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Abstract

Fragile X syndrome (FXS) is an X-chromosome-linked disease leading to severe intellectual
disabilities. FXS is caused by inactivation of the fragile X mental retardation 1 (FMR1) gene, but
how FMR inactivation induces FXS remains unclear. Using human neurons generated from
control and FXS patient-derived induced pluripotent stem cells (iPSCs) or from embryonic stem
cells carrying conditional FMR [ mutations, we show here that loss of FMR [ function specifically
abolished homeostatic synaptic plasticity without affecting basal synaptic transmission. We
demonstrated that in human neurons, homeostatic plasticity induced by synaptic silencing was
mediated by retinoic acid, which regulated both excitatory and inhibitory synaptic strength. FMR/
inactivation impaired homeostatic plasticity by blocking retinoic acid-mediated regulation of
synaptic strength. Repairing the genetic mutation in the FMR/ gene in an FXS patient cell line
restored FMRP expression and fully rescued synaptic retinoic acid signaling. Thus, our study
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reveals a robust functional impairment caused by FMR [ mutations that might contribute to
neuronal dysfunction in FXS. In addition, our results suggest that FXS patient iPSC-derived
neurons might be useful for studying the mechanisms mediating functional abnormalities in FXS.

One sentence summary

Inactivation of the Fimr/ gene that is mutated in Fragile X syndrome leads to loss of retinoic-acid
mediated homeostatic plasticity in human neurons.

Introduction

Fragile-X syndrome (FXS) is the most common genetic form of mental retardation and
predisposes patients to autism-spectrum disorders (ASDs) (1). Symptoms of FXS include
intellectual disability, hyperactivity, attention deficit, and autistic-like behaviors (2). FXS is
caused by mutations in the FMR 1 gene that encodes for the fragile-X mental retardation
protein (FMRP) (3). Expansion of CGG repeats in the FMR/ gene causing
hypermethylation-induced FMRP silencing is the most frequent cause of FXS (4, 5). Rare
cases of single-nucleotide mutations in FMR/ also cause FXS (6). FMRP, which is highly
expressed in the brain (7-9), is a RNA-binding protein that binds to a specific set of mRNAs
and regulates their translation (10-12). Studies using a mouse model of FXS induced by
constitutive deletion of the Fimr/ gene have contributed much to our understanding of the
function of FMRP and of the pathophysiology of FXS. Consistent with FMRP’s role in
regulating protein translation, Fmr/ KO neurons exhibit dysregulated protein translation and
elevated basal protein synthesis (13, 14), which affects neuronal development and function.
Many genes whose mRNAs are targets of FMRP encode for proteins involved in synaptic
functions (12), pointing to a potential contribution of synaptic dysfunction to FXS
pathophysiology. In agreement with this hypothesis, Fimr/ KO mice show altered excitatory
and inhibitory synaptic transmission at specific subsets of synapses (15—-17), phasic and/or
tonic GABAergic inhibition (18, 19), impairments in certain forms of long-term potentiation
(LTP) (20, 21), enhanced metabotropic glutamate receptor (mGluR)-mediated long-term
depression (LTD) (22), and a general dysfunction in G protein-coupled receptor (GPCR)
responses (23-26) (for comprehensive reviews, see (27, 28)).

In addition to altered Hebbian plasticity, recent reports indicate that defects in synaptic
retinoic acid (RA) signaling and homeostatic synaptic plasticity may contribute to network
instability and cognitive impairment in Fmr/ KO mice (29, 30). Homeostatic synaptic
plasticity is a unique form of neuronal plasticity that operates to optimize network activity
(31). For example, prolonged network silencing triggers a compensatory increases in
excitatory synaptic strength and decreases in inhibitory synaptic strength (32). A key
molecular player in homeostatic synaptic plasticity is RA. Different from its developmental
morphogen function, which regulates gene transcription (33), RA modulates synaptic
transmission in mature neurons through a transcription-independent action (34-36). RA
synthesis is triggered by reduced excitatory synaptic transmission and decreased dendritic
calcium concentrations (37, 38). Acting through a protein synthesis-dependent pathway,
newly synthesized RA promotes insertion of a-amino-3-hydroxy-5-
methyl-4isoxazolepropionic acid (AMPA) receptors into excitatory synapses and removal of
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gamma-aminobutyric acid A (GABA p) receptors from inhibitory synapses, thus quickly
altering the synaptic E/I balance and changing network excitability (29, 34, 39). In the Fmrl
KO mouse, RA signaling is severely impaired despite its normal synthesis (29, 30, 34, 39),
opening the possibility that impaired homeostatic plasticity may contribute to network
instability and cognitive impairment in FXS.

One of the missing links between mouse FXS studies and effective therapeutic intervention
in human patients is whether phenotypes discovered from mouse studies can be validated in
human neurons. Recent exciting advancements in stem cell biology provide the basis for an
alternative ex-vivo approach of disease models. The generation of human pluripotent stem
cells (hPS cells), including human embryonic stem cells (ES cells) and human induced
pluripotent stem cells (iPS cells), and their in vitro differentiation into neurons, allows direct
comparison of neuronal function between human neurons derived from control subjects and
from patients (40—45). Using this approach, a number of studies have already attempted to
examine FXS pathogenesis in ES cells isolated from embryos carrying FXS mutations (46—
49), and from iPS cells generated from somatic cells of FXS individuals (50-56). Studies on
FXS iPS cell-derived neurons differentiated using variations of the dual SMAD inhibition
protocol (53-55, 57-60) reported defects in neuronal differentiation, maturation, neurite
outgrowth and presynaptic vesicle recycling, recapitulating some the phenotypes described
in the FXS mouse models. However, the synaptic plasticity phenotype has not been fully
elucidated in FXS human neurons. Additionally, albeit powerful and informative, the
approach of phenotypic characterization based on comparisons of neurons derived from
different individuals (control and affected patients) carries an inherent limitation - the
variability between different cell lines and between individual patients provides a challenge
that cannot easily be addressed and introduces uncertainty in assessing the applicability of
results to understanding a disease. Several approaches have been suggested to overcome
these limitations. One common approach is to use several clones from each individual and
cell clones from multiple different individuals in order to identify consistent phenotypes
(61). Another approach is to generate isogenic lines by repairing a mutation using
constitutive genome editing (62). The latter approach, although genetically better defined,
still runs the risk of clonal variation due to newly generated mutations during clone selection
(63).

