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Abstract: Fragile X syndrome (FXS) is caused by a repression of the FMR1 gene that codes the Fragile
X mental retardation protein (FMRP), an RNA binding protein involved in processes that are crucial
for proper brain development. To better understand the consequences of the absence of FMRP, we
analyzed gene expression profiles and activities of cortical neural progenitor cells (NPCs) and neurons
obtained from FXS patients’ induced pluripotent stem cells (IPSCs) and IPSC-derived cells from FMR1
knock-out engineered using CRISPR-CAS9 technology. Multielectrode array recordings revealed
in FMR1 KO and FXS patient cells, decreased mean firing rates; activities blocked by tetrodotoxin
application. Increased expression of presynaptic mRNA and transcription factors involved in the
forebrain specification and decreased levels of mRNA coding AMPA and NMDA subunits were
observed using RNA sequencing on FMR1 KO neurons and validated using quantitative PCR in
both models. Intriguingly, 40% of the differentially expressed genes were commonly deregulated
between NPCs and differentiating neurons with significant enrichments in FMRP targets and autism-
related genes found amongst downregulated genes. Our findings suggest that the absence of FMRP
affects transcriptional profiles since the NPC stage, and leads to impaired activity and neuronal
differentiation over time, which illustrates the critical role of FMRP protein in neuronal development.

Keywords: iPSC-derived neurons; RNA transcriptomics; multielectrode array; activity-dependent
development; Fragile X syndrome; cortical neurons; synapses

1. Introduction

Fragile X syndrome (FXS) is classified as a syndromic autism and falls in the category
of 15 to 20% of autism spectrum disorders (ASDs) whose genetic causes are known [1]. In
the majority of cases, FXS is caused by a full repression of the FMR1 gene expression due to
hypermethylation of an extended CGG repeated sequence located in the 5′UTR region of
the gene [2]. The FMR1 gene is located on the chromosomal region Xq27.3 and encodes
the Fragile X messenger ribonucleoprotein (FMRP), a multifunctional protein [3–5] that
plays a key role in regulating the local translation of proteins required for proper neuronal
development.
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Studying the cellular and molecular mechanisms underlying neurodevelopmental
disorders is still challenging [6–8], but progress is being made with new models and
technologies to capture early events in brain formation and development [9,10]

Since the advent of methodologies to reprogram somatic cells into induced pluripotent stem
cells (iPSCs) [11], we can now make human neurons and other brain-related cell types obtained
from individual patients in a dish, providing us with the tools and patient-derived cell types to
investigate the molecular and cellular underpinnings of neurodevelopmental disorders [9–12].

Although most studies related to autism spectrum disorders have focused on the
properties of iPSC-derived neurons, many also highlighted significant alterations at the
neural progenitor stage [13–15]. In a previous study, haploinsufficiency in the GRIN2B gene
(associated with ASD) leads to a disruption of cortical differentiation, although we also
observed GRIN2B expression and NMDA response at the NPC stage [16].

Hypothesizing that the FMRP protein plays a role in the neuronal development from
the neural progenitor stage, we chose to investigate its gene expression and to profile the
differentiation of progenitors into neurons to better understand how an absence of FMRP
impacts cortical neurogenesis with this iPSC-derived cellular model.

Different studies have reported findings with iPSC-derived neurons used to model
FXS pathophysiology either from FMR1 KO lines or from FXS patient lines [17]. However,
the increase in the number of iPSC models tested has generated heterogeneous results
across studies. These differences can be explained by inter-patient variations such as
genetic background, or via experimental procedures, such as cell reprogramming or the
differentiation protocol used to generate the cell type of interest [18]. One of the issues
that has been raised regarding the investigation of iPSC-derived cortical neurons is the
ability to mature those cells, which can be more time-consuming and challenging than other
iPSC-derived neuronal subtypes. Issues in successfully obtaining mature and electrically
active cortical neurons have been reported [19]. Thus, we first compared two differentiation
protocols to obtain cortical neurons that could then be tested for their electrical activity.

To identify the phenotypes expressed due to the absence of FMR1 gene expression,
we performed our experiments with an isogenic control, generating a knockout of FMR1
in a control cell line that was previously fully characterized [20]. Next, neuronal electrical
activity was tested, and gene expression profiles were assessed in iPSC-derived cells from
FMR1 KO and FXS patient lines. Taken together, analyses performed on neurons from
FMR1 KO and FXS patient lines uncovered altered molecular and cellular phenotypes
responsible for the neurodevelopmental phenotypes observed in Fragile X syndrome.

2. Results
2.1. Generation of Electrically Active iPSC-Derived Cortical Neurons

To evaluate neuronal development and activity, cortical neurons were first obtained
from control human iPSCs (Figure 1A). For our protocol, we obtained cortical progenitors
through neurosphere selection, as described by Bell et al. [21]. Once neural progenitor cells
(NPCs) were obtained (Figure 1B), these could then be directed into cortical neurons with
different neuronal differentiation media added to assess proper support for neuronal differ-
entiation and activity in vitro. For this analysis, we used two different neuronal differentia-
tion media: a supplemented serum-free neurobasal-based (NB) media and a commercial
BrainPhys-based media, referred to as FB standing for forebrain media (Figure 1C). The neu-
robasal medium is widely used and generates predominantly glutamatergic neurons [21],
whereas the FB media facilitates the generation of neurons from human embryonic cells
and iPSC-derived precursor cells and promotes the generation of both glutamatergic
and GABAergic neurons [22]. As expected, both media promoted neuronal differentia-
tion, as we could detect the presence of the neuronal markers—microtubule-associated
protein 2 (MAP2), vesicular glutamate transporter 1 (VGLUT1), and gamma-aminobutyric
acid (GABA) under both conditions (Figure 1D,E). Strikingly, neuronal cultures obtained
with FB media presented with a more pronounced neuronal network and longer neurites as
observed using MAP2 staining (Figure 1D,E). Neurons from NB cultures did not appear as
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healthy, and their processes appeared thinner. Additionally, we observed an increase in the
expression of the glutamatergic neuron marker VGLUT1 in FB cultures via immunofluores-
cence staining (Figure 1E). These results indicate that FB media, a BrainPhys-based media,
improved neuronal differentiation. Next, we assessed how these media types impact the
activity of neurons cultivated under both conditions and to determine if neurons would be
more electrically active in one of the conditions relative to the other [22].
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Figure 1. Generation of electrically active iPSC-derived cortical neurons: (A) schematic of the protocol
for the generation of cortical neurons from human iPSCs; (B) light microscopy images showing the
various stages of the generation of cortical neuron generation. Neurospheres are obtained from
iPSCs and are then plated forming rosettes that will expand giving rise to NPCs; (C) schematic
of the protocol for the generation of cortical neurons using neurobasal-based and forebrain media.
Immunofluorescence images of (D) 2 weeks and (E) 4 weeks cortical neurons showing expression of
the neuronal markers GABA or VGLUT1 (green) and MAP2 (magenta). Nuclei were counterstained
with Hoechst. The scale bars are 50 µm long.

