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Abstract

FOXG1 is a critical transcription factor in human brain where loss-of-function mutations cause a severe neurodevelopmental disorder,
while increased FOXG1 expression is frequently observed in glioblastoma. FOXG1 is an inhibitor of cell patterning and an activator of cell
proliferation in chordate model organisms but different mechanisms have been proposed as to how this occurs. To identify genomic
targets of FOXG1 in human neural progenitor cells (NPCs), we engineered a cleavable reporter construct in endogenous FOXG1 and
performed chromatin immunoprecipitation (ChIP) sequencing. We also performed deep RNA sequencing of NPCs from two females
with loss-of-function mutations in FOXG1 and their healthy biological mothers. Integrative analyses of RNA and ChIP sequencing data
showed that cell cycle regulation and Bone Morphogenic Protein (BMP) repression gene ontology categories were over-represented as
FOXG1 targets. Using engineered brain cell lines, we show that FOXG1 specifically activates SMAD7 and represses CDKN1B. Activation
of SMAD7 which inhibits BMP signaling may be one way that FOXG1 patterns the forebrain, while repression of cell cycle regulators
such as CDKN1B may be one way that FOXG1 expands the NPC pool to ensure proper brain size. Our data reveal novel mechanisms on
how FOXG1 may control forebrain patterning and cell proliferation in human brain development.

Introduction
FOXG1 heterozygous loss-of-function mutations cause FOXG1
syndrome (1) (OMIM 164874), a severe neurological disorder where
individuals frequently show absent speech, intractable seizures,
motor anomalies, reduced cortical size, agenesis of the corpus
callosum and hypoplasia of the basal ganglia (2,3). It is not known
why heterozygous loss-of-function mutations in FOXG1 cause
such severe neurological defects in the human brain.

Foxg1 is brain expressed (4) and there is significant support
for a role in expanding the neural progenitor cell (NPC) pool,
that is, increasing proliferation of NPCs (5). Foxg1 knock-out (−/−)
mice have absent or extremely stunted cerebral cortices (6,7)
caused by premature exit from the cell cycle of NPCs during
their expansion phase as evidenced by an increased frequency of
cells in G1/G0 phase (6–8), a result we confirmed in human NPCs
(9). Furthermore, FOXG1 is among the most consistently over-
expressed genes in glioblastoma multiforme (10–13), one of the
most deadly cancers in humans (14). The level of FOXG1 protein
available in the cell, or dosage, appears to be critical in tuning
cell proliferation, since too much is associated with cancer and
too little causes microcephaly (5). It is not known why Foxg1 is
dosage sensitive but there have been some targeted attempts to
investigate this phenomenon with respect to NPC expansion in
animal models (15,16).

Foxg1 is associated with forebrain patterning, meaning it helps
influence the identification of cells along the body axes in the
forebrain. The body axes are divided along anterior/posterior and
dorsal/ventral axes and cell specification is a consequence of a
progenitor cell’s position in 3D space and susceptibility to the
combination of different concentrations of morphogens. Several
studies have reported that Foxg1 may influence cell patterning
by inhibiting the BMP family (17) to make cells competent to
ventralize (18), but how Foxg1 might repress Bmp signaling is
controversial (19). One study reported that complete loss of Foxg1
led to ectopic expression of Bmp ligands in embryonic brain,
suggesting Foxg1 may repress Bmp morphogens (8). Another study
describes Foxg1 interaction with Foxh1 (also known as Fast2) (20),
which act to block the association and translocation of activat-
ing Smads. Smads are signal transduction molecules that relay
information from receptors at the cell surface to the nucleus.
Yet another describes an association between Foxo3a and Foxg1
which blocked Smad translocation to the nucleus (15). While it is
possible that all these mechanisms function additively to inhibit
Bmp signaling, each is focused on protein–protein interactions
with Foxg1, ignoring the presumed critical role of Foxg1 as a
transcriptional regulator.

FOXG1 is a member of the FOX (Forkhead box) superfamily
characterized by the amino acid forkhead winged helix domain
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that associates with DNA (21,22). The FOX domain is a winged
helix of approximately 100 amino acids that binds to the Forkhead
DNA binding (FDB) motif. This motif is comprised of nucleotides,
TRTTTRY (23) (or reverse complement RYAAAYA), where R is a
purine (A/G) and Y is a pyrimidine (C/T), which has even been
independently confirmed for the specific forkhead amino acid
sequence in Foxg1 (24). To date, there have been three ChIPseq
studies in post-mitotic neurons from mice (25–27) and one done in
human brain tumor samples (28) to understand where Foxg1 may
bind in the genome, though none in healthy human cells. Here,
we perform a FOXG1 ChIPseq experiment in healthy human NPCs
and integrate ChIPseq data with RNAseq data from subjects with
FOXG1 mutations. We reason that proof of differential expression
in FOXG1 syndrome cases and controls combined with clear
evidence of binding in FDB motifs of these same genes constitutes
reasonable evidence for direct effects of FOXG1. We follow up
these data for two genes by genetically tuning FOXG1 levels to
demonstrate their direct control by FOXG1.

Results
Transcriptomic changes in NPCs with pathogenic
FOXG1 mutations
To investigate transcriptomic differences caused by FOXG1 hap-
loinsufficiency, we utilized two FOXG1 syndrome cases and their
sex-matched familial controls to assess differential gene expres-
sion. Case A has a ∼ 4 MB deletion on chromosome 14 that encom-
passes FOXG1 (14q12 del), and Case B has a 1 bp frameshift
mutation in FOXG1 (c.256dup) (Fig. 1A; Supplementary Material,
Table S1). We derived iPSCs from all four lines and differentiated
them into NPCs (29,30) which expressed standard NPC markers
(Fig. 1B), and with which we have already described in full (9).
FOXG1 syndrome cases show decreased FOXG1 protein levels
compared to family and sex-matched control NPCs (Fig. 1C). We
performed RNAseq using two replicates per sample for a total of
eight samples, with over 100 M reads generated per sample.