In the present study, we first established that in ES cell-derived human neurons from control
subjects co-cultured with mouse neurons, RA-dependent homeostatic synaptic plasticity
induced by prolonged synaptic silencing is robustly expressed at both excitatory and
inhibitory synapses. We then generated two conditional KO ES cell lines that allowed us to
create FMR /-nul/ mutations in a conditional manner without clonal variation. We showed
that loss of FMRP expression impaired RA signaling and homeostatic synaptic plasticity in
human neurons, while leaving most other neuronal and synaptic properties intact. Using
multiple human iPS cell lines from control subjects and FXS patients, we validated that RA
signaling and homeostatic synaptic plasticity is indeed absent in neurons derived from FXS
patients but not in neurons derived from control individuals. Moreover, Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)-
mediated genetic repairing of the mutant FMR/ gene in one of the patient iPS cell line fully
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rescued synaptic RA signaling. Thus, we established that defective synaptic RA signaling
and homeostatic synaptic plasticity constitutes a major synaptic dysfunction in the FXS.

Results

RA-dependent homeostatic plasticity in Human neurons

In mouse neurons, retinoic acid (RA) is a key molecule involved in homeostatic synaptic
plasticity (34). In murine FXS model, RA-dependent homeostatic plasticity process is
impaired; therefore, we asked whether loss of homeostatic plasticity may also occur in
human iPS cell-derived neurons from FXS patients.

To this end, we first assessed whether cultured human neurons were responsive to RA. We
converted human ES cells into a homogeneous population of excitatory induced neuronal
(iN) cells using forced expression of Neurogenin 2 (Ngn2) (42), and co-cultured these
neurons with mouse glia to promote synapse formation (Fig. 1A). Application of RA to
control human neurons co-cultured with mouse glia produced a great increase in excitatory
synaptic strength, monitored via the amplitude of miniature excitatory postsynaptic currents
(mEPSCs) (Fig. 1B and fig. S1A). The increase in mEPSC amplitude occurred across all
amplitude ranges (5-50 pA), reflected in a relatively uniform right shift of the amplitude
histogram (fig. S1A). The average mEPSC frequency and interevent interval were not
significantly changed (fig. S1B). These findings suggest that Ngn2-induced human neurons
co-cultured with glia have the ability to change synaptic strength in response to RA.

Ngn2-induced human neurons are purely glutamatergic (42). In order to assess inhibitory
synapse responsiveness to RA and their function in homeostatic synaptic plasticity, we
introduced inhibitory interneurons by co-culturing the human neurons with a mixed
population of neurons and glia dissociated from PO WT mouse brain. Under these
conditions, RA induced a strong enhancement of excitatory synaptic strength and a
concomitant reduction in inhibitory synaptic strength of the human neurons (identified via
co-expressed EGFP), indicated by the altered mEPSC and mIPSC amplitudes but not their
frequencies (Fig. 1C, and 1D, fig. SIC-S1F). Mirroring the changes in mEPSC amplitudes
(fig. S1C), the decrease in mIPSC amplitudes was represented by a relatively uniform left
shift in the amplitude histogram (fig. S1E).

Having established robust RA-responsiveness at both excitatory and inhibitory synapses, we
next asked whether synaptic silencing-induced homeostatic synaptic plasticity also occurs in
these human neurons. Prolonged 24-hr treatment of the voltage-gated sodium channel
blocker tetrodotoxin (TTX) and the AMPA receptor antagonist 6-
cyano-7nitroquinoxaline-2,3-dione (CNQX) (TTX+CNQX) robustly changed excitatory and
inhibitory strength in opposite directions (Fig. 1E, and 1F, fig. S1G-S1J), mimicking the
effects of a direct RA treatment. The increase in excitatory synaptic strength and the
decrease in inhibitory synaptic strength that were induced by synaptic silencing were both
blocked by 4-diethylamino-benzaldehyde (DEAB), an inhibitor of the RA synthesizing
enzyme retinal dehydrogenase (RALDH) (34, 38) (Fig. 1E and 1F).
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Our results thus show that Ngn2-induced human neurons co-cultured on mouse glia/neurons
showed RA-dependent homeostatic plasticity at both excitatory and inhibitory synapses.
Next, we investigated potential impairments in homeostatic plasticity in human fragile-X
neurons under this experimental framework.

Generation of human ES cell lines carrying the FMR1 conditional KO (cKO) allele

Aiming to explore whether FMR inactivation alters homeostatic plasticity in human
neurons, we designed conditional knockout (cKO) experiments that allow complete control
of the genetic background (64). Using homologous recombination, we derived male human
H1 ES cells in which exon 5 of the FMR/ gene is flanked with 1oxP sites; in addition, we
introduced a neomycin resistance cassette (NEO) surrounded by flp-recombination sites as a
selectable marker for homologous recombination events (Fig. 2A). Two independent ES cell
clones (F17 and F33) were analyzed in parallel to control for possible additional mutations
introduced by clonal selection (Fig. 2B, fig. S2A and S2B). The presence of the neomycin
cassette effectively blocked the expression of FMRP, as illustrated for the F33 clone in Fig.
2C. Removal of the neomycin cassette with Flp recombinase (for example, in sub-clones
F33.F3 and F17.F2) converted the KO allele to a cKO allele, and reactivated normal FMRP
expression (FMR1 cKO; Fig. 2C). Deletion of exon 5 by Cre-recombinase created an out-of-
frame junction between exon 4 and exon 6, thus producing a null allele and converting the
FMR1 cKO ES cells into FMR1 KO cells (Fig. 2D). In the following, all experiments were
performed with FMR 1 cKO ES cell clones from which the neomycin resistance cassette had
been removed using Flp recombinase, with parallel analysis of two independently derived
clones (F33.F3 and F17.F2). Inactivation of FMR by Cre-recombinase occurred only after
neuronal trans-differentiation had been initiated.

A large number of diverse functional impairments, including major changes in neuronal
development, were suggested for FMR /-mutant human neurons (53, 55, 57, 59). Taking
advantage of the precise control of genetic background afforded by FAMR/ cKO neurons, we
examined whether the loss of FMR [ function would impair neuronal development or
dendritic arborization. We converted FMR cKO ES cells into neurons with Ngn2, and co-
expressed either mutant inactive Cre-recombinase (mCre, as a control) or wild-type active
Cre-recombinase. Cre recombinase eliminated FMRP mRNA and protein expression in
human FMR I cKO neurons as expected (Fig. 2E, 2F, and fig. S2C). FMR1 cKO cells
transduced with Cre and mCre had similar conversion efficiencies, suggesting that FMRP
did not affect Ngn2-mediated neuronal reprogramming (Fig. 2G).

