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SUMMARY

Heterozygous loss-of-function mutations in Forkhead box G1 (FOXG1), a uniquely brain-expressed gene, cause microcephaly, seizures,
and severe intellectual disability, whereas increased FOXG1 expression is frequently observed in glioblastoma. To investigate the role of
FOXG1 in forebrain cell proliferation, we modeled FOXGI syndrome using cells from three clinically diagnosed cases with two sex-
matched healthy parents and one unrelated sex-matched control. Cells with heterozygous FOXG1 loss showed significant reduction
in cell proliferation, increased ratio of cells in GO/G1 stage of the cell cycle, and increased frequency of primary cilia. Engineered loss
of FOXG1 recapitulated this effect, while isogenic repair of a patient mutation reverted output markers to wild type. An engineered induc-
ible FOXG1 cell line derived from a FOXG1 syndrome case demonstrated that FOXG1 dose-dependently affects all cell proliferation out-
puts measured. These findings provide strong support for the critical importance of FOXG1 levels in controlling human brain cell growth

in health and disease.

INTRODUCTION

The mammalian brain is a remarkable organ that must un-
dergo several steps in development to ensure proper forma-
tion of specific brain structures. One unique structure of
the brain is called the cerebral cortex, and it is derived
from neural progenitor cells (NPCs) (Foley et al., 2000;
Nieuwkoop, 1947; Rakic, 2006). NPCs proliferate to a pre-
cise number, differentiate, and migrate to become cerebral
cortical cells. Cellular expansion prior to cell differentia-
tion is tightly regulated (Caviness et al., 1995; Rakic and
Caviness, 1995), but how NPCs know when to stop prolif-
erating and begin differentiating is not well understood.
This remains a fundamental question despite extensive
work to reveal important parts of this pathway (Egger
et al., 2011; Homem et al., 2015). The factors that control
when NPCs proliferate or differentiate (Ernst, 2016) are
fundamental to understanding many neurodevelopmental
diseases in humans.

Microcephaly is a disorder of development affecting
about 7 in 10,000 live births (Hanzlik and Gigante, 2017).
It is defined as a head circumference less than 2 standard
deviations below the mean for gender and age and can be
present from birth (termed “primary” microcephaly) or

post-natally. Glioblastoma multiforme (GBM) is a severe
form of brain tumor that has a median survival of
15 months from diagnosis and an incidence rate of 3 per
100,000 people per year (Cloughesy et al., 2014). A core
feature of both primary microcephaly and GBM is that
they likely depend on the activity of NPCs. NPCs must
expand significantly as the brain develops to form the
appropriate number of cells, whereas too little expansion
can lead to primary microcephaly. In GBM, hallmark genes
of NPCs are reactivated to drive tumor cell growth (Lathia
et al., 2015). An understanding of the critical regulators
of NPC proliferation is thus essential for understanding
both primary microcephaly and GBM.

FOXG1 is a member of the FOX superfamily, character-
ized by the amino acid forkhead domain, that associates
with DNA to affect neurodevelopmental programming
(Golson and Kaestner, 2016). It is uniquely brain expressed
(Murphy et al., 1994) and there is significant evidence sup-
porting the role of FOXG1 in expanding the NPC pool from
human and mouse studies. Human FOXGI syndrome
(OMIM: 164874), in which one copy of FOXG1 is mutated,
leading to loss of function, is a recognized microcephaly
syndrome (Ariani et al., 2008). Foxgl knockout in mice
leads to an absent or extremely stunted telencephalon
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(Hanashima et al., 2004; Xuan et al., 1995). Without Foxg1
or with reduced dosage, NPCs prematurely exit the cell cy-
cle, as evidenced by an increased frequency of cells in G1/
GO phase (Hanashima et al., 2002, 2004; Xuan et al., 1995).
In humans, overexpression of FOXG1 is observed in glio-
blastoma (Chen et al., 2018; Seoane et al., 2004) and pro-
motes brain tumor growth (Verginelli et al., 2013). These
data provide clinically relevant evidence that FOXGI
dosage has a severe impact on NPC proliferation (Hettige
and Ernst, 2019).

Recent advances in stem cell biology have allowed for
in vitro human modeling of cortical brain development,
preserving major developmental milestones (Ardhanarees-
waran et al., 2017). Stem cells derived from a somatic cell
(Takahashi et al., 2007) are differentiated to ectoderm and
then neuralized using factors known to be present at crit-
ical time points in neurodevelopment (Bell et al., 2019).
The temporal sequence of NPC proliferation and differenti-
ation is determined by the sequential activation of growth
factors and other small molecules (Kohwi and Doe, 2013)
provided by the experimenter. Thus, important mecha-
nisms such as those involved in the switch from prolifera-
tion to differentiation of NPCs can be studied in cells that
meet defining characteristics of a cell type, such as expres-
sion of markers or physiological properties of the cell.

To date, a handful of studies have used induced pluripo-
tent stem cells (iPSCs) to model FOXG1 syndrome. In 2016,
Patriarchi et al. generated iPSC-derived neurons from two
FOXG1*~ cases and observed an imbalance in excitatory/
inhibitory synaptic protein expression (Patriarchi et al.,
2016). However, these data did not explore the dynamics
of FOXG1 dose as NPCs develop. To investigate FOXG1
dose, Zhu et al. (2019) used a tunable degron motif to
modify the expression of endogenous FOXGI, and they
observed an increased G1 phase of NPCs and increased pro-
portion of GABAergic interneurons after NPC differentia-
tion (Zhu et al.,, 2019). What is currently missing is a
comprehensive, robust investigation of the role of FOXG1
mutations that cause microcephaly. Here, we use human
patient cells and engineered lines to assess how changes
in FOXG1 dose might lead to cellular phenotypes relevant
to disease.