From 43 051 expressed genes, there were 2124 that were
significantly differentially expressed at FDR q < 0.05. We observed
1278 down-regulated and 846 up-regulated genes in FOXG1
syndrome cases compared to controls (Fig. 1D). Pathway and
gene ontology (GO) term enrichment analysis of down-regulated
genes included ‘negative regulation of pathway-restricted
SMAD protein phosphorylation’ (Supplementary Material, Fig.
S1A). Genes involved in SMAD pathway regulation that were
differentially expressed include NOG (log2 fold change = −1.40,
q = 1.94 × 10−7), BAMBI (log2 fold change =−1.50, q = 4.60 × 10−3),
GDF7 (log2 fold change = −2.32, q = 3.83 × 10−4), SMAD6 (log2
fold change =−0.67, q = 2.88 × 10−6) and SMAD7 (log2 fold
change =−1.00, q = 9.06 × 10−5). Notably, decreased BMP repres-
sion/inhibition potentially causes increased cell differentiation
and dorsalization (31), a result consistent with small brain
size and loss of ventral markers observed in mouse Foxg1
knock-out models (18,32). We also observed genes involved
in telencephalon regionalization and forebrain cell prolifera-
tion including SIX3 (log2 fold change = −2.88, q = 1.29 × 10−3),
EMX2 (log2 fold change = −3.21, q = 8.06 × 10−3), SHH (log2
fold change = −2.20, q = 0.01), EOMES (log2 fold change = −2.87,
q = 0.02), ARX (log2 fold change =−1.74, q = 0.02) and LHX5 (log2
fold change =−1.61, q = 0.02). These changes are consistent
with patterning defects observed in Foxg1 mutation models.

GO analysis of significantly up-regulated genes revealed a
strong enrichment for genes associated with ‘cilium assembly’,
‘neurogenesis’ and ‘brain development’ (Supplementary Material,

Fig. S1B). An enrichment for genes involved in cilium assem-
bly included IFT140 (log2 fold change = 0.35, q = 2.82 × 10−3),
CEP131 (log2 fold change = 0.23, q = 7.74 × 10−4), IFT74 (log2 fold
change = 0.28, q = 0.03) and CEP170 (log2 fold change =−0.15,
q = 8.96 × 10−3). This result is consistent with our recent findings
indicating increased frequency of primary cilia in NPCs from
FOXG1 syndrome cases (9). Genes related to ‘neurogenesis’ and
‘brain development’ (many genes were common to both cate-
gories) included NRXN3 (log2 fold change = 1.37, q = 2.87 × 10−2),
NRN1 (log2 fold change = 1.36, q = 5.04 × 10−3), SLIT1 (log2 fold
change = 1.20, q = 6.79 × 10−23), CEND1 (log2 fold change = 1.54,
q = 1.86 × 10−10), CDK5RAP2 (log2 fold change = 0.22, q = 1.96 × 10−3)
and TUBB2B (log2 fold change = 0.21, q = 3.19 × 10−5). Increased
expression of genes in these categories is consistent with prema-
ture neuronal differentiation and early exit from the cell cycle.

To support our RNAseq findings, we confirmed expression dif-
ferences at the protein level by performing immunocytochemistry
experiments for selected target genes in one category of par-
ticular interest, ‘negative regulation of BMP signaling pathway’.
We observed decreases in cases compared to controls in BAMBI
(Fig. 1E and F) and SMAD6 in NPCs (Fig. 1G and H).

FOXG1 ChIP demonstrates enrichment for
genome-wide binding at FDB consensus sites in
human NPCs
Our RNAseq results provide important evidence for the down-
stream molecular consequences of FOXG1 haploinsufficiency;
however, it is difficult to determine if these are direct or indirect
effects on gene expression. To investigate whether gene expres-
sion changes may be due directly to FOXG1 binding and transcrip-
tional control in cis, we performed ChIP sequencing in healthy
control NPCs. We first tested the validity of our FOXG1 antibody
for use in Western blot and immunoprecipitation (IP). We trans-
fected HEK293 cells with a FOXG1-FLAG construct and performed
IP for FLAG with a Western Blot for FOXG1 to confirm the presence
of a band at the expected size (58 kDa) for FOXG1 (Fig. 2A). This
result, in addition to the observed depletion of FOXG1 in our NPCs
with FOXG1 mutations used in the RNAseq (Fig. 1C), indicates
that this antibody reliably detects human FOXG1. To confirm the
validity of this antibody for IP, we transfected HEK cells with our
FOXG1-FLAG construct and performed IP for FOXG1 and western
blot for FLAG. Here, we observed a clear band for FLAG in our
FOXG1 IP condition (Fig. 2B).

We previously noticed FOXG1 protein level variation as a func-
tion of developmental state (9). Specifically, FOXG1 levels are
maximal in the NPC state and if NPCs are even slightly differ-
entiated or not yet fully induced, FOXG1 levels are drastically
lower (9). We reasoned that using our FOXG1-reporter line where
we tagged tdTomato-2A into endogenous FOXG1 (Fig. 2C) would
allow us to visually ensure maximal FOXG1 protein levels at the
exact developmental time state when we performed ChIPseq.
The 2A system leads to the translation of two separate peptides
(tdTomato and FOXG1) from the same RNA strand (33), with no
change to endogenous FOXG1 protein function (Fig. 2D). We made
this cell line using our simultaneous reprogramming and CRISPR/-
Cas9 protocol for homology directed repair (HDR) (34). Sequencing
was performed on a pooled sample of five independent replicates
of ChIP (separate wells, separate IPs, but pooled sequencing).
A corresponding input from the tdTomato-FOXG1 line was used
with matching run type, read length and replicate structure as
the FOXG1-IP samples for normalization.