2.2. Multielectrode Array (MEA) Recording and Analysis of Electrical Activity of iPSC-Derived
Cortical Neurons

To quantify the spontaneous neuronal activity of the neurons generated in both condi-
tions, cells were recorded every week over a 4-week period on multielectrode array (MEA)
plates. MEA is a real-time and non-invasive technology that enables the quantification of



Int. J. Mol. Sci. 2023, 24, 14926 4 of 25

electrophysiological function across a population of neurons, simultaneously depicting in-
formation about the neuronal network [23] and its overall connectivity. As observed in our
ICC tests, a neuronal network formed in both conditions albeit with more pronounced neu-
ronal shafts in cells cultured with FB media (Figure 2A). Strikingly, we found an increase in
spontaneous electrical activity after 3–4 weeks for both conditions across four independent
experiments (Figure 2B). However, neurons cultivated in NB media were significantly less
active relative to neurons cultivated with FB media (Figure 2B–D). Neurons in FB media
presented with some activity after 2–3 weeks of differentiation, whereas neurons grown in
NB media had little detectable activity at the same time frame (Figure 2B–D). We observed
a significant increase in the number of spikes (t4weeks = 4.39, p = 0.0003) and the mean
firing rate (t4weeks = 3.466, p = 0.0026) in the FB media condition (Figure 2C). Representative
raster plots showed a reduced number of spikes (black lines) in neurons cultivated with
NB media (Figure 2D). At 4 weeks of differentiation, neurons were more active as shown in
the heatmaps (Figure 2B), further confirmed by the increase in the number of spikes and
mean firing rate (Figure 2C). Interestingly, neurons cultivated in FB medium displayed
a ~3-fold increase in their activity at 4 weeks relative to neurons maintained in NB media
(Figure 2C,D). This demonstrates that neurons cultivated in FB media present with a higher
rate of spontaneous activity, consistent with accelerated differentiation and maturation of
the neurons.

This was confirmed by examining the expression of synaptic genes in neurons culti-
vated with the two media (Figure 2E). First, we observed in both NB and FB media-treated
iPSC-derived neurons a significant decrease in Paired Box 6 (PAX6) expression compared to
NPCs (F = 405.5; df = 4; p < 0.001) (Figure 2E). This provides support for the NPCs losing their
“progenitor identity” once switched into neuronal differentiation media (either NB or FB me-
dia). For markers of neuronal differentiation, we quantified RNA postsynaptic proteins such
as SNAP25—synaptosome-associated protein 25; GABRA2—Gamma-Aminobutyric Acid
Type A Receptor Subunit Alpha2; PSD95—postsynaptic density 95; and GRIA2—Glutamate
Ionotropic Receptor AMPA Type Subunit 2. We observed a significant increase in the expres-
sion of both SNAP25 and GABRA2 mRNAs at the time of differentiation (FSNAP25 = 153.6,
df = 4, p < 0.0001; FGABRA2 = 1651, df = 4; p < 0.001) and in 4W FB-differentiated neu-
rons compared to 4W NB-differentiated neurons (tSNAP25 4WNBvs4WFB = 10.17; p < 0.001);
(tGABRA2 4WNBvs4WFB = 46.59; p < 0.001) (Figure 2E). These findings corroborate the increased
activity in 4-week-old FB media neurons suggesting that neurons in FB media are more
prone to differentiate into cortical neurons. The significant increase in GABRA2 mRNA in
4-week-old FB neurons also reflects the ability of FB media-treated cells to commit to becom-
ing GABAergic neurons. Expression levels of GRIA2 and PSD95, which should be specific
for glutamatergic neurons, were also significantly increased in 4-week-old FB media neu-
rons compared to 4week-old NB media (FGRIA2 = 264.4 df = 4, p < 0.0001; tGRIA2 2WNBvs2WFB
= 14.16; p < 0.001; tGRIA2 4WNBvs4WFB = 12.78; p < 0.001; FPSD95 = 71,17; df = 4; p < 0.001
tPSD95 2WNBvs2WFB = 4.260; p < 0.05; tPSD95 4WNBvs4WFB = 5.82; p < 0.01) This shift in significant
differences between the 2 week and 4 week differentiation stages could be explained by
the lack of cells committed to differentiate into GABAergic neurons in the NB medium
condition. We also quantified the expression levels of Synapsin1 (SYN1)—a pre-synaptic
marker. Interestingly, SYN1 expression levels were significantly higher in NB media-treated
neurons compared to FB media at 4 weeks (FSYN1 = 2894; df = 4; p < 0.001; tSYN1 4WNBvs4WFB
= 43.67; p < 0.001) (Figure 2E). This could be the result of a compensatory process of the NB
medium-treated cell to balance the weak postsynaptic signaling [24].

Taken together, the MEA and qPCR results show that the FB medium is better at
promoting neuronal differentiation than the NB medium. It also implies that proper
differentiation of cortical neurons requires a low proportion of cells committed to becoming
GABAergic neurons.
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Figure 2. Multielectrode array (MEA) recording and analysis of electrical activity of iPSC-derived
cortical neurons: (A) light microscopy images showing cortical neurons on the MEA plate at 4 weeks
of differentiation. The scale bars are 2 mm long; (B) heat map from MEA recordings showing changes
in electrical activity from week 3 to week 4 in neurons cultivated with forebrain media. Recording
analysis of cortical neurons showing (C) number of spikes, mean firing rate (C,D) raster plots at
weeks 3 and 4 of differentiation; (E) qPCR of cortical progenitor (PAX6) and neuronal (GRIA2,
GABRA2, SYN1, SNAP25, and PSD95) markers (* = p < 0.05 ** = p < 0.01; *** = p < 0.001). Neurons
differentiated with neurobasal media are shown in purple, and with forebrain media in green.
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2.3. Characterization of Neuronal Differentiation with FMR1 KO iPSC

To study the impact on neuronal development when FMR1 is absent, we gener-
ated an FMR1 KO iPSC cell line through CRISPR/Cas9 genome editing (Figure 3A and
Supplementary Figure S1). CRISPR knockout cells were validated by sequencing and
qPCR, and we confirmed that FMR1 expression was abolished in the CRISPR knockout
cells (Figure 3A,E). We successfully obtained pluripotent FMR1 KO iPSCs as confirmed by
immunohistochemistry for pluripotent markers TRA1, Nanog, SSEA-stage-specific embry-
onic antigen, and OCT4 -octamer-binding transcription factor 4- (Figure 3C,D). We assessed
the expression levels of mRNA transcripts specific for the iPSC, NPCs, and neuronal stages
in both the FMR1 KO line and the isogenic control line. We quantified the iPSC-specific
mRNA levels of NANOG and OCT3/4 and found that their expression was significantly
higher in the iPSC stage compared to NPC and neurons (FNANOG stage = 97.73; df = 2;
p < 0.0001; FOCT3/4 stage = 30.67; df = 2; p < 0.0001) (Figure 3E). These findings confirm the
results collected from the immunostaining performed in iPSCs (Figure 3C,D). They also
demonstrate that knocking out the FMR1 gene does not affect the pluripotency of iPSCs.
Moreover, the absence of iPSC markers at the NPC and neuronal stages shows that FMR1
KO cells can be induced toward neuronal subtypes. As mentioned previously, the FMR1
KO was generated by deleting part of the exon 5 of the FMR1 gene sequence. We quantified
FMR1 mRNA expression level at the iPSC, NPC, and neuron stages and found decreased
FMR1 levels in FMR1 KO iPSC that became significant in FMR1 KO NPCs and neurons
(FFMR1 stage = 79.45; df = 2; p < 0.0001; tNPC = 22.95; p < 0.0001; tNeurons = 17.97; p < 0.0001)
(Figure 3E). This demonstrates that the deletion in exon 5 reduced the transcription of
the FMR1 gene. Next, with neural progenitors and cortical neurons generated from the
FMR1 KO isogenic line, we tested for neuronal differentiation. Intriguingly, morphological
alterations were observed in neuronal cells derived from the FMR1 KO cells. Although
the FMR1 KO cells were able to produce progenitors, as confirmed by the presence of the
progenitor cell marker NESTIN (Figure 4A, left panels), we observed a drastic reduction
in the neuronal population relative to the isogenic control. This was confirmed by our
findings that few Tuj1-βIII Tubulin- and MAP2 positive FMR1 KO neurons were detected
after 3 or 4 weeks of differentiation (Figure 4A, right panels) compared to the isogenic
control neurons. Neuronal differentiation was also altered when FMR1 was absent, as
FMR1 KO neurons displayed an altered morphology with shorter processes compared
to control neurons. Taken together, disruption of the neuronal network was evident in
FMR1 KO lines at 4 weeks of differentiation with a significant reduction in the neuronal
population (Figure 4A, left panels).