Morphological analyses of FMR/ mutant and control neurons co-cultured with mouse glia
revealed no differences in total neurite growth, number of processes, number of neurite
branches, and neural soma size (Fig. 2H, 2I), indicating that the lack of FMRP in mature
human neurons in vitro had no effect on overall neuronal morphology. We next examined
synapse formation by immunostaining these neurons for the pre- and post-synaptic markers
synapsin-1 and postsynaptic density protein 95 (PSD95), respectively (Fig. 2], 2K, and fig.
S2D). Dense excitatory synapses were formed on dendrites of both mCre (control) and Cre
(FMR1 KO) neurons (Fig. 2J). Quantifications of synapsin-1 and PSD95 puncta density,
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intensity and size uncovered no difference between control and FMR/ KO neurons (Fig.
2K), suggesting normal synapse development in vitro in the absence of FMR/ expression.

As the next step, we examined the basic membrane properties of control and FMR I-KO
neurons using whole-cell patch-clamp recordings. Membrane capacitance and resistance was
not altered by the lack of FMR expression (fig. S2E), which is consistent with their
unaltered soma size. Active membrane properties and excitability were analyzed under
current-clamp mode with steps of current injection. All groups of neurons readily fired
action potentials in response to current injections (fig. S2F). Resting membrane potentials
and action potential amplitudes were comparable between control and FMR/ KO neurons
(fig. S2G and S2H). FMR 1 KO neurons differentiated from the F33 FMR/ cKO ES cell line
but not from the F17 FMR cKO ES cell line exhibited increased excitability (fig. S2F),
lower action potential threshold (fig. S2I) and narrower action potential width (fig. 2J)
compared to the respective controls. The same FMR/ KO neurons also displayed larger
voltage-activated Na* currents with normal voltage-activated potassium (K*) currents (fig.
S2K and S2L).

These data show that deletion of FMRP expression from developing human neurons did not
impair neuronal differentiation induced by Ngn2 expression, dendritic arborization, synapse
formation, or development of normal electric properties, but may affect neuronal excitability.

Impaired RA signaling and homeostatic synaptic plasticity in human neurons with FMR1

inactivation

We next investigated synaptic properties and plasticity in the conditional FMR/ KO neurons
by measuring mEPSCs to monitor synaptic strength and quantal size. In cocultures of human
neuron differentiated from either F17 or F33 FMR cKO cells with mouse glia, Cre-induced
FMR1 deletion in FMR 1 cKO neurons had no effect on baseline mEPSC amplitudes and
frequencies (Fig. 3A, fig. S3A, S4A and S4B). RA treatment enhanced mEPSC amplitudes
in control neurons, but not in FMR 1 KO neurons differentiated from both FMR 1 cKO cell
lines (Fig. 3A and S4A). Thus, similar to what was observed in mouse neurons (30), the
FMR I mutation blocked the effect of RA at excitatory synapses.

We next examined synaptic RA signaling in co-cultures of human neurons with mixtures of
mouse neurons and glia (as opposed to glia alone), in which both excitatory and inhibitory
synapses are present. Again, blocking FMR [ expression in the human neurons did not
significantly alter their baseline mEPSC amplitude and frequency, nor did it affect their
baseline miniature inhibitory postsynaptic current (mIPSC) amplitude and frequency (Fig.
3B, 3C, and fig. S3B, S3C, S4C-F). However, whereas RA robustly increased mEPSC
amplitudes and decreased mIPSC amplitudes in control neurons, RA had no effect on either
mEPSC or mIPSC amplitudes in FMR 1 KO neurons (Fig. 3B, 3C, and fig. S4C and S4E).
Thus, blocking FMR I expression blocked RA signaling at both excitatory and inhibitory
synapses.

To inquire whether the block of synaptic RA signaling by the FMR deletion inhibited RA-
dependent homeostatic plasticity, we directly assayed homeostatic plasticity induced by
synaptic silencing. In control neurons differentiated from either F17 or F33 FMR/ cKO
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cells, synaptic silencing (induced by a 24-hour TTX+CNQX treatment) increased mEPSC
amplitudes and decreased mIPSC amplitudes without affecting the mEPSC or mIPSC
frequencies. Both homeostatic changes were abolished by the RA-synthesis inhibitor DEAB,
indicating that they were mediated by RA (Fig. 3D, 3E, and fig. S3D, S3E, S4GJ). Ablation
of FMR 1 expression by Cre-recombinase blocked the homeostatic changes induced by
synaptic silencing (Fig. 3D, 3E, and fig. S3D, S3E, S4G-J).

Therefore, we established in human neurons differentiated from two independent FMR /
cKO ES cell clones that FMR expression is critical for synaptic RA signaling and RA-
dependent homeostatic plasticity.

Generation of human neurons from FXS patients

The profound but selective changes in human neurons resulting from conditional inactivation
of the FMR gene raises the question whether these changes are representative of
pathogenic events in human FXS. To address this question, we generated human neurons
using forced expression of Ngn2 from iPS cells derived from two FXS patients and two
unrelated control individuals.

We analyzed neurons generated from two FXS patient-derived iPS cell lines (SC135 and
SC153 (51), referred to as FXS iPS cells #1 and #2, respectively), and two control iPS cell
lines. FXS iPS cell lines #1 and #2 have expanded CGG repeats in the full mutation range.
FMR 1 mRNA expression was inactivated in both FXS iPS cell lines, and FMR /-encoded
FMRP protein was undetectable in neurons differentiated from both lines as expected (Fig.
4A-4C). Consistent with our FMR cKO analyses, iPS cell-derived neurons co-cultured with
mouse glia exhibited a typical neuronal morphology without major changes in neuronal
differentiation, but with extensive synapse formation (Fig. 4D and 4E). The only
morphological change observed was a modest increase in neurite growth and number of
dendritic branches in neurons differentiated from iPS cell line #1, which however was absent
from neurons differentiated from iPS cell line #2 and from neurons with conditional FMR 1
deletions (Fig 4D).