RESULTS

Identifying the timing of FOXG1 expression in
developing neurons

In rodent neurodevelopment, Foxgl is expressed at E8.5
(Tao and Lai, 1992), but the point at which FOXGI is
turned on for human in vitro differentiation protocols re-
mains unknown. To examine the dynamics of FOXGI
expression in human neurodevelopment, we reprog-
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rammed somatic cells into pure iPSC colonies while simul-
taneously inserting a tdTomato tag onto endogenous
FOXG1 (Bell et al., 2019). iPSCs were induced to become
NPCs over a 12-day differentiation period after which cells
were suspended and purified for 2-3 days for NPC purifica-
tion (Figure 1A). To ensure the successful differentiation of
NPCs, iPSC lines underwent extensive quality-control
screening, including copy-number variation (CNV) anal-
ysis and endogenous-marker staining (Figure 1B). We
define NPCs as intermediate forebrain progenitors that ex-
press specific neural stem cell markers (Figure 1C) and pro-
liferate in maintenance medium with the potential to
differentiate into forebrain neurons. Forebrain cortical
neurons are defined by their morphology and expression
of the neuronal markers MAP2 and TUJ1 (Figure 1D). Using
a purified iPSC line that successfully integrated the tdTo-
mato tag to endogenous FOXG1 (Figure 1E), we live imaged
cells over the 12-day NPC induction period and for 6 days
post-differentiation in NPC maintenance medium without
mechanical purification. This allowed us to assess direct ef-
fects of culture conditions and compare across time points
(i.e., without passaging cells). Beginning at day 5, we
observed the presence of a red signal in some differenti-
ating iPSC colonies. A higher proportion of cells became
noticeably red at day 7 (Figure 1F), coinciding with the
fact that we could detect neural stem cell markers, NESTIN
and SOX1, at this same time point (Figure 1G). As the col-
onies continued to differentiate into NPCs, we observed
that the majority of the cells displayed a red signal by
approximately day 12. After 12 days in neural induction
medium, cells were switched to NPC maintenance me-
dium. Notably, the longer NPCs were kept in maintenance
medium, the fainter the red signal became (Figure 1F). This
live-cell reporter assay suggests that FOXG1 is induced rela-
tively early in the stem cell neural-induction process and
that it is likely at peak expression here due to exposure to
factors in the induction medium. FOXGI levels are sub-
stantial but decrease the longer cells are maintained and
passaged in maintenance medium. To confirm our findings
from the cell reporter assay, we validated results using three
independent and healthy stem cell lines to confirm FOXG1
changes during neural induction. After first ensuring that
the antibody could detect FOXG1 (Figure S1), we detected
FOXG1 as early as day 7 during neural induction. While
there is cell-line variability, FOXG1 is nevertheless ex-
pressed at relatively early stages during neural induction
(Figure 1H).

Previous reports on Foxgl in mice have suggested a
continued role in differentiated neural cells (Cargnin
et al., 2018; Dastidar et al., 2011); therefore, we next
wondered about FOXG1 expression during in vitro fore-
brain neuron differentiation from human NPCs. We began
with the reporter assay for neural differentiation but
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Figure 1. Tracking FOXG1 expression across forebrain neural progenitor induction and neuronal differentiation
(A) Schematic diagram of procedure to generate iPSC-derived forebrain neural progenitor cells and neurons.
(B) Representative immunofluorescence images of iPSCs stained for standard markers of pluripotency. Scale bar, 50 um.

(C) Representative immunofluorescence images of NPCs stained for standard forebrain neural progenitor markers and the pluripotency
marker, 0CT4. Scale bar, 50 pum.

(D) Representative immunofluorescence images of cortical forebrain neurons stained for MAP2 (green) and TUJ1 (red). Scale bar, 50 um.
(E) Schematic diagram of FOXGI-reporter construct transfected into a control line. This construct contains a TdTomato (tandem dimer
Tomato), which is an exceptionally bright red fluorescent protein that allows 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.

(F) Representative images of FOXGI-reporter iPSCs differentiated toward neural progenitor cells. Red signal indicates expression of FOXG1.
(G) Immunofluorescence images of cells at day 7 of neural induction expressing markers of NPC identity, NESTIN and SOX1. Scale bar

represents 50 pum.

(H) Western blot of FOXG1 in control iPSCs over multiple time points during neural induction to NPCs.
(I) Western blot of FOXG1 in control NPCs over multiple time points during differentiation into cortical neurons.

observed continuous and sustained signal (not shown).
Since we could not rule out that the red signal was being
maintained due to a lack of tdTomato degradation rather
than sustained FOXGI1 expression, we reasoned that
directly measuring protein expression in three healthy
lines would be more interpretable. We observed a decrease
in FOXG1 expression as NPCs differentiated into neurons
until day 30 (Figure 1I). While FOXG1 expression decreases
throughout neural differentiation, it is detectable at low
levels at later time points, which may be a dose that suffices
to perform previously reported actions of FOXG1 in post-
mitotic neurons (Cargnin et al.,, 2018). That said, these
experiments demonstrate that FOXG1 expression peaks
during neural induction (possibly due to exposure to the

“dual SMAD” inhibitors SB431542 and Noggin; Chambers
etal., 2009), decreases during continued proliferation in an
NPC maintenance medium, and decreases further during
neuronal differentiation.

