was adjusted to p < 0.01.
1029  Figure S5: Gain and loss of accessibility upon reduced FOXG1 levels.

1030 (A) Heatmap of chromatin accessibility enrichment at regions retrieved from differential
1031  binding analysis of ATAC FOXG1 KD/Control (ATAC-up, -down, -random). Data is normalized
1032 by sequencing depth as RPKM for ATAC control and ATAC FOXG1 KD data. The difference
1033  between FOXG1 KD and control conditions is calculated from RPKM normalized bigwig files as
1034  logx(FOXG1 KD/Control). The metaprofiles (top) show the average log,FC (LFC) of each cluster.
1035 (B) Genomic distribution of regions gaining and losing accessibility displayed as a stacked bar
1036  graph. (C) Violin plot depicting the distribution of DEGs upon FOXG1 KD at ATAC-gain,—loss
1037  and -random clusters as shown in A. Y-axis corresponds to log>FC of gene expression, and x-
1038  axis shows the three clusters. The black dot marks the median of log,FC of DEGs in each
1039  cluster. Fisher’s exact test, *: p<0.05, **: p<0.01, ***: p<0.001. (D) Enriched GO-terms for the
1040 respective clusters as shown in A. Scales of gene ratios and adjusted p-value are at top-right
1041  corner, and total number of genes per cluster are on the x-axis. Threshold for enrichment
1042  analysis was adjusted to p<0.01. (E) Heatmap showing transcription factor (TF)-binding

1043  differential motif analysis according to the clusters of chromatin accessibility as shown in A.
1044  Figure S6: Repression and recruitment models of HDAC-FOXG1 interaction.

1045  Graphical summary of the repression (A) and recruitment (B) models. (A) The repression
1046  model is independent of FOXG1-binding to the chromatin and predicts that reduced levels of
1047 FOXG1 lead to reduced levels of H3K27ac and concomitant transcriptional decrease. Upon
1048 HDAC inhibition with TSA, we expect transcriptional increase of genes regulated through the
1049 repression model. (B) The recruitment model predicts that reduced levels of FOXG1 correlate
1050  with increased H3K27ac levels and concomitantly with increased transcription at FOXG1-
1051  binding. TSA treatment would not alter transcription upon reduced FOXG1 levels, as inhibition

1052  of the HDACs does not occur bound to the chromatin.
1053  Figure S7: Motif affinity analysis of in vitro and in vivo FOXG1 peaks.

1054  Transcription factors that have the highest affinity for the sequences at +/- 200 bp flanking

1055  intronic and intergenic FOXG1 peak summits in vivo (A) and in vitro (B) as predicted by TRAP
39
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motif affinity analysis. (C) GO-term enrichment analysis of peaks shared between FOXG1 and
NEUROD1, or unique to each TF. Scales of gene ratio and adjusted p-value reported at the top
right. Total number of genes per cluster are on the x-axis. Threshold for enrichment analysis

was adjusted to p < 0.01.
Figure S8: Epigenetic landscape at FOXG1 and NEUROD1 enriched regions.

(A) Heatmap showing chromatin accessibility, H3K27ac, H3K4me3 enrichment at FOXG1
(green) and NEUROD1 (purple) binding sites clustered into shared and unique (FOXG1_unique,
NEUROD1_unique) regions in control and FOXG1 KD conditions. Data normalization and

metaprofiles (top) as in S5F.
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