Electrophysiological recordings showed that the FXS-derived and the control neurons
exhibited a similar membrane capacitance and resistance, suggesting similar neuronal size
between the two groups (fig. S5A). We then analyzed active membrane properties and
neuronal excitability of the iN cells in current-clamp mode. Neurons differentiated from all
four iPS cell lines (from both control and FXS patients) exhibited similar resting membrane
potentials, and generated action potentials in response to current injections with similar
firing thresholds and amplitudes (fig. S5B and S5C). However, similar to what we observed
in one conditional KO line, neurons generated from both FXS iPS cell lines produced more
action potentials in response to increasing current injections, suggesting increased
excitability (fig. S5B). Moreover, the action potential width (measured at 50% of the action
potential amplitude) was smaller in FXS neurons than in control neurons (fig. S5C).
Accordingly, Na*-currents were significantly increased in the FXS neurons, whereas K*-
currents were unchanged (fig. S5D and S5E).
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Blocked RA-induced synaptic potentiation in neurons derived from FXS patients

We next examined RA-induced changes in synaptic transmission. Human neurons
differentiated from all iPS cell lines and co-cultured with mouse glia exhibited similar
mEPSC amplitudes and frequencies (Fig. 5A, 5B, and fig. S6A-D). Control neurons
responded robustly to incubation with 2 uM RA with an increase in mEPSC amplitude (Fig.
5A and fig. S6B). On the contrary, neurons from FXS iPS cell lines exhibited no changes in
mESPC amplitudes following RA incubation (Fig. 5B and fig. S6D). Similarly, human
neurons from all iPS cell lines co-cultured with mouse neurons and glia exhibited
comparable mEPSC and mIPSC properties (Fig. 5C, 5D, and fig. S6E-L). Again, RA
induced a robust increase in mEPSC amplitudes and also a strong decrease in mIPSC
amplitudes in the mixed neuron-glia co-cultures (Fig. 5C, 5D, and fig. S6F and S6J) whereas
mEPSCs and mIPSCs were not modulated by RA in FXS neurons cocultured with mouse
neurons and glia (Fig. 5C, 5D, and fig. S6H, and S6L).

A potential concern about these experiments is that measuring only spontaneous miniature
synaptic responses might not be a precise reflection of synaptic strength (65). To address this
concern, we monitored evoked synaptic responses using extracellular stimulations and
human neurons co-cultured with mixed mouse neurons and glia. Similar to the results from
miniature synaptic response recordings, RA potentiated the evoked EPSC amplitude in
control neurons (Fig. SE and fig. S6M), but had no effect on evoked EPSCs in FXS neurons
(Fig. SE, and fig. S6N). Furthermore, RA strongly suppressed evoked IPSC amplitudes in
control neurons (Fig. 5F and fig. S60), but had no effect on evoked IPSCs in FXS neurons
carrying FMR [ mutations (Fig. SF and fig. S6P). Taken together, these results showed that
synaptic RA signaling was blocked in human FXS neurons. Moreover, because the co-
cultured mouse glia and mouse neurons are wildtype with normal Fmr/ expression, these
results suggest that the defect in RA signaling reflected a cell-autonomous function of
FMRP in synaptic RA signaling.

Properties of RA-mediated up-regulation of EPSCs in neurons derived from control and
FXS patients

To investigate the possibility that impaired RA responsiveness in FXS neurons was due to
reduced sensitivity to RA, we applied different concentrations of RA and found that 12 uyM
was a saturating dose for the RA-induced mEPSC increase in control neurons (Fig. 6A). In
FXS neurons, however, even 10 uM RA yielded no response (Fig. 6B), indicating that lack
of RA signaling in FXS neurons was likely not due to reduced RA sensitivity, but
corresponded to a lack of signaling due to the loss of FMRP.

Next, we investigated whether RA treatment altered synapse density in control neurons.
Consistent with lack of changes in mEPSC and mIPSC frequencies, we did not observe any
changes in excitatory or inhibitory synapse density, as assessed morphologically by staining
excitatory and inhibitory synapses for PSD95 and VGAT1, respectively (fig. S7). Thus,
RA’s effect on synaptic strength was not mediated by modification of synapse numbers. In
mouse neurons, RA increases excitatory synaptic strength by promoting synthesis and
synaptic insertion of homomeric GluA1 AMPARs (34). In our system, 1Naphthylacetyl
spermine trihydrochloride (NASPM), a polyamine blocker specific for GluA2-lacking
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AMPARSs (66), completely reversed the RA-induced increase in mEPSC amplitude in
control neurons without affecting basal amplitude in untreated neurons (Fig. 6C), indicating
a similar mechanism involving synaptic incorporation of homomeric GluA1 AMPARs at

play in human neurons.

Absence of homeostatic synaptic plasticity in neurons derived from FXS patients

Synaptic RA-signaling is a key component in the molecular pathway mediating homeostatic
synaptic plasticity (67). To confirm that the block of synaptic RA-signaling in FXS results in
a loss of RA-dependent homeostatic plasticity, we again examined the effect of chronic
synaptic silencing (24 hr TTX and CNQX treatment), but now studied neurons differentiated
from control and FXS-patient iPS cells co-cultured with mouse neurons and glia. As a
further control to ensure that we were monitoring an RA-dependent response, we examined
the effect of synaptic silencing in both the absence and presence of the RA-synthesis blocker
DEAB. We monitored both spontaneous mEPSCs and mIPSCs as well as evoked EPSCs and
IPSCs. In control iPS but not in FXS iPS cells, synaptic silencing increased the mEPSC
amplitude (Fig. 7A, 7B, fig. S8A - S8D), decreased the mIPSC amplitude (Fig. 7C, 7D, fig.
S8E — 8H). Consistent with changes in miniature synaptic responses, in control but not FXS
iPS cells, synaptic silencing increased the evoked EPSC amplitude (Fig. 7E — 7G, fig. S8I
and S8J), and decreased the evoked IPSC amplitude (Fig. 7H — 77, fig. S8K and S8L). All of
these changes were blocked by co-incubation with DEAB. Additionally, in control iPS cells,
24-hr TTX+CNQX treatment occluded further response to RA treatment in these neurons
(fig. S9), demonstrating that synaptic silencing-induced mEPSC and mIPSC changes are
mediated by RA. Thus, homeostatic synaptic plasticity is similarly abolished in human
neurons in which the FMR gene was inactivated either conditionally or via a pathogenic
event in FXS patients.

Restoring synaptic RA signaling by removing pathogenic expanded CGG repeats from the
FMR1 gene of an FXS patient

Our data using FMR 1 cKO ES cell lines thus provide strong evidence that lack of FMRP
expression directly underlies impaired RA-mediated homeostatic synaptic plasticity seen in
human FXS neurons. Therefore, we hypothesized that RA signaling in FXS neurons may be
restored by repairing the defective FMR/ gene. We thus applied CRISPR/Cas9mediated
genome editing methods to one of the FXS patient iPS cell lines (FXS #2, SC153) in order
to excise the expanded CGG repeats. DNA sequencing indicated successful removal of the
CGG repeats upstream of the initiator ATG in exon 1 of the FMR/ gene (Fig. 8A), and
recovery of FMRP expression was confirmed by immunoblotting (Fig. 8B).