Following ENCODE standards (35), we found that FOXG1 sam-
ples yielded genomic distributions that were highly enriched for
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Figure 1. Genes regulating BMP signaling, development and cilium assembly are differentially expressed in neural progenitor cells (NPCs) with
pathogenic FOXG1 mutations. (A) Illustrative diagram of FOXG1 Syndrome cases, their genetic mutations and matched controls. (B) Representative
immunofluorescence images of NPCs stained for standard forebrain neural progenitor markers and the pluripotency marker, OCT4. The scale bar
represents 50 μm. (C) Western blot detecting endogenous FOXG1 in human NPCs demonstrating loss of FOXG1 in Case A and B NPCs compared to
sex-matched family controls. (D) Volcano plot of differentially expressed genes that are up-regulated and down-regulated according to the nominal
P-value. (E). Representative immunofluorescence of BAMBI with DAPI stain in forebrain NPCs. The scale bar represents 25 μm. (F) Quantification of
BAMBI-positive NPCs in cases versus matched controls (n = 2 controls and 2 cases; 6 images from 6 independent replicates quantified per line for a
total of 24 experiments). Error bars denote SEM. Significance stars are based on student’s t-test (∗∗P < 0.005). (G) Representative immunofluorescence
of SMAD6 with DAPI stain in forebrain NPCs. The scale bar represents 25 μm. (H) Quantification of SMAD6-positive NPCs in all cases versus matched
controls (n = 2 controls and 2 cases; 6 images from 6 independent replicates quantified per line for a total of 24 experiments).

peaks at promoter regions [<1 kb from transcription start sites
(TSS)], introns and distal intergenic regions (Fig. 2E). Approxi-
mately 17% of genomic loci bound by FOXG1 were within 1 kb of
TSS (Supplementary Material, Fig. S2A) which is highly unlikely to
be due to chance given that these represent <0.1% of the genome
(36,37). In total, we identified 124 001 peaks at a Benjamini–
Hochberg q-value < 0.05 throughout the genome predicted to be
genomic loci bound by FOXG1 (Supplementary Material, Fig. S2B).
To identify peaks overlapping a FOXG1 FDB motif (TRTTTRY or
reverse complement), we selected those peaks within or near an
FDB motif up to a maximum distance of 100 bp upstream and
downstream of peak range coordinates (38). There were 41 935
peaks that contained an FDB motif (∼33%), and we annotated
these according to their nearest gene and several of these peaks
contained multiple FDB motifs (Fig. 2F). In the supplemental infor-
mation, we provide an analysis of select gene categories with
promoter-bound FOXG1 to FDB motifs (Figures S3–S7). There are
many highly significant peaks that do not contain FDB motifs that
may indicate FOXG1 binding at non-canonical regions. These were
not analyzed in the current work.

Significantly differentially expressed genes
enriched for FOXG1 DNA binding motifs are
associated with cell proliferation, BMP signaling
and neuronal differentiation
To assess whether genes with ChIP peaks with FDB motifs
(in the gene or within 2 kb 5′ and 3′ of TSS/TTS) were also

significantly differentially expressed in FOXG1 syndrome cases
compared to controls, we integrated FOXG1 ChIPseq and our
case/control RNAseq analysis. We selected genes with ChIPseq
peaks that overlapped with an FDB motif that were also present in
our RNAseq at q < 0.05. We integrated the 2124 significant RNAseq
genes and the 14 247 unique genes annotated to 41 935 ChIPseq
peaks with an FDB motif to obtain a final list of 4297 peaks with
1231 unique genes that overlapped ChIP and RNAseq datasets
(Fig. 3A; Supplementary Material, Fig. S8). Gene set enrichment
analysis of the 1231 gene lists had multiple GO terms associated
with ‘cell cycle’ and ‘cell proliferation’ (Fig. 3B), as well as ‘negative
regulation of SMAD protein phosphorylation’. Looking at cell
proliferation categories (ChIP peaks are shown in Figure 3C,
RNAseq values shown here in the text as fold change difference
from control), we observe CDKN1B (log2 fold change = 0.24;
q = 2.20 × 10−3), CDKN1C (log2 fold change = 1.03; q = 6.45 × 10−3)
and CCNDBP1 (log2 fold change = 0.17; q = 1.31 × 10−2) as being
up-regulated in FOXG1 syndrome cases, while CDC25A (log2
fold change = −0.13; q = 0.03), MASTL (log2 fold change = −0.32;
q = 1.05 × 10−3) and CCND3 (log2 fold change =−0.29; q = 0.03)
are down-regulated in FOXG1 syndrome cases. CDC25A, MASTL
(also known as Greatwall Kinase (39)) and CCND3 are drivers of
cell cycle progression (40–42), and are thus increased by FOXG1
in healthy conditions. CDKN1B, CDKN1C and CCNDBP1 (43) are
inhibitors of the cell cycle and are thus normally repressed by
FOXG1 in healthy conditions. All ChIPseq peaks are in promoters
and are highly significant: CDKN1B (−log10 q = 22.51), CDKN1C

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad089#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad089#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad089#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad089#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad089#supplementary-data