Next, we quantified the expression of mRNA specific to NPC and neuronal stages
to determine if the knock-out of the FMR1 gene affected the identity of the progenitor
population (Figure 4B,C). First, significant changes in Nestin expression were observed
across stages (FNestin stage = 12.88; df = 2; p = 0.0013) with higher expression in control
NPCs compared to iPSCs (t = 4.427; p = 0.001) and neurons (t = 3.162; p = 0.009), as well as
higher expression in FMR1 KO NPCs compared to FMR1 KO iPSCs (t = 2.677; p = 0.0215),
but not neurons (t = 0.9828; p = 0.3468) (Figure 4B). PAX6 expression levels increase from
the iPSC to the neuron stages (FPAX6 stage = 197.2; df = 2; p < 0.0001) with significantly
lower levels observed in FMR1 KO NPCs and neurons (FPAX6 genotype = 243.7; df = 1;
p < 0.0001; tNPCs = 12.10; p < 0.001; tNeurons = 14.29, p < 0.001)) Finally, we observed change
in SOX1-SRY-Box Transcription Factor 1-expression across all stages (FSOX1 Stage = 32.05;
df = 1; p < 0.0001) with significantly higher levels in control NPCs (t = 35.44; p < 0.001)
and neurons (t = 11.69; p < 0.001) compared to FMR1 KO cells. To assess the ability of
the iPSCs to differentiate into neurons, we quantified MAP2 expression as a neuronal
marker in iPSCs, NPCs, and neurons. Using two-way ANOVA, we observed a significant
increase in MAP2 expression from the IPSC to the neuronal stage (FMAP2 stage = 331.8;
df = 2; p < 0.0001) (Figure 4C). At the neuronal stage, a significantly higher MAP2 mRNA
expression level is detected in FMR1-KO neurons compared to isogenic control neurons
(tMAP2 Neurons = 8.207; p < 0.001). This increase corroborates the intensity levels captured
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by immunostaining (Figure 4A). These findings demonstrate that neurons can be derived
from the FMR1-KO cell line. However, knocking out the FMR1 gene affects (i) the cellular
identity of the progenitor and (ii) the capability of the cells to form a neuronal network.
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Figure 3. Generation of FMR1 KO iPSC and neural progenitors: (A) validation of CRISPR/Cas9
editing of the FMR1 gene: FMR1 KO nucleotide sequencing results showing insertion of stop tag in
exon 5 of the FMR1 gene; (B) karyotyping of FMR1 KO. G-banding chromosome analysis showed
Normal 46 XY; (C,D) immunofluorescence images of isogenic control and FMR1 KO iPSCs showing
expression of pluripotent markers (TRA1, Nanog, SSEA, and OCT4). Nuclei were counterstained
with Hoechst. The scale bars are 50 µm; (E) qPCR expression of the pluripotent genes OCT3/4 and
NANOG, and FMR1 in iPSC, NPCs, and 3 weeks cortical neurons (*** = p < 0.001).
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Figure 4. Altered neuronal development in FMR1 KO: (A) immunofluorescence images of cortical
progenitors and cortical neurons at 3 and 4 weeks of differentiation showing expression of progenitor
markers Nestin (green), and neuronal markers (Tuj1 and MAP2). Nuclei were counterstained with
Hoechst. The scale bars are 50µm. qPCR expression of (B) neuronal progenitors (SOX1, NESTIN and
PAX6) and (C) neuronal (MAP2) genes; (D) quantification of neuronal network showing integrated
density (a.u.) for Tuj1 and MAP2 at 4 weeks of differentiation. (*** = p < 0.001).

2.4. Neuronal Spontaneous Electrical Activity Impairment in the FMR1 KO

Given our earlier findings in which the neuronal network was disrupted when FMR1
was knocked out, we next assessed the activity of neurons that could form from FMR1
KO cells by MEA, and as expected it was significantly reduced in comparison to isogenic
control cells (Figure 5). As outlined above, we plated neuronal progenitor cells in MEA
plates (Figure 5A) and measured the spontaneous activity at weekly intervals over a
4-week period. We observed an increase in neuronal activity around week 3 in the isogenic
control neurons that was even more pronounced at week 4 (Figure 5B–E). As predicted,
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we observed impairment in the spontaneous activity in FMR1 KO neurons, as depicted in
the heatmaps, with few spots of activity detected (Figure 5B), and consequently a lower
number of spikes (Figure 5C,D) and reduced mean firing rate (Figure 5E). Electrical activity,
after treatment with voltage-gated sodium channel blocker tetrodotoxin (TTX) (Figure 5F)
was abolished (F = 52.34, df = 1, p < 0.0001), leading to inhibition of neuronal transmission,
indicating that neuronal activity results from sodium currents [25]. This analysis showed
that the absence of FMRP disrupts neuronal maturation and electrical activity in our model.
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Figure 5. Neuronal spontaneous electrical activity impairment in the FMR1 KO: (A) light microscopy
images showing cortical neurons on the MEA plate at 3 and 4 weeks of differentiation. The scale bars
are 2 mm long; (B) heat map from MEA recordings showing changes in electrical activity from week
3 to week 4 in neurons. Recording analysis of cortical neurons showing (C) raster plots from weeks
3 and 4, (D) number of spikes, and (E) mean firing rate; (F) number of spikes after 30 min of 1 µm
TTX treatment. (*** = p < 0.001).
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2.5. Whole Transcriptome Profiling of FMR1 KO iPSC-Derived NPCs and Neurons

To better investigate and understand the molecular changes induced via suppressing
the FMR1 gene expression in iPSC-derived cells, we analyzed the whole genome expres-
sion profile of iPSC-derived FMR1-KO NPCs and iPSC-derived neurons in comparison
with their respective isogenic control cells using an RNA sequencing approach. We also
analyzed the common deregulations between FMR1 KO NPCs and FMR1 KO neurons
(Supplementary Information and Supplementary Figure S2). At the NPC stage, we found
1316 genes differentially expressed between FMR1 KO and isogenic control cell lines,
(738 downregulated and 578 upregulated in FMR1 KO; Figure 6A). A total of 1307 genes
were also found to be differentially expressed between FMR1 KO iPSC-derived neurons
and controls (789 genes were found downregulated and 518 upregulated; Figure 6B). The
analysis featuring the sets of genes that are commonly deregulated in FMR1 KO NPCs and
neurons is presented in Supplementary Figure S2 and the Supplementary Information.