In the repaired FXS neurons, responsiveness to RA at both excitatory and inhibitory
synapses was fully restored, indicated by a robust increase in mEPSC amplitude (Fig. 8C)
and a decrease in mIPSC amplitude upon RA treatment (Fig. 8D). This result, together with
the data from the FMR1 cKO neurons, suggest a direct causal relationship between silenced
FMR1 gene function and defective synaptic RA signaling in FXS.
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Discussion

This study examines the impairments induced by FMR / mutations in human neurons. In
view of the widely divergent results from prior studies on this issue (53, 57, 59, 68) (see
discussion below), we analyzed the effects of both genetically engineered conditional FMR /
mutations and of disease-associated FMR [ mutations in patient-derived iPS cells, and
additionally confirmed the role of the FMR/ mutation by repairing a pathogenic mutation in
an FXS patient-derived iPS cell line. In this manner, we were able to investigate the effects
of FMR I mutations both with precise control of genetic background in the conditional
FMR [ mutations, and with a clinically relevant approach in the patient-derived FMR
mutations. Our study builds on previous results obtained in rodent models bearing Fmr/
mutations, which showed that such mutations specifically impair homeostatic plasticity via
interfering with synaptic RA signaling (29, 30). Since homeostatic plasticity and synaptic
RA signaling in human neurons have not been previously studied, we first examined whether
these processes are present in human neurons and could be reproduced with neurons derived
from ES or iPS cells. Thus, we first described the properties of RA-dependent homeostatic
plasticity in human neurons with functionally mature synapses, and then analyzed the effect
of both conditionally engineered and patient-associated FMR [ mutations on such plasticity,
demonstrating that FMR [/ mutations induced a robust and universal block of homeostatic
plasticity in human neurons.

Our data allow the following overall conclusions. First, RA-dependent homeostatic plasticity
in human neurons operates in a two-stage process, an induction of the RA signal via
synaptic silencing, and the transduction of the RA signal into a synaptic response (fig. S10).
DEAB, an RA synthesis enzyme blocker, inhibited homeostatic synaptic plasticity by
abolishing RA synthesis in response to synaptic silencing. Direct RA treatment mimics the
effect of synaptic silencing-induced at both excitatory and inhibitory synapses, and synaptic
silencing occludes RA-induced synaptic changes. These results show that in human neurons
co-cultured with mouse neurons, which form both excitatory and inhibitory synapses, the
RA-dependent homeostatic plasticity mechanism is conserved.

Second, deletion of FMR/ in mature neurons has no major effects on the principal properties
of human neurons, including their basic synaptic properties as assayed in vitro. This
conclusion holds true for both conditional and patient-associated FMR / mutations, and
might partially help to explain why FXS patients, although affected by intellectual disability,
are often still able to speak and in some cases to act semi-independently. Compared to our
study, previous iPS cell analysis reported more dramatic morphological effects from FMR/
deletion, which might represent neurogenesis defects that may be compensated in vivo.

Third, FMR I mutations selectively block the synaptic transduction of a homeostatically
produced RA signal, and thereby impair homeostatic plasticity. This observation —the core of
our results, confirmed independently with multiple lines of evidence— identifies a robust
impairment in human FXS neurons that might contribute to the synaptic and circuit
abnormalities underlying the cognitive impairments in FXS, and that could potentially form
the basis for in vitro drug screening.
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Our results differ from previous studies that reported a divergent range of other phenotypes
produced by FMR [ mutations in human neurons. These phenotypes can be summarized to
affect three main processes: neuronal differentiation, neuronal maturation, and synaptic
functional maturation. In terms of neuronal differentiation, unlike a previously reported shift
to gliogenic development (57), our results show that the neuronal conversion efficiency is
comparable between WT (mCre-infected) and FMR ! KO (Cre-infected) ES cells, suggesting
that neurogenesis is normal despite silenced FMRP expression. With regards to neuronal
maturation, poor neuronal maturation with defects in initial neurite outgrowth (53) as well as
reduced neuronal excitability (inability to discharge trains of APs), reduced inward Na*
currents, and decreased outward K* currents were observed in neurons from FXS patients
(59). By contrast, our observations on neurons differentiated from either FXS iPS cells or
FMR1 cKO ES cells showed that these neurons exhibited normal neuronal morphology and
no change in synapse numbers. Moreover, in our hands, human neurons differentiated from
FMR 1 cKO ES cells or FXS patient iPS cells respond to current injections with robust action
potential firing. In fact, we observed changes opposite to those previously reported — that is
increased neuronal excitability and enhanced voltage-activated Na* currents in FXS neurons
derived from FXS iPS cells and in FXS neurons derived from one of the two FMR/ cKO ES
cell lines compared to WT controls. In terms of functional maturation of synapses, previous
studies using FXS neurons differentiated from human FXS ES cells reported a complete
absence of spontaneous synaptic activity in FXS neurons, which the authors attributed to
fewer synaptic vesicles (59), whereas another study reported immature responses to GABA,
which was thought to be caused by impaired GABAergic synapse development during
neurogenesis (68). Complete absence of synaptic activity is likely not compatible with the
clinical presentation of FXS. Our results showing no difference in basal synaptic
transmission at either excitatory or inhibitory synapses in iPS cell-derived or ES cell-derived
FXS neurons suggest that these cells maintain a certain degree of functionality and are
compatible with the clinical manifestation of FXS.

What may account for these apparently contradictory observations on neurons generated
from FXS patients? In previous studies ES cells derived from FXS blastocysts show no
methylation of the FMR locus and proper FMRP expression. Neurons differentiated from
such ES cells retain FMRP expression in the very early stages as epigenetic silencing of the
FMR1 gene by DNA methylation and histone modification only occurs upon differentiation
(47) (but see (48)). In one extreme case, expression of FMR I/ mRNA and FMRP were found
normal until 48 days after neuronal differentiation in neurons derived from FXS hES cells
derived from FXS blastocysts (69). By contrast, our FXS neurons are differentiated from
FXS iPSC cells where FMRP expression is already silenced before the differentiation step.
Thus, FMRP expression immediately before neuronal differentiation may contribute to
phenotypic differences observed between our study and others. However, our results with
neurons differentiated from FMR/ cKO human ES cells argue differently. In these
experiments, FMRP expression is normal in ES cells and silencing occurs at the same time
of neuronal differentiation because we transduced ES cells with Ngn2-expressing and Cre-
expressing viruses simultaneously. Some of the previously reported defect in neurons
differentiated from patient ES or iPS cells may thus simply reflect clonal variability rather
than a direct consequence of lack of FMRP expression.
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Another potential contributing factor to experimental differences is the culture condition.
Most previous studies on human FXS neurons were performed using pure human neurons
cultured in supplemented media on surfaces coated with various substrates (53, 57, 68). Our
human neurons were co-cultured with mouse glia shortly after differentiation and with
mouse cortical neurons that were added two weeks later. Contribution of glia cells to
neuronal maturation and synapse formation has been demonstrated in numerous studies (70,
71). In the current study, we further added mouse cortical neurons to provide inhibitory
synaptic inputs to these otherwise completely excitatory human neurons, thus allowing the
establishment of a synaptic network that has at least some resemblance to balanced synaptic
excitation and inhibition, which may be key to the induction of homeostatic synaptic
plasticity in human neurons. Thus, culture conditions, which dictate the stages of neuronal
and synaptic maturation, may contribute to some of the discrepancies observed between our
study and the previous ones.