2514 | Human Molecular Genetics, 2023, Vol. 32, No. 15

Figure 2. Immunoprecipitation (IP) and ChIPseq of endogenous FOXG1-tdTomato in human neural progenitor cells (NPCs) identifies peaks at forkhead
binding motifs across genomic features. (A) Detection of transfected FOXG1-FLAG vector in HEK293 cells which do not endogenously express FOXG1.
IP for FLAG and western blot for FOXG1 confirms antibody detection of FOXG1 at about ∼ 62 kDa (1 = pcDNA3.1 empty vector; 2 = pcDNA3.1 FOXG1-
FLAG). (B) IP for FOXG1 and western blot for FLAG confirms antibody detection of FOXG1 and ability to pull down FOXG1 using ab196868 antibody
(1 = pcDNA3.1 empty vector; 2 = pcDNA3.1 FOXG1 FLAG). (C) Schematic diagram of FOXG1-reporter construct integrated into the FOXG1 locus in a
control NPC line with CRISPR HDR. A tdTomato (tandem dimer Tomato) reporter was integrated into the 3′ end of FOXG1 for visualization of FOXG1
in live cells. The components of the construct are as follows: RA = right arm; LA = left arm; NLS = nuclear localization signal; T2A and F2A = two types
of 2A signaling to enable translational gapping between two proteins; Stop = stop codon; Puro = puromycin resistance gene. (D) Representative images
of FOXG1-tdTomato visualized in FOXG1 reporter NPCs. tdTomato expression is visualized using RFP fluorescent channel settings and under phase-
contrast microscopy conditions (10× magnification) in FOXG1 reporter NPCs. (E) Pie plot visualization of genomic features annotated to called ChIP
peaks. (F) Bar plot quantifying the number of peaks with one or more FOXG1 DNA-binding motifs. About 28% of peaks had two or more FBD motifs.

(−log10 q = 78.08), CCNDBP1 (−log10 q = 80.88), CDC25A (−log10
q = 9.44), MASTL (−log10 q = 37.86) and CCND3 (−log10 q = 8.77).
We conclude that when FOXG1 dosage is reduced, cell cycle
progression is inhibited both by loss of activation of cell cycle
drivers and loss of repression of cell cycle inhibitors. FOXG1
appears to directly bind these specific genes in cis, possibly
suggesting a direct effect on their expression.

We next segregated overlapping ChIPseq and RNAseq hits
according to whether gene expression was up-regulated or down-
regulated (Fig. 4A). GO analysis of down-regulated genes with
peaks overlapping an FDB motif (830 genes) revealed multiple
terms associated with TGF-ß pathway regulation including,
‘negative regulation of BMP signaling pathway’ and ‘negative
regulation of pathway-restricted SMAD protein phosphorylation’
(Supplementary Material, Fig. S8A). Within the promoter region
of SMAD6, we observe one of the most significant peaks in our
dataset (−log10 q = 216.71) which contained two FDB motifs
in a single peak (Fig. 4B). SMAD7 also has a highly significant
peak (−log10 q = 49.61). We see extremely significant peaks and
RNAseq q-values for the SMAD inhibitors, [SMAD6 (RNAseq:
log2 fold change = −0.665; q = 2.88 × 10−6) and SMAD7 (log2 fold
change =−1.00; q = 9.06 × 10−5)], suggesting that SMAD6 and
SMAD7 are bound by FOXG1 to activate expression. Increasing
the expression of these two known inhibitors of SMAD signaling
is a novel explanation as to how FOXG1 may block TGF-ß/BMP
signaling. Other inhibitors of BMP expression were also detected,
meaning FOXG1 may directly target and activate several proteins
that repress TGF-ß/BMP signaling. BAMBI (ChIPseq log10 q = 6.59)
and GDF7 (ChIPseq log10 q = 11.04) both have a single FOXG1
peak in their promoter regions and are also significantly down-
regulated in FOXG1 syndrome cases.

GO analysis of genes that were up-regulated with peaks
overlapping an FDB motif (401 genes) (Fig. 4C) revealed multiple

terms related to axon guidance, including ‘retinal ganglion cell
axon guidance’, ‘negative regulation of axon extension involved
in axon guidance’, ‘regulation of axon extension involved in
axon guidance’ and ‘axon guidance’ as top-ranked GO terms
(Supplementary Material, Fig. S8B). In addition, there were
multiple terms related to neuron differentiation, including
‘neuron differentiation’, ‘neuron development’, ‘generation of
neurons’ and ‘neurogenesis’.

Looking at neuron differentiation genes (Fig. 4D), NRN1 has
five peaks, including one right in the promoter (−log10 q = 15.50),
and loss of FOXG1 leads to NRN1 up-regulation (log2 fold
change = 1.359; q = 5.04 × 10−3) suggesting that FOXG1 may bind
NRN1 and repress its expression (44). Another gene of interest
implicated in neurodevelopment and disease (45), NRXN3, has
one peak (−log10 q = 13.05) and is significantly up-regulated in
patient NPCs (log2 fold change = 1.372; q = 0.029). These data
may be consistent with premature differentiation of NPCs due
to depleted FOXG1 expression.

Loss of FOXG1 may lead to an up-regulation of genes involved
in axon guidance and neuronal differentiation leading to what
may be premature neuronal differentiation of NPCs (Fig. 4D). In
particular, repellent axon guidance genes, SEMA3D and SLIT1
have one peak at their promoter region (SEMA3D: -log10 q = 2.65;
SLIT1: -log10 q = 15.75) and are both significantly up-regulated in
patient NPCs (SEMA3D: log2 fold change = 0.834; q = 1.43 × 10−3;
and SLIT1: log2 fold change = 1.196; q = 6.79 × 10−23). These data
show increased expression of certain axon guidance molecules,
many of which are repressive. This may be consistent with the loss
of corpus callosum fibers, though these data need to be pursued
further given expression is observed in unpolarized NPCs.