Generation and characterization of FOXG1 syndrome-
derived cells

We generated iPSCs and NPCs from three clinically diag-
nosed FOXG1 syndrome cases, all of whom had micro-
cephaly (Figure 2A). Two of three cases were matched to
their own biological mothers, while the third case was
age and sex matched to an unrelated female. We derived
iPSCs from fibroblasts or urine renal epithelial cells and
confirmed expression of pluripotent markers (Figure S2).
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Figure 2. iPSC-derived models of FOXG1 syndrome

FOXG1

(A) Illustrative diagram of FOXGI syndrome cases, their genetic mutations, and matched controls.
(B) Illustrative diagram indicating genomic coordinates of case A 14q12 deletion and primers used to validate deletion using qPCR of

genomic DNA.

(C) gPCR validation of case A 14q12 deletion indicating decreased presence of 14q12 DNA. Error bars denote SEM.
(D) Sanger sequencing of case B and healthy control B at the site of reported FOXGI mutation.

(E) Sanger sequencing of case C and healthy control C at the site of reported FOXG1 mutation.

(F) Western blot of control and case A NPCs demonstrating reduced FOXG1 dosage.

(G) Western blot of control and case B NPCs demonstrating reduced FOXG1 dosage.

(H) Western blot of control and case C NPCs demonstrating reduced FOXG1 dosage.

We confirmed reported mutations in DNA (Figures 2B-2E,
Table S1) and then derived forebrain NPCs for the six lines
and confirmed expression of NPC markers (Figure S2). We
were able to successfully induce NPCs from all cell lines,
suggesting that the heterozygous loss of FOXG1 does not
interfere with neural induction. FOXG1 protein levels
were assessed via western blot from all cases and controls.
Because case A has a complete gene deletion, case B has a
frameshift, and case C has a premature stop codon, we ex-
pected and found decreased FOXG1 protein in all cases
(Figures 2F-2H).

Pathogenic mutations in FOXG1 affect cell
proliferation in human forebrain progenitor cells
Rodent loss-of-function studies have suggested that Foxgl
affects neural progenitor cell expansion, possibly implying
a role in the regulation of NPC proliferation. Our initial
observation of cultured case/control NPCs was that there
was areduction in proliferation in disease cells (Figure S3A).
To formally assess this hypothesis, we performed a bromo-
deoxyuridine (BrdU) pulse-chase experiment. First, we pi-
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loted the length of the BrdU pulse in one case/control
pair and found saturation of BrdU after 24 h (Figure S3B),
suggesting that cells are highly proliferative, irrespective
of genotype. We were able to see non-saturation at 4 h of
BrdU treatment and so selected this time point for formal
study. Across all three cases, we observed a marked reduc-
tion in BrdU fluorescence compared with control NPCs
(Figures 3A and 3B), suggesting that the heterozygous loss
of FOXG1 is associated with less BrdU incorporation, which
can be interpreted as a proxy for cell proliferation. This
might suggest delayed cell proliferation and could explain
the lower number of cells in FOXGI-mutation NPCs. If this
were true, we might expect changes in the proportion of
cells in a given phase of the cell cycle. Briefly, DNA content
can be used as a proxy for cell-cycle phase as the GO/G1
growth phase has half as much DNA as the G2/mitosis
phase, whereas the synthesis (S) phase has intermediate
levels. Cells with altered proliferation rates may show
changes in the proportion of cells within each phase.
With FOXG1 loss, we might expect an increased proportion
of cells in GO/G1, which could reflect a slowing or
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Figure 3. Evidence for reduced proliferative capacity in forebrain neural progenitor cells from FOXG1 syndrome cases

(A) Representative images of BrdU staining in NPCs from three cases and three controls after 4 h of BrdU incubation. Scale bar, 50 pum.
(B) Measurement of normalized BrdU fluorescence intensity across pooled cases and controls (n =3 controls and 3 cases; two images each
from two independent replicates quantified per line for a total of 12 experiments). Error bars denote SEM. Significance is based on Student’s

t test (*p < 0.05).

(C) Histogram of case and matched control NPCs stained with Hoechst 33342 DNA dye showing DNA content distribution. G0/G1 and G2/M

peaks are separated by the S phase distribution.

(D) Stacked-bar plots illustrating the ratio of NPCs in case and matched control NPCs sorted as being in G1/S/G2 phases of the cell cycle
(n=3 controls and 3 cases; four independent FACS runs quantified per condition for a total of 24 FACS experiments). Error bars denote SEM.
Statistical comparisons are made for each cell-cycle phase. Significance is based on Student’s t test (*p < 0.05).

premature exit from the cell cycle. To test this, we fixed and
stained equal numbers of proliferating NPCs with the DNA
dye Hoechst 33342 and then sorted NPCs according to a
standard fluorescence-activated cell-sorting (FACS) proto-
col for cell-cycle analysis. We ran three separate experi-
ments for all case and control cell lines for a total of 18
cell sorts and found a consistent increase of cells in GO/
G1 at the expense of cells in G2 phase (Figures 3C and
3D). Irrespective of how the data were analyzed or how
phases were systematically delineated (not shown), the
result was consistent. We interpret these data to mean
that loss of FOXG1 either increases the length of time in
GO/G1 or results in a faster exit from G2 phase.