The functional annotation analysis based on GO cellular component terms shows
that many genes upregulated in FMR1 KO NPCs are related to the extracellular matrix
and the cell–cell junction. Interestingly, genes downregulated in FMR1 KO NPCs are
associated with the synapse, neuronal projection, and growth cone processes (Figure 6C).
This information shows that synaptic genes are already expressed at the NPC stage and
implies that FMR1 KO NPCs may be less prone to differentiate into neurons. Genes
upregulated in FMR1 KO neurons are involved in the intrinsic component of the plasma
membrane, in the somatodendritic compartment, in the axon, and in the endosome.

Interestingly, we found that significantly downregulated genes in FMR1 KO neurons
are related to the synapse, and more precisely to the glutamatergic excitatory synapse
and neuronal projections. The significant enrichment in FMR1 KO NPCs and FMR1 KO
neurons, of downregulated genes involved in the synapse, combined with an enrichment
of upregulated genes associated with the plasma membrane in FMR1 KO neurons, implies
that those differentiating cells are being maintained in a progenitor-like state with impaired
differentiation into neurons.

As Fragile X syndrome is considered a syndromic autism, we next investigated
whether autism-related genes and FMRP targets are overrepresented in our lists of dif-
ferentially expressed genes. We have separately considered genes that were down- or
upregulated in FMR1 KO iPSC-derived cells. We used the list of Autism-Related Genes
established by the database AutDB [26] and the list of FMRP targets as our reference. We
also compared our lists to the list of FMRP targets [27].

From these lists, we observed a significant enrichment of autism-related genes (97/738;
p < 4.004 10−7; Figure 6E) and FMRP targets (185/738, 6.885 10−12) (Figure 6G) in the list of
genes downregulated in FMR1 KO NPCs, but not in the list of genes that were upregulated
in FMR1 KO NPCs. Similar enrichment in autism-related genes (106/789; p < 3.680 10−8

Figure 6F) and FMRP targets (210/789; p < 3.056 10−16 Figure 6H) was identified from
the list of genes downregulated in FMR1 KO neurons. Taken together, these data confirm
that there are shared, commonly deregulated pathways and differentiation processes in
idiopathic autism and Fragile X syndrome. These common deregulations include and are
likely driven by a reduced expression in specific synaptic genes.

Our analyses (Figure 6 and Figure S2) also indicate that a substantial proportion of
differentially expressed genes are deregulated at the NPC and neuronal stages and that a
considerable proportion of downregulated genes in FMR1 KO cells includes autism-related
genes and FMRP targets. This also confirms that changes in expression in genes initially
described as involved in the synapse might be deleterious to the cell development and
function at early stage of the neurogenesis.
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Figure 6. Whole transcriptome profile of FMR1 KO iPSC-derived NPCs and neurons. Fractions
of genes upregulated and downregulated in (A) the FMR1 KO NPCs and (B) the FMR1 KO iPSC-
derived neurons; (C,D) functional annotation analysis presenting the GO terms with significant
enrichment of the differentially expressed genes in iPSC-derived NPCs and IPSC-derived neurons,
respectively. GO enrichment for upregulated and downregulated genes separated by a dotted line;
(E,F) overlaps between autism risk genes and the differentially expressed genes in iPSC-derived
FMR1 KO NPCs, and FMR1 KO neurons, respectively; (G,H) overlaps between the list of FMRP
targets and differentially expressed genes in the FMR1 KO iPSC-derived NPCs and the FMR1 KO
iPSC-derived, respectively.
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2.6. Differential Expression of Synaptic Markers in the FMR1 KO

In assessing the activity of FMR1 KO iPSC-derived cells, we observed a significant
decrease in the mean firing rate of these cells when differentiated for 4 weeks (Figure 5).
Interestingly, the whole transcriptome expression profile revealed a significant enrichment
of genes associated with the synapse and whose expression levels were decreased in FMR1
KO iPSC-derived cells (Figure 6). Thus, we hypothesized that decreased expression of
synaptic molecules affects the activity of FMR1 KO differentiating cells. Based on the data
collected from the RNA sequencing experiment, we selected many differentially expressed
synaptic markers between FMR1KO and control to be validated via Q-PCR. We quantified
SYN1, SYP-Synaptophysin, and SLC17A7 mRNA which are coding presynaptic proteins.
At the NPC stage, no significant change in expression was observed between FMR1 KO
cell lines and isogenic control cell lines (tSYN1 NPCs = 1.401; p > 0.05; tSYP NPCs = 0.3670;
p > 0.05; tSLC17A7 NPCs = 0.06409; p > 0.05) (Figure 7A). At the neuronal stage, we found
a significant increase in the expression of the three transcripts in the FMR1 KO line
(tSYN1 Neurons = 3.011; p < 0.05; tSYP Neurons = 7.527; p < 0.001; tSLC17A7 Neurons = 7.913;
p < 0.001) (Figure 7A). We also assessed the expression of the following postsynaptic mRNA
GRIA1 (Glutamate Ionotropic Receptor AMPA Type Subunit 1); GRIA2, NTRK2 (Neu-
rotrophic Receptor Tyrosine Kinase 2), GRIN2B (Glutamate Ionotropic Receptor NMDA
Type Subunit 2B), GABRA2, and SNAP25.

No significant changes were observed in the GRIA1 (tGRIA1 NPCs = 0.2744; p > 0.05),
GRIA2 (tGRIA2 NPCs = 0.009397; p > 0.05), SNAP25 (tSNAP25 NPCs = 0.7854; p > 0.05), GRIN2B
((tGRIN2B NPCs = 0.9188; p > 0.05), and GABRA2 (tGABRA2 NPCs = 0.1113; p > 0.05) expres-
sions at the NPC stage (Figure 7A) between the control and FMR1 KO line. Nevertheless,
we validated that for these five transcripts, there was a significant decrease in expres-
sion for each of these five genes in the FMR1 KO neurons compared to isogenic con-
trol (tGRIA1 Neurons = 8.109; p < 0.001), GRIA2 (tGRIA2 Neurons = 11.14; p < 0.001), GRIN2B
(t = 5.718; p < 0.001), SNAP25 (tSNAP25 Neurons = 4.958; p < 0.01), and GABRA2 (tGABRA2

Neurons = 17.69; p < 0.001. We also demonstrate that expression of the NTRK2 gene was
significantly decreased in the FMR1 KO cells at both stages relative to isogenic controls
(tNTRK2 NPCs = 9.770, df = 8, p < 0.0001; tNTRK2 Neurons = 38.22, df = 8, p < 0.0001; (Figure 7A).
Strikingly, low levels of SLC17A7/VGLUT1, a glutamate transporter that carries glutamate
to synaptic vesicles, were observed using immunofluorescence at 4 weeks of differentiation
in isogenic control cell lines, whereas higher VGLUT1 signal was detected in FMR1 KO
neurons confirming our qPCR results (Figure 7B).