We also assessed whether FOXG1 binding sites and gene targets
identified here are concordant across other studies that have
investigated FOXG1 binding and gene regulation. Specifically, we
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Figure 3. Integrated analysis of RNAseq and ChIPseq reveal enrichment for regulators of the cell cycle. (A) Flow chart demonstrating the number of
genes differentially expressed in the RNAseq and genes annotated to peaks in the ChIPseq analyses that overlap. (B) Top enriched Gene Ontology terms
ranked according to fold enrichment. (C) Visualization of ChIPseq peaks with FOXG1 DNA-binding (FDB) motifs highlighted for genes also identified in
the RNAseq analysis with significant roles in cell cycle and cell proliferation (CDKN1B, CDKN1C, CCNDBP1, MASTL, CDC25A and CCND3). Y-axis represents
normalized read depth, where the height of peaks reflects read depth above normalized baseline.

compared our findings to those of Kumamoto et al. (2013), Dali
et al. (2018) and Cargnin et al. (2018) (Supplemental information).

Direct evidence that FOXG1 levels drive
expression of CDKN1B and SMAD7
The ChIP/RNAseq data suggest that FOXG1 binds to and drives
expression of critical genes in cell proliferation and patterning. We
chose to specifically investigate this model on two specific genes
relevant to BMP repressors and cell cycle inhibitors. We first tested
both BAMBI and SMAD6 antibodies since these were available
from our initial ICC experiments, but we were unable to confirm
western blot band specificity. We opted next to test SMAD7 and
CDKN1B and assessed protein levels in both cases and controls to
ensure protein levels were consistent with RNAseq. We observed
decreases in SMAD7 and increases of CDKN1B in FOXG1 syndrome
case NPCs compared to control NPCs (Fig. 5A), suggesting that
FOXG1 normally activates SMAD7 and represses CDKN1B in
healthy NPCs. We also transfected FOXG1 into NPCs to directly
determine if the presence of FOXG1 affects protein levels (Fig. 5B).
We found FOXG1 transfection increased SMAD7 levels and
decreased CDKN1B levels. We also created an inducible FOXG1
over-expression (OE) line in Case B (see Supplementary Material,
Fig. S9 for vector cloning design). Using CRISPR-guided homology
direct repair, we created a dox-inducible FOXG1-FLAG-2A-RFP
transgene in the human Citrate Lyase Beta-Like (CLYBL) locus,
which we call FOXG1-OE. After neural induction (Fig. 5C) and
application of doxycycline to NPC cultures, we found increases
in SMAD7 and decreases in CDKN1B, supporting a direct role for

FOXG1 on these genes using stably inserted, inducible FOXG1
(Fig. 5D).

Discussion
Most mechanistic studies of Foxg1 have been done in homozygous
mutant animals despite the critical role of FOXG1 haploinsuffi-
ciency in human cortical expansion (46). It was in this context that
we undertook the current study in proliferating human forebrain
NPCs. We started with no a priori hypothesis of what FOXG1 may
do, but rather took an integrational approach to investigate the
effects of FOXG1 DNA binding on gene expression patterns. We
found that FOXG1 has robust effects on cell cycle inhibitors and
BMP repressors.

Foxg1 was initially reported to be a repressor (47–49) but this
is likely just one of its functions. Indeed, no forkhead protein
is defined as solely ‘repressive’ or ‘activational’ on transcription
(50,51), so it would be peculiar for FOXG1 to have a uniquely
repressive function. Transcription factors such as FOXG1 can have
varying effects on transcription usually as a function of binding
partners, whereas FOXG1 likely functions to guide repressive or
activating partners to the genome. FOXG1 may be repressive, for
example by interacting with KDM5B (52), binding to the genome
and leading to the removal of H3K4 methylation, an activational
mark. One can imagine different repressive (53) and activating
proteins interacting with FOXG1 at different developmental time-
points. In the current study, we clearly detect both increased and
decreased expression patterns in FOXG1 reduced dosage NPCs
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Figure 4. Loss of FOXG1 is associated with decreased expression of BMP repressor genes and increased expression of neurogenic and axon guidance
genes. (A). Venn diagram highlighting the number of genes identified from RNAseq at q < 0.05 that are down-regulated and ChIPseq with peaks at FOXG1
DNA-binding (FDB) motifs. (B) Visualization of ChIPseq peaks with FDB motifs highlighted for genes identified in the integrated analysis with significant
roles in SMAD and BMP signaling pathways (SMAD6, SMAD7, BAMBI and GDF7). (C) Venn diagram highlighting the number of genes identified from
RNAseq at q < 0.05 that are up-regulated and ChIPseq with peaks at FOXG1 DNA-binding (FDB) motifs. (D) Visualization of ChIPseq peaks with FOXG1
DNA-binding (FDB) motifs highlighted for genes identified in the integrated analysis with significant roles in SMAD and BMP signaling pathways (NRXN3,
NRN1, SEMA3D and SLIT1).

Figure 5. Molecular tuning of SMAD7 and CDKN1B levels in human neural progenitor cells (NPCs) by FOXG1. (A) Western blot experiments from two
cases and two controls showing reduction of SMAD7 and increase of CDKN1B in NPCs from FOXG1 syndrome cases. (B) Transient transfection of FOXG1
in NPCs from one case and one control increases SMAD7 and decreases CDKN1B in both FOXG1 mutant and wild-type cells. (C) Example of cells that
endogenously over-express FOXG1-FLAG-RFP from the CLYBL safe harbor locus. (D) FOXG1 Over-Expression (OE) in Case B with doxycycline application
at the NPC stage increases SMAD7 and decreases CDKN1B.
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and we suggest that at least some of these may be direct effects
of FOXG1 binding to these particular genes. To date, no activator-
binding protein has been identified with FOXG1 but our work
suggests that there is one and that it should be detectable in
human NPCs. We also cannot rule out other regulatory functions
of FOXG1 such as RNA processing as has been reported for a
forkhead homolog in yeast (54).