Heterozygous loss-of-function FOXG1 mutations
recapitulate cell proliferation deficits observed in
FOXG1 syndrome NPCs

Our sample size of three FOXG1 syndrome cases with two
familial and one unrelated control was sufficient to detect
cell proliferation effects; however, we wanted to assess
these outputs in a more controlled way, albeit one that it
is not directly related to the syndrome itself. We reasoned
that creating heterozygous knockout (KO) cells and
comparing these to isogenic controls should recapitulate
findings from patient cells and allow us to state more
conclusively that this phenomenon is caused by heterozy-

gous FOXG1 loss, because genetic background and FOXG1
mutation type were no longer potential sources of varia-
tion. To do this, we used our simultaneous reprogramming
and gene-editing protocol (Bell et al., 2017) to generate
clonal loss-of-function (LOF) FOXG1 models in an inde-
pendent control line (control D) (Figure S4A). We designed
guide RNAs (gRNAs) to target the intergenic region of
FOXG1 (Figure S4B) to induce a frameshift mutation, leav-
ing one functional copy of FOXG1. We expanded six iPSC
clones and selected two reprogrammed iPSC lines sus-
pected to be gene edited based on band shift patterns
observed using gel electrophoresis where two bands were
present (Figure S4C). Sanger sequencing of both alleles
(wild type and edited) confirmed that iPSC colonies 1 and
2 both had a heterozygous 40-bp deletion that differed by
7 bp (Figure 4A). Both lines were consistent for all iPSC
markers (Figure S2). After differentiating control D and
two isogenic LOF models (hereafter labeled LOF-KO1 and
LOF-KO2) into NPCs (Figure S2), we assessed FOXG1 pro-
tein levels, which were significantly reduced (Figure 4B).
A detailed description of all control and LOF lines can be
found in Table S1.

Using these LOF models, we performed the same bright-
field, BrdU, and FACS proliferation assays as on our FOXG1
syndrome cases. Day O and day 1 bright-field images
showed a marked reduction in the number of NPCs in
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Figure 4. Forebrain neural progenitor cells from heterozygous loss-of-function FOXG1 models recapitulate delayed cell division
(A) Sanger sequencing of the wild-type and edited alleles for LOF-KO1 and LOF-KO2 at the site of reported FOXGI deletion. Sequencing
reveals heterozygous 40-bp deletions (different sites) in both lines.

(B) Western blot of control D compared with LOF-KO1 and LOF-KO2 NPCs demonstrating reduced FOXG1 protein.

(C) Representative images of BrdU staining in NPCs from control D, LOF-K01, and LOF-KO2 after 4 h of BrdU incubation. Scale bar, 50 pum.
(D) Measurement of normalized BrdU fluorescence intensity across control D, LOF-KO1, and LOF-KO2 (n =1 control and 2 KOs; 4 images from
2 independent replicates quantified per line for a total of 12 experiments). Error bars denote SEM. Significance is based on Student’s t test
(*p < 0.05).

(E) Histograms of control D, LOF-KO1, and LOF-KO2 NPCs stained with Hoechst 33342 DNA dye showing DNA content distribution. G0/G1
and G2/M peaks are separated by the S-phase distribution.

(F) Stacked-bar plotsillustrating the ratio of NPCs in LOF-KO1 and LOF-KO2 compared with isogenic control D NPCs sorted as being in G1/S/
G2 phases of the cell cycle (n =1 control and 2 KOs; two independent replicates quantified per line for a total of 12 FACS experiments). Error
bars denote SEM. Statistical comparisons are made for each cell-cycle phase. Significance is based on Student’s t test (*p < 0.05; **p <
0.005).

LOF-KO1 and LOF-KO2 after 24 h of proliferation (Fig-
ure S3A). BrdU staining and FACS assays of NPCs also
demonstrated results similar to those of FOXG1 syndrome
cases (Figures 4C—4F).

Increased number of primary cilia associated with
decreased FOXG1 in cases and in engineered
heterozygous KOs

Primary cilia are sensory organelles dynamically regulated
during cell-cycle progression (Pugacheva et al., 2007). For-
mation of cilia typically begins at the GO/G1 phase, while
disassembly occurs as cells enter S phase (Figure 5A) (San-
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chez and Dynlacht, 2016). We reasoned that the impaired
cell-cycle dynamics identified in human FOXG1I-deficient
NPCs might also affect the observed frequency of cilia.
We first developed our assay for ARL13B, a commonly
used marker of primary cilia, by optimizing staining and
performing confocal microscopy to ensure staining pat-
terns matched expectations of cilia position (Figures 5B
and 5C). Following careful calibration of our assay, we
stained case and control NPCs and quantified the number
of cilia per nucleus across multiple images. We identified
a significant increase in the number of ARL13B-positive
cilia in all FOXG1 syndrome cases compared with their



'O‘
©

A %p CILIA ASSEMBLY B
a R 4 5
N 3 &
> | 5
b V-
\ / 3
o
I :
CILIA DISASSEMBLY
(o]
o
<t
0O
N~
foa)
i
=
<t
D Quantification of ARL13B+ cilia E Quantification of ARL13B+ cilia
- .
3 1.04 .... 3 1.2+ - =
Q o9 o Q d
3 084 o == eControla 2 10 i
& ] oo o Case A & 0.8
= 0.6 0;(_' * Control B = ®
o 04 g -gas?Blc 0061 p¥
- . r
i e CaseC ~ o 0.4
3 0.2 & 0.2
0.01 0.0+ —
Controls Cases Control D LOF-KO1 LOF-KO2

Figure 5. Loss of FOXG1 leads to increased primary cilia in forebrain neural progenitor cells

(A) Illustrative diagram depicting the assembly of primary cilia in coordination with the phases of the cell cycle.

(B) Stacked 3D immunofluorescence image of ARL13B* primary cilia in NPCs with nuclei stained with DAPI. White arrow points to an
example of a cilium visualized in high resolution with its distinct elongated structure.

(C) Representative immunofluorescence of ARL13B to visualize primary cilia in forebrain NPCs. Scale bar, 25 pum.

(D) Quantification of ARL13B™ primary cilia in all cases versus matched controls (n = 3 controls and 3 cases; four images from four
independent replicates quantified per line for a total of 24 experiments). Error bars denote SEM. Significance is based on Student’s t test
(**p < 0.005).

(E) Quantification of ARL13B™ primary cilia shown in KOs and isogenic control NPCs (n = 1 control and 2 KOs; four images from four
independent replicates quantified per line for a total of 12 experiments). Error bars denote SEM. Significance is based on Student’s t test
(*p < 0.05; **p < 0.005).