We were also able to detect neuronal processes enriched in VGLUT1 positive particles
in FMR1 KO neurons, as shown in Figure 4B. However, we did not observe the same alter-
ations in the GABAergic-associated proteins as expression levels for the GABRA2 receptor
were downregulated in FMR1 KO neurons and, similarly, GABA+ neurons were not de-
tected via immunofluorescence (Figure 4B). Thus, the decreased expression of postsynaptic
molecules would appear to contribute towards the decreased mean firing rate observed
with MEA. On the other hand, the increase in presynaptic molecules such as VGLUT1
could represent a process to compensate for the low levels of postsynaptic molecules.
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Figure 7. Differential expression of synaptic markers in the FMR1 KO: (A) qPCR expression of the
presynaptic genes SYN1, SLC17A7, SYP, and the postsynaptic genes GRIA1, GRIA2, NTRK2, GRIN2B,
GABRA2, and SNAP25 in neuronal progenitors and neurons from isogenic control and FMR1 KO cell
lines; (B) immunofluorescence images of 4 weeks cortical neurons. Images show synaptic markers
VGLUT1 and GABA (green, white arrows in higher magnification right panels) and MAP2 (magenta).
Nuclei were counterstained with Hoechst. The scale bars are 100 µm. (* = p < 0.05; ** = p < 0.01;
*** = p < 0.001).
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2.7. Fragile X Syndrome Patient Cell Line Displays Impaired Neuronal Development and Activity

Lastly, since we (1) established a protocol to obtain electrically active iPSC-derived cor-
tical neurons in 4 weeks of differentiation in vitro, (2) created a pipeline for neuronal
development analysis from quality control to neuronal activity assessment by MEA,
(3) demonstrated that FMR1 KO neurons display altered neuronal development and im-
paired neuronal activity in vitro (Figure 8). Thus, we next sought to evaluate neuronal
differentiation and spontaneous activity in a Fragile X syndrome patient cell line (referred
to as FX11-7) relative to a control line. Consistent with our findings in an FMR1 KO cell line,
progenitors from the FX11-7 cell line exhibited altered morphology with a more elongated
and slender profile when compared to a control cell line (Figure 9A, upper panels). This
altered morphology in the progenitor population showed an impairment in the early stages
of neuronal development. To study neuronal differentiation in FXS cells, we applied the
culture protocol described in Figures 1 and 2 using FB media. Although neurons could
form, as seen by the presence of Tuj1 and MAP2 positive cells, the patient cells displayed
impairment in neuronal development as a reduced number of neurons were found in these
cultures (Figure 9A, lower panels).
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iPSC-derived cortical neurons, assessment of neuronal activity by MEA, and analysis of the expression
of genes involved in synaptic transmission.

Building on these findings, we investigated the expression profiles of synaptic genes
and the activity of iPSC-derived cells from patients diagnosed with Fragile X compared
to a control line (Figure 9 and Supplementary Figure S3). First, assessing the FMR1 gene
expression in both lines, no expression was observed in neurons derived from the patient
line. That result confirms that the CGG expansion in the 5’UTR sequence of the FMR1
gene in the patient cells completely silences its expression (Figure 9B). Markers of neuronal
progenitors (NESTIN and PAX6) and neurons (MAP2) were also quantified. For these
three transcripts, using a two-way ANOVA, we found significant interactions between the
genotype and differentiation stage for their expression levels (FNESTIN GenotypeXStage = 213.7
df = 1 p < 0.0001; FPAX6 GenotypeXStage = 48.03 df = 1 p = 0.0004; FMAP2 GenotypeXStage = 64.25
df = 1 p < 0.0002). Although expected, in control conditions, NESTIN expression is decreased
at the neuron stage compared to NPCs. Moreover, we observed a significant increase in
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NESTIN levels in FXS NPCs (t = 3.338 p < 0.05) and neurons (t = 24.01 p < 0.001) compared
to control. A significant increase in PAX6 expression was observed in FXS NPCs (t = 10.05
p < 0.001) but not in neurons (t = 0.2534 p > 0.05) compared to control cells. Finally, we
observed a significant increase in MAP2 expression in FXS NPCs (t = 13.21, p < 0.001)
compared to controls but not in neurons (t = 1.872; p > 0.05). Combined, those results
suggest that FXS iPSC-derived neurons are maintained in a progenitor-like state.

Similar to earlier work in the FMR1 KO, we next quantified mRNA coding presynap-
tic proteins (Synaptophysin-SYP, and Synapsin I-SYNI), and mRNA coding post-synaptic
proteins (GRIA1; GRIA2; and GRIN2B) (Figure 9C). Interestingly, except for GRIA1 expres-
sion levels, similar patterns were found between the four other transcripts. We observed
(i) significant interactions between genotypes and stage for SYN1 (FSYN1 GenotypeXStage = 14.13
df = 1 p = 0.0071); SYP (FSYP GenotypeXStage = 23.51 df = 1 p = 0.0019); GRIA2 (FGRIA2

GenotypeX-Stage = 27.66 df = 1 p < 0.0001); and GRIN2B (FGRIN2B GenotypeXStage = 492.7
df = 1 p < 0.0001) expressions compared to the respective controls; (ii) significant increases in
FXS NPCs (tSYN1 = 1.713 p > 0.05; tSYP = 1.893 p > 0.05; tGRIA2 = 4.826 p < 0.001; tGRIN2B = 6.129
p < 0.01) and (iii) significant decreases in FXS neurons (tSYN1 = 3.511 p < 0.05; tSYP = 4.812
p < 0.01; tGRIA2 = 12.48 p < 0.001; tGRIN2B = 25.26 p < 0.001). Comparing specific gene
expression levels in FXS patient lines and control, we could partially duplicate findings
from the FMR1 KO line. Interestingly, the increased expression of synaptic molecules at
the NPCs stage may be explained by a lack of transcriptional regulation of FMRP targets
in FXS cells. At the neuronal stage, the decreased expressions of GRIA2 and GRIN2B, also
observed in the FMR1 KO line, may reflect an impaired neuronal differentiation and/or an
increased proportion of differentiating non-neuronal cells in the FXS cells.

Next, we checked the neuronal activity of neurons from the patient line, and we
found, similar to the FMR1 KO cell line, that FX11-7 neurons display a low level of activity
throughout the period of 4 weeks of neuronal differentiation when compared to controls
(Figure 9D and Supplementary Figure S4). A significant decrease in the number of spikes
with patient cells (Fgenotype = 15.65; df = 1, p = 0.0011) at 3 weeks (t = 2.270, p = 0.0324) and
4 weeks of differentiation (t = 3.061, p = 0.0075), with no progressive increase in activity
over time (FStage = 0.8002; df = 3; p = 0.5118; Figure 9D) was also observed. That observation
also translated into a significant decrease in the mean firing rate in neurons from our patient
line compared to the control (F = 15.64, df = 1, p = 0.0011) with a significant reduction
at 3 weeks (t = 2.403, p = 0.0288) and 4 weeks of differentiation (t = 3.053, p = 0.0076).
Finally, cells were treated with TTX which abolishes the activity in both control and patient
lines (F = 7.015, df = 1, p = 0.0119). This shows that an altered progenitor population and
impaired differentiation directly contribute to neuronal activity deficits in our model.

While common changes were observed in terms of activities and gene expression
between the FMR1 KO line and the FXS patient cell line, we also assessed the activity of neu-
rons from our patient line using a calcium imaging approach (Supplementary Figure S5).
As we found a significant decrease in the expression of GRIN2B expression in the FXS
patient neurons (also observed in the FMR1 KO neurons), we tested the NMDA response on
the FXS patient cells compared to controls. We found a significant decrease in the NMDA
response, at the NPC stage (tNPCs = 45.87; df = 699; p < 0.0001) and at the neuronal stage
(tNeurons = 8.060; df = 711; p < 0.0001), compared to our control. These findings imply that
the absence of the FMRP protein affects the synthesis of NMDA receptor subunits, con-
tributing to calcium influx in the cells that is necessary for proper neuronal differentiation
in the early stages, although synapses are not formed yet.