Loss-of-function mutations in FOXG1 may lead to the large
number of molecular changes observed here and could underlie
the structural brain deficits that are characteristic of FOXG1
syndrome (1). Control of cell cycle is critical for determining the
size of the NPC pool that eventually populates the forebrain and
determine its size. One type of powerful cell cycle regulator is
the cyclin-dependent kinase (CDK) inhibitor proteins, CDKN1A
(55), CDKN1B (56) and CDKN1C (57), whose expression can pro-
mote cell cycle arrest, as they have the ability to block CDK-
cyclin complexes (58), where combinations of cyclins and CDK
heterodimers are essential for progression through the cell cycle
(59). Here, we see significant peaks at promoters and differential
gene expression of CDKN1B and CDKN1C (60), possibly suggesting
that FOXG1 helps regulate the total number of cell divisions for
NPC expansion and brain size through these regulators. CDKN1B is
already a known target of other FOX proteins (61), so our work may
suggest that FOXG1 binds to common forkhead binding motifs
within cell cycle repressors to decrease their expression and
drive proliferation. This mechanism could underlie our previous
findings where we showed that FOXG1 dose-dependently affects
cell cycle dynamics and neuronal differentiation (9).

There were a significant number of FOXG1 target genes known
to be implicated in primary microcephaly. Loss-of-function muta-
tions in CDK5RAP2 (62), ASPM (63), STIL (64), CEP152 (65) and CENPJ
(66) all-cause primary microcephaly and so FOXG1 may normally
bind to these genes and increase their expression in NPCs. This
suggests that FOXG1 may have evolved very diverse ways of
increasing NPC proliferation not only directly influencing the
cell cycle but also by regulating genes implicated in centrosomal
biology (67). The mitotic spindle is formed from microtubules
emanating from centrioles, and these govern chromosomal seg-
regation at mitosis. The microcephaly genes described here influ-
ence centriole replication/assembly/stability/binding (68), which
is required for both mitosis and primary cilia formation. FOXG1
decreased dosage might increase cilia formation and decrease cell
division by regulating important genes in centrosome control.

Many individuals with FOXG1 syndrome show agenesis or
impaired development of the corpus callosum. Multiple processes
are involved in callosal development and the genetic causes
of agenesis are heterogeneous (69,70), including impairment of
axon guidance (70). We observed genes involved in axon guidance
as targets of FOXG1 binding and regulation, including SLIT1,
NRP1 and multiple semaphorins, all of which are up-regulated
in FOXG1-depleted NPCs. Axonal guidance cues are categorized
as ‘attractive’ or ‘repulsive’, with SLIT1 and NPR1 and most
semaphorins categorized as repulsive (71–73). Our results suggest
a high frequency of axon guidance cues in the repulsive category
may be under direct control of FOXG1. A previous study in mouse
observed Foxg1 binding and repression of repellant axon guidance
cues, Robo1, Slit3 and Reelin through the formation of a Foxg1-Rp58
complex (26). The loss of axon guidance repression in that mouse
study led to callosal axon projections stalled at the midline. Our
data provide support for this model but with a wider range of
repulsive cues that may fail to be expressed in humans at the
proper time and place.

Foxg1 knock-out models show patterning defects (18,32) that
may occur via Bmp inhibition. Here, we have shown that FOXG1

binds to and is an activator of SMAD6, SMAD7 and BAMBI expres-
sion, amongst others, all of which are repressors of BMP pathways.
Lack of repression of BMPs could lead to early differentiation of
FOXG1-depleted tissues or patterning defects (74–77).

The dose of FOXG1 in a cell may be a powerful amplifier
of even small signaling cues since FOXG1 can potentially drive
so many different genes in diverse pathways that converge on
the common output. This positive feedback, where FOXG1 drives
pathways that in turn amplify other related pathways, may be
one mechanism for cells to regulate cell state. The layer upon
layer of signaling cascades which can drive different processes are
all shifted toward the same goal when a powerful regulator such
as FOXG1 is present at high enough levels in a cell. This would
also require extensive negative regulation since FOXG1 presence
is likely at or near the top of pathway signaling hierarchies.

This work proposes that FOXG1 amplifies cell proliferation
signals in part through the activation of BMP repressors and
repression of cell cycle inhibitors. Identification of FOXG1 binding
partners by developmental state, FOXG1 stability at RNA and
protein levels, and confirmation of more FOXG1 targets will be
critical to better understand the role of this remarkable protein in
brain cells.

Materials and Methods
Subjects and cell lines
The FOXG1-reporter line was generated by reprogramming
somatic cells into iPSC colonies while simultaneously inserting
a tdTomato tag at the end of endogenous FOXG1. Case A is a
FOXG1 syndrome patient with a 14q12 heterozygous deletion
including FOXG1, whereas Control A is her healthy, biological
mother. Somatic cells from both individuals were obtained at
the Douglas Hospital Research Institute (Montreal, Canada).
Case B and Control B fibroblasts were acquired from the Coriell
Institute (GM27244 and GM27246, respectively). Case B has a
heterozygous duplication in FOXG1 c.256dup (p.Gln86Profs∗35)
causing a frameshift mutation. Further details of all cell lines can
be found in Hettige et al. (9) and Supplementary Material, Table S1.