A third factor potentially contributing to the differences in reports is the difference in
neuronal differentiation protocols (forced Ngn2 expression versus dual SMAD inhibition
protocol involving intermediate progenitors (60)), which might produce different types of
neurons and contribute to the different phenotypes observed in various studies. It is possible
that the various seemingly contradicting phenotypes reflect the diverse phenotypic
manifestation of FMR/ mutations in different neuronal types in FXS patients. However, the
grossly unaltered morphology of the brain and the normal basic behaviors (moving, feeding)
observed in FXS patients and in FXS mouse models lead us to speculate that FXS affects
preferentially higher functions of the brain, represented at physiological level by subtler
neurological abnormalities rather than severely impaired basal synaptic transmission and
neuronal development.

Our study raises multiple questions. Although the synaptic effects of RA inhibited in FXS
are very robust, our results do not exclude the possibility that FMR [ inactivation causes
additional major phenotypes besides blocking homeostatic plasticity. In our experiments, we
observed a modest increase in neuronal excitability in FMR /-mutant neurons derived from
both patient-derived iPS cell lines and from one of the two cKO ES cell lines, suggesting
that increased neuronal excitability may be a general feature of FXS, but may have been lost
for inexplicable reasons from one of the two cKO lines. Indeed, approximately 10-20% FXS
patients with full mutation exhibit childhood seizures (72—74), suggesting that increased
neuronal excitability may be associated with FXS. Similarly, we observed in neurons derived
from one of the FXS patient iPS cell lines but not from cKO ES cells a small change in
dendritic arborization, which may either be due to genetic background effects (which are not
controlled in the patient-derived neurons), or reflect an additional feature of iPS cell-derived
neurons. Both of these observations require further study, but are clearly not as universal as
the changes in homeostatic plasticity uniformly observed in all FMR /-mutant neurons.

Finally, previous work in mice showed that Fmr/ mutations caused an increase in mGluRS5-
mediated LTD (22). Both LTD and homeostatic synaptic plasticity phenotypes involve
changes in postsynaptic receptor trafficking (29, 34, 67, 75, 76), and the final pathways
regulating such trafficking that are activated by synaptic RA-signaling may overlap with
those used in LTD. Thus, there may be functional interactions between different types of
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synaptic plasticity that could be altered in the absence of FMRP. Future studies will have to
pursue this exciting possibility.

By necessity, our work in human neurons was entirely performed in culture. This approach,
however, includes limitations in that we could not analyze the effects of the FMR / mutations
on a physiological neural circuit in a living brain. Because cultured neurons lack the full
scope of synaptic properties observed in situ in the brain and are for example unable to
undergo classical NMDA-receptor dependent long-term potentiation or long-term
depression, our study cannot make any conclusions about the impact of FMR [ mutations on
these forms of plasticity, and cannot analyze the circuit consequences of changes in
homeostatic plasticity in a human brain. A second limitation of our study is that due to
technical conditions, we did not examine inhibitory human neurons, which may have
exhibited additional phenotypes induced by FMR [ mutations. Thus, although our results
uncovered a loss of homeostatic plasticity as a robust impairment in FMR / mutant human
neurons that could potentially be a major contributor to the overall clinical presentation of
fragile-X syndrome, we cannot - and do not wish to - exclude the possibility that FMR1
mutations cause additional major phenotypes in human neurons that were not accessible to
our experimental approach.

How may defective synaptic RA signaling and homeostatic synaptic plasticity contribute to
the clinical presentation of FXS? Identified and characterized as a developmental
morphogen, RA has been primarily studied as a transcriptional regulator during
development. However, the link between RA and neuropsychiatric disease also has a
surprisingly long history (77-84), supporting RA’s role in cognitive function in adults.
Homeostatic plasticity is a form of synaptic plasticity that is distinct from Hebbian plasticity.
Although it has always been thought that the primary functional significance of homeostatic
synaptic plasticity is to maintain neural network stability by dynamically regulating neuronal
excitability, the biochemical events involved in the homeostatic adjustment of synaptic
activity may well directly influence the ability of a neuron to undergo Hebbian-type
plasticity. Acting through a distinct molecular mechanism, RA is capable of rapidly
changing excitatory and inhibitory synaptic strength (29, 34). Thus, RA acts as a candidate
‘metaplasticity molecule’ capable of changing the state of a neuron (its excitatory/inhibitory
balance) and influencing Hebbian plasticity (85). Indeed, earlier studies showed that vitamin
A deficiency (which depletes RA) leads to impaired hippocampal Hebbian plasticity and
learning (86—88). A more recent study using a dominant negative form of RARa expressed
in adult forebrain demonstrated impairments in AMPAR-mediated synaptic transmission,
hippocampal LTP, hippocampal-dependent social recognition, and spatial memory (89). In
our hands, RA-induced increases in excitatory synaptic transmission significantly impaired
subsequent induction of LTP, a phenomenon that can be reversed by acute genetic deletion
of RARa or inhibiting protein synthesis during RA treatment (75). These findings suggest
that the functional impact of RA may go beyond homeostatic plasticity, and affects
performances of neural circuits underlying cognitive functions. Thus, impaired RA signaling
may contribute to various aspects of synaptic and circuit dysfunction in FXS patients.
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EXPERIMENTAL METHODS
Study design

This study was designed to thoroughly characterize the basic morphological and functional
properties as well as retinoic acid (RA)-mediated synaptic silencing-induced homeostatic
synaptic plasticity in human neurons differentiated from human ES cells or iPS cells, and to
investigate whether RA-dependent homeostatic plasticity is absent in human neurons lacking
FMRP expression. We generated FMR/ cKO hES cells to test the necessity of FMRP
expression for synaptic RA signaling and homeostatic plasticity, then verified the clinical
relevance of the results in human neurons derived from control and FXS patient iPS cells.
Additionally, we performed CRISPR/Cas9-mediated repair of the defective FMR/ gene in
FXS iPS cells to further investigate the causality between FMRP expression and RA-
mediated homeostatic synaptic plasticity. All human samples and animal work were
approved by the Institutional Animal Care and Use Committee (IACUC) and Institutional
Review Board (IRB) of Stanford University. For all experiments, three to six biological
replicates (independent experiments) were performed and all results were analyzed by
experimenters who were blinded to the experimental groups.