Taken together, our study highlights the importance of optimizing differentiation
protocols of iPSC-cortical neurons for investigating neuronal dysregulation in the context of
neurodevelopmental disorders. With this protocol established, we could next define specific
phenotypes that were arising—and in particular, the decreased activity and expression of
synaptic genes in both the FMR1 KO and Fragile X patient lines. These findings suggest
that an absence of FMRP protein affects the activity-dependent development of the cells at
early stages of differentiation, preceding synapse formation.
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Figure 9. Fragile X syndrome patient cell line displays impaired neuronal development and activity:
(A) light microscopy and immunofluorescence images of cortical progenitors at day 7 and day 14,
cortical neurons. Images show the neuronal progenitor marker Nestin (green), and the neuronal
markers Tuj1 (green) and MAP2 (magenta). Nuclei were counterstained with Hoechst. The scale
bars are 50 µm; (B) qPCR expression of FMR1, progenitor (PAX6 and NESTIN), and cortical neuron
(MAP2) genes; (C) qPCR expression of presynaptic (SYN1, SYP) and postsynaptic (GRIA1, GRIA2,
and GRIN2B) genes in neuronal progenitors and cortical neurons from control and FX11-7 cell line
neurons; (D) MEA analysis showing number of spikes and mean firing rate, and number of spikes
after 30 min of 1 µm Na+ channel blocker TTX treatment. (* = p < 0.05 ** = p < 0.01; *** = p < 0.001).
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3. Materials and Methods
3.1. Cell Line Description

The use of the following IPSCs (see Table 1) in this research is approved by the McGill
University Health Centre Research Ethics Board (DURCAN_IPSC/2019-5374).

Table 1. Description of the iPSC lines.

Cell Line Diagnostic Cell of Origin Sex Ethnicity Reprogramming Cell Source References

AIW002-02 Healthy PBMC M Caucasian Episomal The Neuro PMID:
34287353

FMR1-KO N/A AiW002-2 IPSC M Caucasian N/A The Neuro

FX-11-7 Fragile X
Syndrome Fibroblast M N/A Lentivirus WiCell PMID:

24654675

3.2. Cell Culture and Cortical Neuron Differentiation

iPSCs were cultivated in 10-cm dishes pre-coated with Matrigel (Corning) and were
maintained in mTeSR1 media (STEMCELL Technologies, Vancouver, BC, Canada) with a
daily change in media. Cells were passaged with Gentle Cell Dissociation Reagent (STEM-
CELL Technologies, Vancouver, BC, Canada). Cortical progenitors (NPCs) were obtained
from iPSCs as described by [21] and then banked. Progenitor cells were grown in T75
flasks pre-coated with poly-l-ornithine (PO) and laminin in NPC progenitor media com-
posed by DMEM-F12 supplemented with N2, B27, NEAA, antibiotic–antimycotic, laminin
(1 µg/mL), EGF (20 ng/mL), and FGFb (20 ng/mL). For cortical neuronal differentiation,
cells received neurobasal media supplemented with N2, B27, Compound E (0.1 µM), db-
cAMP (500 µM), ascorbic acid (200 µM), BDNF (20 ng/mL), GDNF (20 ng/mL), TGF-b3
(1 ng/mL), laminin (1 µg/mL), or forebrain media (STEMCELL Technologies, Vancouver,
BC, Canada), as summarized in Figure 1. Briefly, cells were kept in the appropriate media
for four weeks, and half of the medium was changed twice a week. Neurons differenti-
ated with forebrain media were kept in differentiation media-STEMdiff forebrain neuron
differentiation medium + supplements for one week and subsequently in maturation media–
BrainPhys neuronal Medium + supplements (STEMCELL technologies, Vancouver, BC,
Canada) for the remaining days in culture, Half of the medium was changed twice a week.

3.3. CRISPR Genome Editing

Synthetic gRNA (sgRNA) was designed using benchling.com [28] to generate one double-
strand break (DSB) in the FMR1 gene (ENSG00000102081) via Cas9 nuclease. DSB is fol-
lowed by homology-directed repair (HDR) and stop tag insertion (Supplementary Table S1).
CRISPR/Cas9 editing was achieved when CAS9 protein (1 µL; stock 61 µM; Alt-R® S.p.
HiFi Cas9 Nuclease V3, IDT, Coralville, Ian USA)), FMR1 sgRNA (3 µL; stock 100 µM,
Synthego, Redwood City, CA USA), and the ssODN (1 µL; stock 100 µM, IDT) in 20 µL
of nucleofection buffer P3 (P3 Primary Cell NucleofectorTM Solution, Lonza, Montreal,
QC, Canada) were nucleofected (program CA137, 4D-Nucleofector Device, Lonza) into
500,000 detached iPSCs [29]. Following nucleofection, iPSCs were evenly distributed into a
flat-bottom 96-well plate in mTeSR media and 10 µM Y-27632. After limiting dilution, gene-
edited clones were identified using a ddPCR (QX200™ Droplet Reader, BioRad, Hercules,
CA, USA) [29] and Sanger sequencing. For more details, see our CRISPR editing [30], DNA
sequencing [31] protocols and Supplementary Figure S1.

3.4. Immunofluorescence Staining and Image Acquisition

Cells were seeded onto glass coverslips pre-coated with Matrigel (iPSCs) or PO and
laminin (NPCs and neurons). Cultures were fixed with 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) for 10 min at room temperature. Coverslips were then in-
cubated with a blocking solution containing 5% normal donkey serum (NDS), 0.05% bovine
serum albumin (BSA), and 0.2% Triton in PBS for 1 h at room temperature or overnight at
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4 ◦C in a humidified chamber. The solution of primary antibodies (Supplementary Table S2)
was prepared in the blocking solution. Coverslips were then incubated in primary antibody
solution overnight at 4 ◦C in a humid chamber. The next day, samples were washed three
times for 10 min with PBS and incubated with a solution of Alexa Fluor-conjugated sec-
ondary antibodies (1:1000 Life Technologies, Burlington, ON, Canada), counterstained with
Hoechst (Thermo Fisher Scientific; Waltham, MA, USA; H3570), then mounted in antifade
mounting media Aqua-Poly/mount (Polysciences, Warrington, PA, USA). Images were
collected with an EVOS imaging system (EVOS FL Auto 2, Invitrogen; Burlington, ON,
Canada) and a confocal laser-scanning microscope (Leica SP8, Leica Wetzlar, Germany).
Images were processed and analyzed using ImageJ software. Neuronal networks were
assessed by the integrated density representing the sum of the values of the pixels in
each image.

3.5. Multielectrode Array (MEA) Analysis

Spontaneous neuronal electrical activity was measured by MEA. Cortical neurons were
differentiated 24-well plates (CytoView MEA 24; Axion Biosystems, Atlanta, GA, USA)
for MEA system. A total of 80,000 NPCs/well were seeded onto PO/laminin pre-coated
MEA plates. Differentiation of cortical neurons started the day after, and media was half-
changed once a week as described in the cell culture section. Measurements started a week
after plating, and recordings of spontaneous activity were performed once a week for 4
weeks post-seeding using an Axion Maestro MEA reader (Axion Biosystems, Atlanta, GA,
USA). Neuronal activity was recorded for a 5 min consecutive duration recording using
Maestro Edge MEA System (Axion Biosystems). The recording chamber was maintained at
37 ◦C and 5% CO2 during the measurements. Raw signal was filtered by a bandpass filter
from 200 Hz to 33 kHz, and spikes were detected using threshold of 6 times the standard
deviation of the noise signal on electrodes. At the end of the experiment (week 4), cultures
were treated with 1 µm of sodium ion channel antagonist tetrodotoxin (TTX, Abcam) for
30 min before the recording. Measurements were analyzed with AxIS Navigator and
NeuroExplorer 5 software. Different measurements (number of spikes and mean firing
rate) were then exported to Microsoft Excel software and graphed using the GraphPad
prism software, version 9.2.0. Non-active wells were excluded from the analysis.