Stem Cell Reports | Vol. |7 | 475-488 | March 8, 2022 481



;0‘
(&

matched control NPCs (+47% increase, SE = 0.0597, p =
0.0071) (Figure 5D). Similarly, we stained and quantified
cilia in LOF models to find more cilia in LOF-KO1 (+53%
increase, SE = 0.0886, p = 0.0521) and LOF-KO2 (+39%
increase, SE = 0.0469, p = 0.0041) compared with isogenic
control D (Figure SE).

Cortical spheroids show decreased size, and organoids
show premature neuronal differentiation, in FOXG1
mutant cases

To further support our argument of decreased cell prolifer-
ation with reduced FOXG1 dosage, we modeled two
FOXG1 cases (cases A and B) with their sex-matched famil-
ial controls (controls A and B) using 3D spheroid cultures.
By utilizing the hanging-drop method, an equal number
of cortical NPCs were allowed to form spheroids in suspen-
sion culture with regular maintenance medium. Bright-
field images were taken after spheroids had formed (day
0) and 7 days after spheroids were allowed to proliferate
(day 7) (Figure S5A). By quantifying the area of the spher-
oids, we first confirmed there was no significant difference
in size at day O (SE = 0.7541, p = 0.1513). However, we
observed, on average, smaller spheroid sizes in cases
compared with matched controls at day 7 (+31% smaller,
SE = 5.3437, p = 0.0259) (Figure S5B).

Given that previous reports suggested that Foxgl func-
tions to suppress neuronal differentiation in mice (Hana-
shima et al., 2002, 2004; Xuan et al., 1995), we aimed to
assess whether this was also true in humans with FOXG1
syndrome who had familial sex-matched controls. By
differentiating NPCs to neurons in 2D cultures, we first
qualitatively observed what appeared to be increased fre-
quency of processes and polarization of NPCs, indicative
of early neuronal differentiation (Figure S6A). To assess pre-
mature differentiation more quantitatively in cortical orga-
noids, we differentiated NPCs to organoids for the same
two cases (cases A and B) and matched controls (controls
A and B) using the hanging-drop method and switching
to neuronal differentiation medium. At 15 days post-differ-
entiation, we fixed and sectioned organoids to stain for
NPC markers, NESTIN and SOX1, and neuronal markers,
MAP2 and TUJ1 (Figure S6B). In cases, we observed
decreased signal for NESTIN (SE = 0.0571, p = 0.0083) and
SOX1 (SE = 0.0461, p = 0.0084) and increased signal for
MAP2 (SE = 0.0329, p = 0.0069) and TU]J1 (SE = 0.0297, p
= 0.0034) (Figure S6C). We interpreted this as supportive
evidence for FOXG1 syndrome organoids undergoing
earlier neuronal differentiation. As the expression of NPC
markers was decreased (lower fluorescence) and expression
of neuronal markers was increased (higher fluorescence),
this was suggestive that FOXG1 syndrome organoids adop-
ted a more neuronal cellular identity quicker than control
organoids.
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Genetic repair of mutant FOXG1 reverses cell
proliferation phenotypes

To demonstrate unequivocally that cellular proliferation
phenotypes were due solely to a mutation in FOXG1, we
used cells from case C, who had no matched familial control,
to reverse cell proliferation phenotypes. We performed
simultaneous homology-directed repair gene editing with
stem cell reprogramming. This technique does not guar-
antee clonality but has very high purity of selected popula-
tions (Bell et al.,, 2017). We expanded nine clones and
confirmed successful editing in two potential lines via
Sanger sequencing (Figure 6A). We estimate our repair effi-
ciency to be about 70%-80% based on Sanger-sequencing
traces and performed all experiments with cell passage 1 or
2. We differentiated one iPSC repair line and the unedited
case C iPSC line into NPCs (Figure S2) and quantified the
level of FOXG1 protein. We found significantly increased
FOXGT1 expression in the repair NPC line, confirming that
we had successfully restored FOXG1 dosage (Figure 6B).
Next, we assessed whether cell proliferation outputs and
cilia number in repair NPCs had also been altered toward a
more control-like state. We observed a significantly
increased rate of proliferation according to the BrdU assay
(Figure 6C) and a significantly reduced proportion of NPCs
delayed at GO/G1 of the cell cycle in repair NPCs (Figures
6D and 6E). We also observed a significant reduction in
the number of ARL13B-stained primary cilia compared
with case C (Figure 6F). These results suggest that the
nonsense mutation in FOXG1 in case C was directly respon-
sible for the cell-proliferation effects observed.

FOXG1 deficiency does not increase apoptosis

We also assessed cell death in NPC cultures across different
FOXG1-deficiency models. Using a terminal deoxynucleo-
tidyl transferase dUTP nick-end labeling (TUNEL) assay to
stain and image cells undergoing apoptosis, we compared
the number of apoptotic cells between FOXGI*/~ models
and their matched controls (Figure S7A). We observed no
significant difference in cell death (Figure S7B), concluding
thatit is the rate of NPC proliferation that is correlated with
FOXG1 dose.

FOXG1 dose-dependently affects cell proliferation

To determine if FOXG1 dose affects cell proliferation out-
puts, we engineered an inducible FOXG1 construct using a
TET-On promoter to tune FOXG1 levels in case B cells. Us-
ing a gRNA targeting the AAVSI locus, we inserted a doxy-
cycline-inducible FOXG1 construct containing a cleavable
red fluorescent protein (RFP) reporter (Szymczak and Vi-
gnali, 2005) and a non-cleavable tandem affinity purifica-
tion (TAP) tag into NPCs (Figure 7A). We used PCR and
Sanger sequencing to confirm the insertion from five
iPSC clones and then selected a successfully integrated
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Figure 6. Genetically engineered repair of endogenous mutant FOXG1 from case C rescues output markers of proliferative capacity
in forebrain neural progenitor cells

(A) Sanger sequencing of case C and isogenic FOXGI repair at the site of reported FOXG1 mutation (c.924G>A).