Statistical Analysis

Data were presented as mean + standard SEM. Sample sizes were estimated with power set
at 0.8 and a value at 0.05. Statistical significances were tested with two-tailed #test or
ANOVA. Interactions between factors were tested with two-way ANOVA. Tests were
performed with Microsoft Excel and GraphPad Prism 6 software. p-Values are indicated
where tests have been performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RA-dependent homeostatic synaptic plasticity in human neurons (iN cells)
differentiated from human H1 EScell line.

(A) Representative images showing expression of pan neuronal markers (MAP2 and Tujl) as
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well as pre (PSD95) and post synaptic (Synapsinl, SYN1) markers in iN cells generated
from control human ES (H1) cells and co-cultured with mouse glia for four weeks. Scale
bars: 50 um (MAP2 and Tuj) and 5 um (PSD95/SYN1). (B) Example traces (left) and
quantification (right) for mEPSC amplitudes recorded from iN cells co-cultured with mouse
glia and treated with DMSO or RA (30—45 minutes plus 90 minutes washout) (***, p <
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0.001; student’s t-test). Scale bars: left, 20 pA, 1s; right, 5 pA, 5 ms. (C) Quantification for
mEPSC amplitudes recorded from iN cells co-cultured with mouse cortical neurons and
treated with DMSO or RA (¥**, p < 0.001; student’s t-test). Scale bars: 5 pA, 5 ms. (D)
Quantification for mIPSC amplitudes recorded from iN cells cocultured with mouse cortical
neurons (***, p < 0.001; student’s t-test). Scale bars: 5 pA, 5 ms. (E-F) Quantification for
mEPSC amplitudes (E) and mIPSCs (F) recorded from iN cells co-cultured with mouse
cortical neurons treated with DMSO (24 h), TTX+CNQX (24 h), or TTX+CNQX+DEAB
(24 h) (***, p < 0.001; one-way ANOVA). Scale bars: 5 pA, 50 ms. n/N = # of neurons/# of
independent experiments. In all graphs, data represent average values £ SEM.
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Figure 2. Generation and characterization of FMR1 conditional knock-out human neurons.
(A) Schematics of the gene targeting strategy used to generate FMR I cKO hES cells. (B)

Homologous recombination validation by PCR using S1 and S5 external primers. F33 is the

original targeted clone, F33.F1, F33.F2 and F33.F3 are the subclones generated after Flp-

mediated loop out of the selection cassette. (C) Immunoblot analysis of FMRP protein in
H1, FMR1 KO (F33), FXS iPS cell #1 (SC135), and FMR cKO (F33.F3) cells. (D)
Immunostaining of FMRP in H1 and FMR KO (F33)cells. Scale bar: 50 um. (E) gPCR
analysis of FMR/ mRNA expression in iN cells differentiated from F33.F3 cKO ES cells
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transduced with mCre (WT, control) or Cre (KO), and in brain tissues. (F) Immunoblot of
FMREP protein in iN cells differentiated from F33.F3 cKO ES cells transduced with mCre or
Cre. (G) Quantification of the iN conversion efficiency of F33.F3 cKO ES cells after
doxycycline induction. (H) Representative immunofluorescence images of F33.F3 cKO ES
cells transduced with mCre-GFP (WT, control; right) or Cre-GFP (KO; left) (red: MAP2).
Scale bars: 50 um. (1) Quantification of general neuronal morphology in WT (mCre) and
FMR1 KO (Cre) iN cells. (J) Images of dendrites immunolabeled with Synapsin-1, PSD95
and MAP2 from WT (mCre) and FMR KO (Cre) iN cells. Scale bar: 5 um. (K)
Quantification of puncta density, intensity and size for SYN1 and PSD95
immunofluorescent signals. n/N = # of neurons/# of independent experiments. In all graphs,
data represent average values = SEM.
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Figure 3. Impaired RA synaptic signaling and homeostatic synaptic plasticity in human neurons

lacking FMR1 expression

(A) Example traces and quantification for mEPSC amplitudes recorded from iN cells
differentiated from FXS cKO #1 F33 ES cells, infected with mCre (WT) or Cre (KO)
viruses, co-cultured with mouse glia and treated with DMSO or RA (¥*, p < 0.01; student’s

t-test). Scale bars: top traces, 10 pA, 1s; inset traces, 5 pA, 5 ms. (B) Quantification for
mEPSC amplitudes recorded from WT or KO iN cells differentiated from FXS cKO #1 F33
ES cells, co-cultured with mouse cortical neurons, and treated with DMSO or RA (¥*, p <
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0.01; student’s t-test). Scale bars: 5 pA, 5 ms. (C) Quantification for mIPSC amplitudes
recorded from WT or KO iN cells treated with DMSO or RA (**, p < 0.01; student’s t-test).
Scale bars: 5 pA, 50 ms. (D) Example traces and quantification for mEPSC amplitudes
recorded from WT or KO iN cells differentiated from FXS cKO #1 F33 ES cells treated with
DMSO (24 h), TTX+CNQX (24 h), or TTX+CNQX+DEAB (24 h) (***, p < 0.001; oneway
ANOVA). Scale bars: long traces, 20 pA and 1s; single response traces, 5 pA and 5 ms. (E)
Example traces and quantification for mIPSC amplitudes recorded from WT or KO iN cells
treated with DMSO (24 h), TTX+CNQX (24 h), or TTX+CNQX+DEAB (24 h) (¥**, p <
0.001; one-way ANOVA). Scale bars: left, 20 pA and 1s; right, 5 pA and 50 ms. n/N = # of
neurons/# of independent experiments. In all graphs, data represent average values + SEM.

Sci Transl Med. Author manuscript; available in PMC 2019 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Zhang et al.