3.6. Gene Expression Analyses
RNA Extraction, cDNA Synthesis, and Quantitative PCR

NPCs and iPSC-derived neurons from three biological replicates for each condition
were dissociated using Accutase® Cell Dissociation Reagent (Thermo Fisher Scientific),
then incubated at 37 ◦C for 5 min. Cells were collected and harvested by centrifugation for
5 min at 1500 rpm. Cell pellets were resuspended in Qiazol (Qiagen, Toronto, ON, Canada)
and stored at − 80 ◦C before total RNA extraction with the miRNAeasy (Qiagen) kit. RNA
were quantified using NanoDrop (ThermoFisher Scientific, Waltham, MA, USA). Their
quality was assessed using a Tape station (Agilent technologies Mississauga, ON, Canada).

Reverse transcription reactions were performed on 500 ng of total RNA extract to
obtain cDNA in a 20 µL total volume, using the iScript Reverse Transcription Supermix
(Biorad, Hercules, CA, USA). The reactions were conducted in single plex, in a 10 µL total
volume containing 2X TaqMan Fast Advanced Master Mix, 20X TaqMan primers/probe
set (Thermo Fisher Scientific), 1 µL of diluted cDNA, and RNAse-free H2O. Real-time
PCR (RT-PCR) was performed on a QuantStudio 3 or a QuantStudio 5 machine (Thermo
Fisher Scientific). Primers/probe sets from Applied Biosystems were selected from the
Thermo Fisher Scientific website (Supplementary Table S3). Two endogenous controls
(beta-actin and GAPDH) were used for normalization. The normalized expression levels
were determined according the ∆CT method [32]. The relative expression (RQ) represents
the linear values obtained after normalization with the endogenous controls: RQ = 2−∆CT.
Data were analyzed with GraphPad Prism. Statistics were processed using either a one-way
or two-way ANOVA with post-hoc tests.
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3.7. RNA Sequencing
3.7.1. Sample Preparation and Sequencing

The cells were dissociated, the RNA was extracted, and their quality and quan-
tity were assessed as described in the previous section. Libraries were sequenced using
two sequencers, the Oxford Nanopore Technology ((ONT), San Francisco, CA, USA) and
the PacBio (Pacific Biosciences, Menlo Park, CA, USA). Specific kits for library preparation
were used whether the samples were sequenced on the PacBio or on the Oxford Nanopore
Technology instruments. For the samples to be sequenced with the PacBio sequencer,
the library preparation was performed using Iso-Seq Express Template Preparation for
Sequel and Sequel II Systems (Pacific Biosciences, Menlo Park, CA, USA). For the samples
sequenced with the Oxford Nanopore Technology system, the libraries were prepared using
the Oxford Nanopore Technologies ligation-based kit (SQK-LSK109), Oxford Nanopore
Technologies. The library size distributions were checked using Qubit 4 (ThermoFisher)
and Tapestation (Agilent).

3.7.2. Data Processing, Alignment, and Differential Analysis

Sequencing reads were first aligned to the human genome (GRCh38.p13) using
minimap2 [33]. FeatureCounts was then used to calculate gene expression levels from
transcript alignments [34]. The raw counts supplied by FeatureCounts were next pro-
vided to the R package DESeq2 [35] for differential expression analysis. Those genes
with BH-FDR [36] adjusted p-values below 0.01, a log2 fold change greater than 1 or less
than −1, and a base mean greater than 2 were considered differentially expressed. Genes
that were considered differentially expressed using results from both of the two sequencing
platforms were passed on to the subsequent GO analysis.

3.7.3. Functional Annotation

The functional annotation analysis was performed using the online tool shinygo 0.75
http://bioinformatics.sdstate.edu/go/ [37] (accessed on 30 August 2023). We focused
on the GO terms that classify enrichments of differentially expressed genes according to
(i) biological process, (ii) molecular function, and (iii) cellular process.

3.7.4. Enrichment Analyses

We used AUTDB http://autism.mindspec.org/autdb/Welcome.do [26] (accessed on
7 February 2023) to generate a list of autism-related genes to cross-reference with our
lists of DEGs. We have also considered a list of FMRP targets identified in postmortem
brain tissue [27]. The enrichment analysis was performed with the following online tool
http://nemates.org/MA/progs/overlap_stats.html (accessed on 7 February 2023).

Briefly, the enrichment test is calculating an hypergeometric mean whose calculation
is based on the Fisher exact test [38]. It consists in comparing the ration between the
differentially expressed genes and the number of genes in the genome versus the same
number of differentially expressed genes against (i) a list of FMRP targets or (ii) a list of
autism-related Genes.

4. Discussion

In this study, we developed an FMR1 KO iPSC-derived model to better understand
how suppressing the expression of the FMR1 gene contributes to neurodevelopmental
alterations that are observed in Fragile X syndrome. We applied the most efficient protocol
for cortical differentiation to investigate differences in activity and gene expression in
FMR1 KO cells derived from CRISPR-edited iPSC and their endogenous controls. While
FMR1 KO neurons exhibit a decreased activity compared to the controls, we also show
that FMR1 KO NPCs and neurons share 40% of differentially expressed genes. In the
genes that are downregulated, significant enrichment was observed (i) in genes involved in
autism-related genes, (ii) in FMRP targets, and (iii) in synaptic function. These findings
imply that, although the synapses are not formed yet, synaptic gene products (including

http://bioinformatics.sdstate.edu/go/
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scaffolding protein and receptor subunits) are required for proper neuronal differentiation.
We also found expression of presynaptic molecules to be increased via RNA sequencing,
qPCR, and immunostaining. Taken together, observations in both iPSC-derived FXS patient
cells and FMR1 KO line are suggestive of neuronal differentiation being impaired at the
initial stages of neurodevelopment.

4.1. FMRP, a Multifunction Protein

FRMP has initially been described as an RNA-binding protein that acts as a trans-
lational repressor [39]. More recent studies have shown that FMRP also regulates (i) the
expression of chromatin modifiers and (ii) the activity of transcription factors and channel
receptors through protein–protein interaction [3,5]. Interestingly, in our RNA sequenc-
ing experiment, we found approximately 1300 differentially expressed genes in both the
NPCs and neurons, with 55% of them downregulated and 45% upregulated. We also
observed that of these differentially expressed genes, the FMRP targets are not restricted
to genes that are upregulated in FMR1 KO cells. This confirms that FMRP does not only
act as a translational repressor. More precisely, in FMR1 KO cells, we observed an up-
regulation of transcription factors such as SIX3-SIX homeobox 3- and FOXG1-Forkhead
Box G1—(Supplementary Figure S3) and three presynaptic mRNAs SLC17A7, SYP, and
SYN1, having been described as FMRP targets [27]. On the other side, we found the expres-
sion of GRIA2 and GRIN2B to be decreased, with each coding AMPA and NMDA receptor
subunits, respectively. The proportion of upregulated and downregulated genes in FMR1
KO cells, as well as their functions, reflects the different mechanisms through which FMRP
can modulate gene and protein expression.