Somatic cell reprogramming
The reprogramming of iPSCs and induction into NPCs followed
previously described protocols generated in our lab (34). Fibrob-
lasts and renal epithelial cells were reprogrammed using episomal
reprogramming vectors containing Oct4, Sox2, Myc3/4, Klf4 and
ShRNA P53 (ALSTEM) and a Neon Transfection System (Invitro-
gen, Burlington). A total of 3.0 × 105 cells were electroporated
and reprogrammed with 3 μg of episomal vectors per reaction.
Electroporation parameters for fibroblasts were: 1650 V, 10 ms, 3
pulses and 1400 V, 30 ms width, 1 pulse for RE cells. Following
transfection, cells were plated on tissue culture plates coated with
Matrigel (Corning) in 10% fetal bovine serum (FBS) DMEM. The fol-
lowing day, the medium was exchanged for fresh 10% FBS DMEM
supplemented with 2 μg/ml puromycin, where applicable (Sigma-
Aldrich). Puromycin selection was applied for 48 h, after which
the medium was exchanged with fresh TesR-E7 medium (Stem
Cell Technologies). During the reprogramming process, TesR-E7
medium was changed every day. After > 21 days, iPSC colonies
began to appear and could be seen forming from a single cell. Once
colonies formed a distinct border (∼500–1000 μm in diameter),
cells were detached using ReLeSR medium (Stem Cell Technolo-
gies) and plated in mTesR1 medium (Stem Cell Technologies)
supplemented with ROCK inhibitor y-27632 (Sigma-Aldrich) at a
final concentration of 10 μM.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad089#supplementary-data
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Quality control for iPSCs
All iPSCs were rigorously assessed for contamination, pluripo-
tency and genomic integrity using several assays. All cells were
tested for mycoplasma contamination (EZ-PCR Mycoplasma
Test Kit [Biological Industries]). Pluripotency was assessed by
immunostaining with surface and nuclear pluripotency markers
and spontaneous 7-day embryoid body differentiation confirmed
the capacity to form the three germ layers, as described in further
detail in Hettige et al. (9).

Differentiation of iPSCs to forebrain NPCs
Neural induction of iPSCs into forebrain NPCs was done as follows:
one day after passaging pure iPSC colonies at low density, Neural
Induction Media 1 consisted of DMEM/F12 media supplemented
with N2 (Invitrogen), B27 (Invitrogen), BSA (Gibco), SB431542
(Stem Cell Technologies), Noggin (GenScript) and Laminin (Sigma-
Aldrich) was added. After 7 days of neural induction media
1, cells were switched to neural induction media 2 consisting
of DMEM/F12 media supplemented with N2 (Invitrogen) B27
(Invitrogen), BSA (Gibco), NEAA (Gibco) and Laminin (Sigma-
Aldrich). After 12 days, cells were dissociated with Gentle
Dissociation Reagent (Stem Cell Technologies) and suspended for
2–3 days for NPC purification on non-adherent plates. Lastly, NPC
aggregates were plated on Matrigel-coated plates in STEMdiff™
Neural Progenitor Medium (Stem Cell Technologies) with media
exchanged every 3 days. Cells were assessed for NPC morphology
and stained for the presence of forebrain NPC markers (NESTIN,
SOX1 and PAX6) and the absence of pluripotency markers (OCT4).

RNA extraction and sequencing
Control and Case NPCs were plated at equal density in three wells
of a 6-well plate. Our sample was two cases and two controls
sequenced in replicate, where replicates are the same cells grown
in different wells but undergoing independent RNA extraction,
library preparation and sequencing. Cells were lysed and RNA
was extracted using the Presto RNA Extraction Kit (Geneaid). RNA
samples with RIN values > 9.0 were submitted to Genome Quebec
for library preparation (NEB mRNA stranded Library preparation)
and RNA sequencing. Eight libraries were run per lane of an
Illumina NovaSeq 6000 S4 flow cell (150 bp paired-end reads) with
> 100 million reads per library. For bioinformatic processing, we
used FASTX-Toolkit, TopHat, Bowtie2 and Cufflinks2 (78,79) with
default parameters to preprocess, align and assemble reads into
transcripts, estimate abundance and test differential expression.

Chromatin immunoprecipitation
We grew FOXG1-reporter NPCs to ∼ 80–90% confluence at the
time of fixation and lysing. Cells were then crosslinked by adding
1 ml of cross-linking buffer into each 10-mm dish of 10 ml of
NPC maintenance media. Dishes were then kept on a shaker at
room temperature for 15 min. 1 ml of 1.25 M glycine was then
added to each dish which were then left on a shaker at room
temperature for 5 min. Media was aspirated and thoroughly
washed twice with cold PBS. After aspirating PBS and ensuring
plates were dry, 500 μl of cold PBS was added to each plate and
scraped using a cell scraper to collect cells in an Eppendorf tube.
Cells were centrifuged at 4◦C for 5 min at 2000 RPM, with the
supernatant discarded. Pellets were then resuspended in 1 ml of
NPC-I buffer and centrifuged at 4◦C for 5 min at 2000 RPM. The
supernatant was discarded and pellets were resuspended in 1 ml
of NPC-II buffer. After centrifugation at 4◦C for 5 min at 2000 RPM,
the supernatant was discarded and pellets were resuspended
in 1 ml of shearing buffer supplemented with SIGMAFAST

Protease Inhibitor Tablets (Millipore-Sigma). Cell lysates were
then transferred to sonication tubes for sonication (COVARIS).
After sonication, samples were centrifuged at 13000 RPM for
10 min at 4◦C. The supernatant was kept and transferred to new
Eppendorf tubes. The protein concentration of the supernatant
was then quantified using a Pierce BCA Protein Assay Kit
(ThermoFisher). Meanwhile, protein G beads were washed five
times and then diluted 1:1 with RIPA buffer and protease inhibitor.
According to protein quantification calculations, 1 mg of protein
extract (up to 800 μl) was added to a new Eppendorf tube with
30 μl of washed G beads to pre-clean samples. Tubes were kept
on a rotator in a 4◦C fridge to incubate for 1 h. Afterwards, using
a magnetic rack, the supernatant was collected and transferred
to a new Eppendorf tube with 2 μg of FOXG1 antibody (Abcam;
ab196868) and kept on a rotator overnight at 4◦C.