(B) Western blot of FOXG1 expression in case C and repair NPCs demonstrating the restoration of wild-type FOXG1 levels in the repair line.
Lanes are cut to show only case C NPCs and the successful repair NPCs with significantly increased FOXG1 expression.

(C) Measurement of normalized BrdU fluorescence intensity in case C compared with repair (n =1 case C and 1 repair; two images from two
independent replicates quantified per line for a total of four experiments). Error bars denote SEM. Significance is based on Student’s t test
(*p < 0.05).

(D) FACS histogram delineating segregation of cells according to cell-cycle phase (G0/G1, S, or G2/M).

(E) Stacked-bar plots illustrating the ratio of case C to repair NPCs sorted as being in G1/S/G2 phases of the cell cycle (n=1 case Cand 1
repair; four independent replicates quantified per line for a total of eight FACS experiments). Error bars denote SEM. Statistical com-
parisons are made for each cell-cycle phase. Significance is based on Student’s t test (**p < 0.005).

(F) Quantification of ARL13B-positive primary cilia from NPCs shown in (D) (n =1 case C and 1 repair; four images from four independent
replicates quantified per line for a total of eight experiments). Error bars denote SEM. Significance is based on Student’s t test (*p < 0.05).

line for neural induction (Figure S2). After induction and
purification of NPCs, doxycycline was administered at
titrated concentrations for 3 days, whereupon we ex-
tracted protein to determine if we could tune FOXG1 pro-
tein levels based on doxycycline concentrations (Fig-
ure 7B). We estimate increases in FOXG1 over the no-
doxycycline condition to be 1.2-, 1.5-, and 2-fold at doxy-
cycline concentrations of 0.125, 0.50, and 1.00 pg/uL,
respectively. We also tested if there were dose-dependent
effects of FOXG1 on cell proliferation output markers.

As the concentration of doxycycline was increased, the
number of NPCs labeling for BrdU increased (Figure 7C).
Similarly, a dose-dependent negative correlation was
observed between FOXG1 expression and proportion of
cells in GO/G1 (Figure 7D) and frequency of primary cilia
(Figure 7E). These data suggest that changing FOXGI1
dosage in cells derived from a person with FOXG1 syn-
drome directly affects cell proliferation outputs and
points to a very tight relationship between FOXG1 dose
and degree of NPC proliferation.
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Figure 7. Inducible FOXG1 expression reduces primary cilia and increases proliferation in case B neural progenitor cells.

(A) Illustrative diagram of the TET-On inducible vector integrated into the AAVSI locus of case B using CRISPR-Cas9 gene editing. The
components of the construct are as follows: LA, left arm; RA, right arm; RFP, red fluorescent protein; P2A and T2A, two types of 2A signaling
to enable translational gapping between two proteins; TAP-Tag, tandem affinity purification tag; hPGKp, human phosphoglycerate kinase
promoter; rtTA, reverse tetracycline-controlled transactivator; Neo, Neomycin resistance gene.

(B) FOXG1 protein levels after treatment with titrated concentrations of doxycycline (0, 1, 0.5, and 0.125 pg/mL) in inducible-FOXG1 NPCs
compared with control B NPCs.

(C) Measurement of normalized BrdU fluorescence intensity across doxycycline concentrations (n = 1 control B, 1 inducible FOXGI with
0 ng/mL, 1 inducible FOXG1 with 0.5 pg/mL, and 1 inducible FOXGI with 1 ug/mL doxycycline concentration; two images from two in-
dependent replicates quantified per line for a total of eight experiments). Error bars denote SEM. Significance is based on Student’s t test
(*p < 0.05; N.S., non-significant).

(D) Stacked-bar plots illustrating the ratio of NPCs in control B and inducible FOXG1 sorted as being in G1/S/G2 phases of the cell cycle (n=
1 control B, 1 inducible FOXG1 with 0 png/mL, 1 inducible FOXG1 with 0.5 pg/mL, and 1 inducible FOXGI with 1 pg/mL doxycycline
concentration; four independent replicates quantified per line for a total of 16 FACS experiments). Error bars denote SEM. Statistical
comparisons were made for each cell-cycle phase. Statistical comparisons were made between G0/G1 phases of the cell cycle (*p < 0.05;
**p < 0.005; N.S., non-significant).

(E) Quantification of ARL13B-positive primary cilia from NPCs shown in (D) (n =1 control B, 1 inducible FOXG1 with 0 pg/mL, 1 inducible
FOXG1 with 0.5 pg/mL, and 1 inducible FOXG1 with 1 pg/mL doxycycline concentration; four images from four independent replicates
quantified per line for a total of 16 experiments). Error bars denote SEM (*p < 0.05; **p < 0.005; N.S., non-significant).
DISCUSSION NPCs are a good developmental time point at which to
assess FOXG1 function because both functional copies

Alterations in Foxg1 levels have long been known to affect
cell proliferation across different non-human species (Li
and Vogt, 1993). We have provided several lines of evi-
dence in patient-derived human cells to suggest that dis-
ease-causing mutations leading to haploinsufficiency of
FOXG1 support this finding. Our data demonstrate that
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of the gene do not appear to be required for neural induc-
tion from stem cells, major downstream patterning effects
have not yet occurred, and NPCs are highly mitotically
active.