4.2. Delayed Transition from Progenitor-like State towards a Neuron and Impaired Differentiation

iPSCs from the FMR1 KO and the isogenic control lines were induced into NPCs that
then went through cortical differentiation. In the FMR1 KO NPCs population, we observed
a significant enrichment of upregulated genes involved with extracellular matrix combined
with the downregulation of synaptic genes. Inversely, synaptic genes are downregulated in
FMR1 KO neurons. These results suggest that FMR1 KO NPCs are less prone to differentiate
into cortical neurons and/or FMR1 KO NPCs are being maintained in a progenitor-like
state. As shown previously by Raj et al., 2021 [40], we also observed impaired cell fate
specification that favors proliferative over neurogenic cell fates during development. The
functional annotation performed on genes commonly deregulated at the NPC and neuronal
stages has revealed the upregulation of genes involved in forebrain development. As
such, we found a significant increase in SIX3 and FOXG1 gene expression in FMR1 KO
NPCs and neurons when compared to control neurons. Both genes are transcription factors
involved in the specification of the telencephalon brain region. Interestingly, according
to data collected by the BrainSpan consortium (http://www.brainspan.org/, accessed on
30 August 2023), the peak of expression of SIX3 is located around 8 weeks post concep-
tion but its expression remains in the amygdala and the striatum whereas the FOXG1
gene, which is more expressed throughout different brain regions, remains predominant
in cortical areas but its expression is decreased with age. The increase in expression of
both transcription factors, combined with the decreased expression of synaptic genes in
FMR1 KO cells, suggests that in the absence of FMRP, neural progenitors are less commit-
ted to differentiate into cortical neurons and the neural cell fate remains undetermined.
Surprisingly, our transcriptome analysis also highlighted a significant enrichment in up-
regulated genes associated with the synapse suggesting that FMR1 KO cells, aside from
presenting with an impairment in cortical differentiation, may be committed to other
neuronal subtypes. We then validated, in FMR1 KO neurons, a significant increase in
TH-Tyrosine Hydroxylase-expression (Supplementary Figure S3), required in dopaminergic
neurons. Interestingly, in HPRT KO iPSC-derived neurons—a cellular model of Lesch–
Nyhan disease—the dopaminergic differentiation is impaired due to an inhibition of the
mTOR pathway [41]. Conversely, the mTOR pathway was shown to be overactivated in

http://www.brainspan.org/
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Fmr1 KO mice due to a lack of FMRP-dependent translational repression [42]. Furthermore,
impairments in dopamine signaling have been reported in an FMR1 KO mouse model [43].
Several experiments need to be performed to determine how the absence of FMRP protein
could concomitantly affect the cortical differentiation and dopamine signaling which is
sensitive to the mTOR pathway [44].

4.3. Neuronal Differentiation and Electrical Activity Impairment

Altered neuronal development has been reported in the FXS model and differing
findings showing both hypoactivity and hyperactivity have been reported [45,46]. We
observed that cortical neurons from FMR1 KO cells and FXS patient cells display altered
neuronal morphology with defective neurite growth. This impaired neuronal development
is associated with hypoactivity. Interestingly, Gildin et al. showed that FMR1 KO-induced
neurons generated with the overexpression of NGN1 displayed hyperexcitable but less
synchronous networks at later stages of development [47]. This highlights how different
methodologies to generate mature neurons might influence their phenotype, especially
when the progenitor stage is suppressed from the protocol, and we observe important
alterations already at this stage.

Even though we observed impaired neuronal activity, we found increased expression
of many presynaptic genes in our FMR1 KO model. Amongst them was the SLC17A7 gene,
which encodes the vesicular transporter of glutamate, and which has also been described
as an FMRP target [48]. We also observed a reduction in the GABAergic neuron population
in FMR1 KO. This was consistent with another study that reported an increase in the
presynaptic protein VGLUT-1 in iPSC FMR1 KO cells that also presented with altered
synaptic development, but no alteration in the GABAergic marker GAD67 [49]. Thus,
the increased expression observed in our model is highly likely due to the lack of FMRP
repression in the FMR1 KO.

4.4. Impaired Transcriptome and Cellular Activity: Common Traits between FXS and Other
Neurodevelopmental Disorders

Our transcriptomic analysis revealed a decrease in the expression of genes involved
in synapse functioning, consistent with many other studies with iPSC-derived cells from
patients with idiopathic autism. Furthermore, we have identified, in the list of downregu-
lated genes, significant enrichments in FMRP targets and autism-related genes. We also
observed decreased activity blocked by TTX and a decrease in the expression of NMDA
receptor subunit GRIN2B, a gene previously associated with autism, in our FMR1 KO and
FXS patient lines iPSC-derived neurons [50,51]. In a previous study, we showed that the
GRIN2B mutation affects the NMDA response in iPSC-derived cells. Moreover, a chronic
APV treatment (an NMDA antagonist) was shown to affect the neuronal differentiation of
glutamatergic neurons, similar to a mutation in the GRIN2B gene [16]. This demonstrates
that at early developmental stages, although the synapses are not formed yet, AMPA-
and NMDA-dependent activities are impaired in Fragile X syndrome and other forms
of autism spectrum disorders and are needed for proper neuronal differentiation. Both
signaling pathways could constitute therapeutic targets that must be further assessed by
drug screening.

4.5. Advantages of the iPSC Model and Perspectives

iPSC-derived models have proven highly useful for investigating the cellular and
molecular deregulation associated with neurodevelopmental disorders (Figure 8). In our
study, we successfully analyzed the cellular activity and expression profile of iPSC-derived
NPCs and neurons from FMR1 KO and FXS patient lines, focusing on cortical differentiation.
Our study also shows that the lack of FMRP expression affects cortical differentiation dur-
ing the initial stages of development. Our study also confirmed that the FMR1 KO, which
is largely used as a model of Fragile X syndrome, could pinpoint common deregulations
and patterns shared among different autism spectrum disorders through the deregulation
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of autism-related genes and FMRP targets. However, our study also demonstrated how the
absence of FMRP protein could affect the developmental program of cells from the CNS
(forebrain specification and increase in genes related to the somatodendritic compartment)
raising many unanswered questions. To better understand how the silencing of the FMR1
gene affects neuronal differentiation and brain regional specification, as well as the devel-
opment of neuronal and non-neuronal cells within the central nervous system, we would
benefit from generating cortical and mesencephalic organoids from FMR1 iPSC KO cells
as more complex models allow the study of cellular and molecular abnormalities [52]. An
advantage of brain organoids is their capacity to recapitulate the multilayer organization of
the brain [53,54]. This approach provides the means to study many of the different cellular
populations that drive brain development and promote maturation and survival, as well as
their connectivity and electrophysiological activity.

In the current study, by combining the iPSC and genome editing technologies, we
were capable of investigating the consequences of the FMR1 absence on the activities
and expression profiles of neural progenitors and early differentiating neurons. We have
also found that FMR1 knock-out recapitulates changes in the activities and expression
profiles observed in iPSC-derived cells from Fragile X patients. Then, FMR1-lacking 3D
models would help to further explore how the transcriptional dysregulations and impaired
neuronal activities affect (i) the developmental trajectories of neuronal and non-neuronal
cells, and (ii) the organization of neural networks in the developing brain.

Supplementary Materials: The following supporting information can be downloaded at:
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Supplementary Materials.
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