On the second day, 30 μl of washed G beads were added to the
samples and incubated on the rotator at 4◦C for at least 1 h. After,
tubes were placed on the magnetic rack and the supernatant
was discarded. Beads were washed six times with RIPA buffer
and then resuspended in 150 μl of Elution buffer. Beads were
then incubated at 65◦C for 10 min to elute the immunocomplexes
from the beads. Tubes were then put on the magnetic rack—the
supernatant was kept and beads were discarded. To the tube,
200 mM NaCl (6 μl of 5 M NaCl) and 10 μg of RNase A (10 μl) were
added for de-crosslinking. Samples were incubated overnight at
65◦C.

On the third next day, 7.5 μl of 10 mg/ml Proteinase K (Bio
Basic) was added and tubes were incubated at 45◦C for 2 h.
Distilled water was added in a 1:1 ratio to dilute samples and then
600 μl of DNA beads were added, mixed and incubated at room
temperature for 5 min. Tubes were placed on the magnetic rack
and the supernatant was removed. Samples were washed twice
quickly with fresh 80% ethanol and aspirated. The bead pellet was
dried on the magnetic rack for ∼ 30 min. 50 μl of ddH20 was added
and incubated at 65◦C in a bead bath for 5 min. Samples were then
placed on the magnetic rack to separate beads and transfer the
supernatant containing DNA to a final Eppendorf tube.

Final immunoprecipitated DNA fragments were 200–300 bp
after initial sonication. DNA samples were sent to the Hospital for
Sick Children where libraries were prepared using the NEB Ultra II
DNA kit. Samples were sequenced on 1 lane Novaseq SP flowcell
paired-end 2 × 100 bp.

ChIP sequencing
The sequenced data was processed using the Nextflow chip-seq
pipeline v 1.2.2 (80). First, raw sequencing reads (fastq files) were
processed using the nf-core ChIPseq (version 1.2.1) processing
template (80) for quality control (FastQC), adapter trimming (Trim
Galore), and read alignment (BWA) against human genome ver-
sion GRCh37/hg19 included with nf-core. Peak calling for FOXG1
binding was conducted using MACS2 (81) with the corresponding
input as control. Preliminary analysis and annotation of peaks
were done using Bioconductor R package ChIPseeker (v1.30.0) (82)
mapped to hg19 (TxDb.Hsapiens.UCSC.hg19.knownGene_3.2.2).
Peaks containing FOXG1 DNA-binding motifs were assessed using
bedtools getfasta function to extract sequences for the peak
coordinates (± 100 bp) contained in a bed file. Sequences were
then parsed for any instances of the FOXG1 motif TRTTTRY (or
reverse complement RYAAAYA) where R = a purine (A/G) and Y = a
pyrimidine (C/T). Peaks were filtered depending on whether a
peak overlapped with a motif and the number of motifs were also
calculated for each peak. Plots of ChIP peaks were generated with
R packages karyoploteR (83) and custom script from bwtool (84).
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Transfection of FOXG1 into NPCs and western
blot
Approximately 1 × 106 NPCs were transfected with 3 μg empty
vector or FOXG1-Flag in a 6-cm dish using the Neon transfection
system (Voltage: 1700 V, Width: 20 ms, Pulses: 1). Protein was
extracted 48 h after transfection and assessed by western blot.
Approximately 15 μg of protein was loaded per well in Mini-
PROTEAN TGX Stain-Free Precast Gels (Biorad). Gels were run at
150 V for approximately 75 min and then transferred to a nitro-
cellulose membrane using a Trans-Blot Turbo Transfer System
(Biorad). Membranes were blocked in 4% non-fat milk dissolved
in TBS-T buffer (tris-buffered saline-tritonX; Sigma-Aldrich) for
20 min and then incubated with primary antibodies overnight
at 4◦C with shaking. Blots were washed three times in TBS-T
for 5 min and then incubated with appropriate mouse or rabbit
secondary antibodies for 1 h at room temperature. Blots were
washed another three times in TBST for 5 min, then imaged
using a ChemiDoc XRS+ System (Biorad). Blots were imaged and
analyzed using ImageLab (Biorad) software.

FOXG1 over-expression in Case B cells
A wild-type CRISPR/CAS9-pRFP gene editing system was used to
insert the FOXG1 over-expression (OE) construct (Supplementary
Material, Fig. S9) into the safe harbor CLYBL locus. 1 μg of
construct was added per transfection reaction and transfection
was carried out simultaneously with iPSC induction to ensure
clonality, as previously described (34). After transfection, cells
were selected for puromycin resistance and RFP visualization as
described allowing for cell expansion from a single edited cell.
Potentially edited colonies were expanded and stored as cell lines
after which DNA was extracted and Sanger sequenced for insert
integration.

Statistical analysis
Data management and statistical analyses were done with R
version 4.1.0. Error bars in ICC quantified plots represent the stan-
dard error of the mean (SEM). T-tests for significance were based
on two-tailed student’s t-tests. Statistical analyses and graphical
outputs were generated using ggplot2. Statistical output and N are
reported at all places data are reported. Visualization and analysis
of ChIP peaks were done using the ChIPseeker package (82) and
ChIP peak plots were generated using the karyoploteR package
(83) in R.

Supplementary Material
Supplementary Material is available at HMG online.
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