We discovered that loss of FOXGI is consistent with
increased frequency of primary cilia on NPCs, which has



not been reported in any previous models of FOXGI defi-
ciency to our knowledge. This finding could either be
consistent with increased time in GO/G1 phase of the cell
cycle or implicate FOXG1 in the regulation of cilia forma-
tion and disassembly. Ciliopathies are diseases where muta-
tions occur in genes that encode proteins directly involved
in cilia (Liu et al., 2021; Waters and Beales, 2011). They
have a particular constellation of symptoms, many of
which (in addition to microcephaly; Guemez-Gamboa
et al.,, 2014) are inconsistent with FOXG1 syndrome. We
favor the model whereby the increased occurrence of pri-
mary cilia on NPCs is a result of the changes in cell cycle
or proliferation , rather than FOXG1 being a direct actor
on cell ciliary dynamics.

How might FOXG1 dose affect NPC expansion? The pres-
ence of the FOX domain suggests that FOXG1 action is
through DNA binding (Golson and Kaestner, 2016),
although this may not be its only function. The Drosophila
fork head gene was thought to regulate the transcription of
other subordinate genes (Weigel et al., 1989), although
the diversity of FOX domain proteins is extensive. The
FOXA protein, for example, is a histone H1 mimic (Clark
et al., 1993) and binds to nucleosome or nucleosome-free
DNA, making it a pioneer transcription factor. It is unclear
what the amino acids in the FOX domain that are unique
to FOXG1 mightdo to alter its interaction with the genome.
FOXG1is often described as a repressor (Tan et al., 2003; Yao
etal., 2001), but there are insufficient data to rule out other
transcriptional effects. We suggest remaining open to the
possibilities of multiple other effects for FOXG1, both inside
and outside the nucleus, as has been reported (Pancrazi
etal., 2015). In our study, which did not investigate the mo-
lecular effects of FOXG1, we detected both a high- and a
low-molecular-weight band in electrophoresis gels, suggest-
ing that the fragment without the FOX domain may have
non-DNA-binding functions (Hanashima et al., 2002).

FOXG1 has been implicated in both cell-proliferation and
patterning defects. Patterning refers to cell signaling cues
that dictate which type of cell a progenitor cell may become
with respect to anterior-posterior and dorsal-ventral axes.
In transgenic mouse studies, complete loss of Foxgl leads
to the loss of the ventral telencephalon, which could be
due to the absence of Foxgl-mediated patterning. For
example, Foxgl may be needed to make cells competent
to receive ventral-floor-plate morphogens such as Shh to
allow ventralization (Huang et al., 2007; Huh et al., 1999).
Alternatively, the expression level of Foxgl may determine
the extent of blockade of dorsal-roof-plate morphogens
such as WNT or BMP (Dou et al., 2000; Seoane et al.,
2004), which are required for dorsalization (Lee and Jessell,
1999). This dosage effect of Foxgl might occur due to
decreased association with the BMP antagonist Foxhl
(Dou et al., 2000). In human cells, loss of FOXG1 may allow

for increased dorsalization of floor-plate structures due to
increased competence of cells to dorsalize. While our
work did not evaluate patterning effects of FOXG1, we
cannot rule out that in vitro cell models lead to proliferation
deficits as observed here due to altered cell response to exog-
enously added or endogenously produced morphogens.
Proliferation deficits would then be a function of a different
cell state, rather than a direct effect of FOXG1 dose.

These data support a disease model of FOXG1 syndrome
in which FOXG1 dose reduces the available number of fore-
brain NPCs in the developing brain (Ernst, 2016), possibly
leading to primary microcephaly. These results are consis-
tent with mouse transgenic studies showing significant
loss of telencephalic progenitors (Hanashima et al., 2002;
Hardcastle and Papalopulu, 2000; Xuan et al.,, 1995),
although we could not distinguish between ventral and
dorsal telencephalic cells in our model.

EXPERIMENTAL PROCEDURES

Subjects and cell lines

Case A and her biological mother (control A) were recruited at the
Douglas Hospital Research Institute, where both individuals pro-
vided a urine sample for isolation of renal epithelial (RE) cells.
Case A presented with severe motor impairments and intellectual
disability. Genetic reports provided by the family indicated that
she had a 14q12 heterozygous deletion approximately 4 Mb in
length at position g.26,874,551-30,097,840 (NCBI Build GRCh37/
hg19), deleting FOXG1. Case B and control B (biological mother) fi-
broblasts were acquired from the Coriell Institute (GM27244 and
GM27246, respectively). Case B has a heterozygous variant in
FOXG1 c.256dup (p.GIn86Profs*35) leading to a frameshift in the
coding sequence. Last, case C fibroblasts were acquired from Coriell
(GM27190); the individual displayed epilepsy, hypotonia, and
global developmental delay, among other symptoms. Whole-
exome sequencing reported a nonsense mutation in FOXGI
€.924G>A (p.-W308X), leading to a premature truncation of the
protein. As no familial control was available, we elected to use a
non-related control line matched closely for sex and age (control
C). All lines were obtained in adherence with ethical research prin-
ciples and under protocols approved by the local institutional re-
view board. Further details of all controls and cases can be found
in Table S1. All FOXG1 mutations were confirmed through PCR
and Sanger sequencing using primers designed to target reported
mutations. Further details on primers used can be found in Table S2.

Quality control of iPSCs

All iPSCs were rigorously assessed for contamination, pluripotency,
and genomic integrity using several assays. All cells were tested for
mycoplasma contamination (EZ-PCR Mycoplasma test kit, Biolog-
ical Industries). Pluripotency was assessed by immunostaining
with surface and nuclear pluripotency markers (Figure S2), and
spontaneous 7-day embryoid body (EB) differentiation confirmed
the capacity to form the three germ layers. All cases and edited lines
were also assessed for large chromosomal aberrations (deletions,
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break points) using a tiled sequencing array with probes biased to-
ward 5,000-6,000 genes that may affect neurodevelopment. De
novo CNVs >1 Mb were not observed in any lines (other than the
known deletion in case A) in any of the probed genes.