A

% of GAPDH

08

o
o

o

=

Page 26
OCT4 mRNA 0004y  FMRT mRNA D
n=3 in=3) Ctrl iPS cell #1 (EB1) Ctrl iPS cell #2 ( tiPS cell 2
0.003
0.002
0.001

Total neurite length Nurnber of primary Total number of soma area
processes branches
1.0 = *
—
[
0.8 e
Ll T os g Tan
i 5 5
£ o4 £ £ 40
) \ = 2 3
1:Ctrl iPS cell #1 (EBT) 0.2 20
2:FXSiPS cell #1 (SC135)
3EXSIPS cell #2(5C153) O s woser g
4:Ctrl IPSC #2 (SKI) el TRy
5:Human ES cell (H1)
Ctrl iPS cell #1 FXS patient iPS cell #1

FXS patient iPS cell #2

Tuit

Figure 4. Biochemical and morphological characterization of human neurons differentiated from
control and FXS patient iPS cell lines.

(A) Quantification of OCT74 and FMR1 mRNA expression in HI ES cell and FXS iPS cells.
(B) Immunostaining images of FMRP showing lack of FMRP expression in control and FXS
iPS cell lines. Scale bar: 20 pm. (C) Western blot analysis of FMRP expression in iN cells
differentiated from H1 ES cell, FXS iPS cells #1 and #2 and control iPS cells #1 and #2. (D)
Representative images and quantification of morphological aspects of iN cells differentiated
from both control and FXS iPS cell lines (Ctrl #1 EB1, Ctrl #2 Skl, FXS #1 SC135, FXS #2
SC153) (*, p < 0.05; one-way ANOVA). Scale bar: 50 um. n/N = # of neurons/# of
independent experiments. (E) Representative images showing expression of pan neuronal
markers (MAP2 and Tujl) as well as pre (Synapsinl, SYN1) and post synaptic (PSD95)
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markers in iN cells generated from control human iPS cells (Ctrl #1 EB1, Ctrl #2 Skl) and
FXS human iPS cells (FXS #1 SC135, FXS #2 SC153) and cocultured with mouse glia for
four weeks. Scale bars: 50 um for the top images and 5 um for the bottom higher
magnification images. In all graphs, data represent average values + SEM.
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Figure 5. Impaired synaptic RA signaling in human neurons derived from FXS patients co-
cultured with mouse glia or mouse neurons.

(A-B) Example traces and quantification for mEPSC amplitudes recorded from iN cells
differentiated from control #1 iPS cells (EB1) (A) and FXS iPS cell #1 (SC135) (B),
cocultured with mouse glia, and treated with DMSO or RA (***, p < 0.001; student’s t-test).
Scale bars: left, 20 pA, 1s; right, 5 pA, 5 ms. (C) Quantification for mEPSC amplitudes
recorded from iN cells differentiated from control iPS cell #1 (left) or FXS iPS cell #1
(right), co-cultured with mouse neurons, and treated with DMSO or RA (***, p < 0.001;
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student’s t-test). Scale bars: 5 pA and 5 ms. (D) Quantification for mIPSC amplitudes
recorded from control and FXS iN cells treated with DMSO or RA (***, p < 0.001;
student’s t-test). Scale bars: 5 pA and 50 ms. (E) Representative traces and quantification of
evoked EPSCs recorded from iN cells differentiated from control iPS cell #1 and FXS iPS
cell #1 lines after DMSO or RA treatment. Scale bars: 200 pA, 10 ms. (F) Representative
traces and quantification of evoked IPSCs recorded from control and FXS iN cells after
DMSO or RA treatment. Scale bars: 200 pA, 20 ms. n/N = # of neurons/# of independent
experiments. In all graphs, data represent average values + SEM.
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Figure 6. Properties of RA signaling in human neurons differentiated from control patient iPS
cells.
(A) RA dose-dependent responses of mEPSC in iN cells differentiated from control iPS cell

#2 line (*, p < 0.05; *** p <0.001; one-way ANOVA). (B) Quantification of mEPSCs
recorded from iN cells differentiated from FXS iPS cell #1 line and treated with maximum
dose of RA (10 uM). (C) Quantification of mEPSC amplitudes and frequencies in iN cells
differentiated from control iPS cell #2 line treated with RA and NASPM (***, p < 0.001;
student’s t-test). n/N = # of neurons/# of independent experiments. In all graphs, data

represent average values + SEM.
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Figure 7. Impaired homeostatic synaptic plasticity induced by synaptic silencing i in human
neuronsdifferentiated from FXS patient iPS cells.
(A-B) Example traces and quantification for mEPSC amplitudes recorded from iN cells

differentiated from control iPS cell #1 line (A) or FXS iPS cell #1 line (B), co-cultured with
mouse cortical neurons, and treated with DMSO (24 h), TTX+CNQX (24 h), or TTX
+CNQX+DEAB (24 h) (***, p < 0.001; one-way ANOVA). Scale bars: left, 20 pA and 1s;
right, 5 pA and 5 ms. (C-D) Example traces and quantification for mIPSC amplitudes
recorded from iN cells differentiated from control iPS cell #1 line (C) and FXS iPS cell #1
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line (D) treated with DMSO (24 h), TTX+CNQX (24 h), or TTX+CNQX+DEAB (24 h) (**,
p < 0.01; one-way ANOVA). Scale bars: left, 50 pA and 1s; right, 5 pA and 50 ms. (E)
Example traces of evoked EPSCs recorded from control and FXS iN cells under various
treatment conditions. Scale bars: 200 pA and 10 ms. (F-G) Quantification of eEPSC
amplitudes from control (F) and FXS (G) iN cells (¥*, p < 0.01; one-way ANOVA). (H)
Example traces of evoked IPSCs recorded from control and FXS iN cells under various
treatment conditions. Scale bars: 200 pA and 20 ms. (I-J) Quantification of eIPSC
amplitudes from control (1) and FXS (J) iN cells (**, p < 0.01; one-way ANOVA). n/N = #
of neurons/# of independent experiments. In all graphs, data represent average values +
SEM.
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DNA Sequence upstream of ATG within Exon 1 of FMR1 gene
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Figure 8. Rescues of synaptic RA signaling in human neuronsinduced from FXSiPS cells by
CRISPR/Cas9-mediated removal of excessive CGG repeats upstreams of FMR1 gene.

(A) Sequence alignment diagram showing the region within exon 1 flanking the CGG
repeats upstream of ATG of FMR1 gene from a control human ES cell line (H1) and a FXS
patient iPS cell line before and after the CRISPR/Cas9-mediated removal of excessive CGG
repeats (red-highlighted). (B) Immunoblot of FMRP expression in FXS iPS cell line before
and after the repair. (C-D) Quantification of mEPSC (C) and mIPSC (D) amplitudes and
frequencies in neurons derived from repaired FXS iPS cells treated with DMSO or RA (**,

p < 0.01; #** p <0.001; student’s t-test). n/N = # of neurons/# of independent experiments.

In all graphs, data represent average values + SEM.
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