Genetic engineering

A double nickase CRISPR-Cas9 gene-editing system with gRNA tar-
geting intergenic FOXG1 was used to generate KO lines. One milli-
gram of gRNA construct was added per transfection reaction, and
transfection was carried out simultaneously with iPSC reprogram-
ming to ensure clonality, as previously described (Bell et al., 2017).
After transfection, cells were selected for puromycin resistance al-
lowing for cell expansion from a single edited fibroblast or RE cell.
Potentially edited colonies were expanded and stored as cell lines, af-
ter which DNA was extracted and Sanger sequenced at Genome
Quebec. Additional data regarding CRISPR design, including the re-
gions of FOXG1 targeted and gRNA sequences, are found in Table S3.
Protocols for gene editing of isogenic repair and inducible FOXG1
lines are detailed in the supplemental experimental procedures.

Quantitative PCR

Total DNA from control A and case A was assessed using qPCR to
validate total DNA content in the reported ~4-Mb deletion in chro-
mosome 14. The reactions were performed in a total volume of
20 pL on a 384-well plate using a QuantStudio 6 (Thermo Fisher)
PCR machine. For each well, the qPCR mix included 5 pL of
Luna Universal qPCR Master Mix (NEB), 0.5 pL of forward primer,
0.5 uL of reverse primer, 2 uL of H,O, and 2 pL of cDNA, totaling
10 pL. Expression levels were given as a ratio between the relative
quantities of the gene of interest and the endogenous control.
B-actin was used as an internal control for normalization. The
normalized expression levels were then compared between cell
lines using ANOVA with a post hoc t test. Further details on the
primers used for qPCR can be found in Table S2.

Western blotting

Cells were lysed with RIPA buffer (Sigma) supplemented with SIG-
MAFAST protease inhibitor tablets (Millipore-Sigma). Protein con-
centrations were determined using a Pierce BCA protein assay kit
(Thermo Fisher). Approximately 15 pg of protein was loaded per
well in Mini-PROTEAN TGX Stain-Free precast gels (Bio-Rad).
Gels were run at 150 V for approximately 75 min, and then trans-
ferred to a nitrocellulose membrane using a Trans-Blot Turbo trans-
fer system (Bio-Rad). Membranes were blocked in 4% non-fat milk
dissolved in TBS-T buffer (Tris-buffered saline-Triton X; Sigma-Al-
drich) 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 rab-
bit secondary antibodies for 1 h at room temperature. Blots were
washed a further three times in TBS-T for 5 min and then imaged
using a ChemiDoc XRS+ System (Bio-Rad). Blots were imaged
and analyzed using ImageLab (Bio-Rad) software. Further details
on the antibodies used can be found in Table S4.

Immunocytochemistry
Cells were plated on glass coverslips coated with Matrigel. Once
cells were ready for immunofluorescence they were washed with
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phosphate-buffered saline (PBS) and fixed with 4% paraformalde-
hyde (Sigma-Aldrich) for 15 min. Samples were permeabilized
with 0.5% TX-100 (Sigma-Aldrich) in 0.5% PBS-BSA for 15 min
and then blocked in 0.5% PBS-BSA for an additional 15 min. Pri-
mary antibodies were added in appropriate dilutions in 0.5%
PBS-BSA and added to samples for 30 min. Samples were washed,
then 0.5% PBS-BSA containing an appropriate dilution of second-
ary antibody was added to the samples and incubated for 30 min in
the dark. Samples were washed with 0.5% PBS-BSA and visualized
on an Apotome fluorescence microscope (Zeiss). Further details on
the antibodies used can be found in Table S5.

Data acquisition from immunofluorescence images
Images were taken on the Apotome fluorescence microscope
(Zeiss) and quantification of immunofluorescence images was
done using Image]J 1.53.

BrdU fluorescence intensity

Merged images were split according to fluorescence channel (DAPI,
blue; BrdU, green). Images were converted to an 8-bit mode allow-
ing pixel values in a range between O and 255. A threshold was set
for each channel to discriminate specific signal intensities from the
background. The threshold was determined according to the con-
dition presenting the highest signal-to-noise ratio. In the y axis of
Figures 3B, 4D, 6C, and 7C, normalized BrdU intensity is defined as
the integrated density (the product of area and mean gray value
calculated in Image]) divided by the number of cells (DAPI-stained
nuclei) counted. BrdU fluorescence intensity was normalized by
the number of DAPI-positive pixels to minimize biases generated
by differences in cell number between acquisition fields. Quantifi-
cations between groups were compared using t tests.

Counting primary cilia

Merged images were split according to fluorescence channel (DAPI,
blue; cilia, red) using ImageJ. ARL13B (red) images were converted
to binary, and the “analyze particles” function was used to count
primary cilia. When cilia were stained for ARL13B (red), bright
red dots/lines were counted as cilia. For each image, the proportion
of ciliated nuclei was calculated. Nuclei (DAPI) were counted
manually using the multi-point tool in Image]J.

Statistical analyses

Error bars in plots represent the standard error of the mean (SEM).
The t tests were based on two-tailed Student t tests. Statistical ana-
lyses and graphical outputs were generated using ggplot2 for R
version 4.0.2. Statistical output and n are reported at all places
data are reported.

Additional methods

Detailed information on Sanger sequencing, DNA extraction,
FACS, and genetic engineering can be found in the supplemental
experimental procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.01.010.
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