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Fragile X syndrome (FXS) is the most common form of inherited cognitive impairment. It is caused by
developmental inactivation of the FMRI gene and the absence of its encoded protein FMRP, which plays
pivotal roles in brain development and function. In FXS embryos with full FMRI mutation, FMRP is expressed
during early embryogenesis and is gradually downregulated at the third trimester of pregnancy. FX-human
embryonic stem cells (FX-hESCs), derived from FX human blastocysts, demonstrate the same pattern of
developmentally regulated FMRI inactivation when subjected to in vitro neural differentiation (IVND). In this
study, we used this in vitro human platform to explore the molecular mechanisms downstream to FMRP in the
context of early human embryonic neurogenesis. Our results show a novel role for the SOX superfamily of
transcription factors, specifically for SOX2 and SOX9, which could explain the reduced and delayed neuro-
genesis observed in FX cells. In addition, we assess in this study the ‘“GSK3f theory of FXS”’ for the first time
in a human-based model. We found no evidence for a pathological increase in GSK3f protein levels upon
cellular loss of FMRP, in contrast to what was found in the brain of Fmrl knockout mice. Our study adds novel
data on potential downstream targets of FMRP and highlights the importance of the FX-hESC IVND system.

Introduction

FRAGILE X sYNDROME (FXS) is the most common form of
inherited intellectual disability [1]. It is a neurodevelop-
mental disorder characterized by abnormal neural plasticity,
cognitive impairment, autism, and epilepsy. FXS is caused by
silencing of the FMRI gene and the consequent absence of its
protein, fragile x mental retardation protein (FMRP). FMR]
is inactivated because of a dynamic mutation composed of a
CGG-triplet repeat expansion in the 5’-untranslated region of
the gene [2]. In human fetuses affected by the full muta-
tion, FMRI is gradually downregulated during embryonic
development [3] and its consequent adverse effects on brain
function suggest a role for FMRP in early neurogenesis, in-
cluding maintenance and differentiation of neural progenitor
cells [4].

Several in vivo and in vitro models have been established
to investigate FXS pathology. Fmrl knockout (KO) animals
do not express Fmrl at any stage of development [5,6] and
even in conditional KO mice [7], the natural disease pro-
gression, which includes gradual FMRP downregulation, is
not fully recapitulated. Human in vitro models include
postmortem adult neurons [8], adult neural progenitors [9],

or fetal neural progenitor cells [10-12]. These FX cells show
only mild differences in their morphology and gene ex-
pression from normal human controls[10], but show sig-
nificant differences from their Fmrl/™" mice counterparts
[11,13]. Collectively, these studies suggest that the role of
FMRP in early neurogenesis could be significantly different
between human and mouse.

Human embryonic stem cells (hESCs) are a powerful tool
in disease modeling because of their ability to proliferate
indefinitely in culture, while maintaining their potential to
differentiate into all cell types in the body [14,15]. We have
previously derived male FX-hESC lines carrying the full
mutation at the FMRI gene [16,17]. We have shown that
undifferentiated FX-hESCs express FMRI and FMRP, and
that this expression is gradually inactivated only later during
differentiation, mimicking the natural progression of the
disease. Surprisingly, although full FMRI inactivation was
detectable only in mature FX-neurons, in vitro neural dif-
ferentiation (IVND) of FX-hESCs resulted in aberrant ex-
pression of several key neural genes already at early stages
of neurogenesis, indicating that partial downregulation of
FMRI is enough to induce neurodevelopmental abnormali-
ties [17].
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Similarly, others found abnormal expression of neural
genes in human neural precursor cells (hNPCs) harvested
from FXS fetuses [10] and in hNPCs differentiated from
FX-human-induced pluripotent stem cells (hiPSCs) gener-
ated from fibroblasts of FXS patients [18,19]. However, the
functional consequences of these findings and the exact
molecular mechanism regulating abnormal human neuro-
genesis in FXS remain unclear.

In our previous study, we showed a deficit in SOX/ ex-
pression in FX-hESCs undergoing IVND, concomitant with
reduced and delayed development of neural rosettes (NRs)
[17]. The SOX superfamily of transcription factors is re-
garded as ‘‘master switches in human embryonic devel-
opment, including the formation of the nervous system
[20,21]. Members of the SOXBI subgroup (SOXI, SOX2,
and SOX3) were found to be important in directing the early
development of neural tissue, whereas SOX9 and SOX21
were involved in late neuronal development. Interestingly,
SoxI™~ mice are characterized by epilepsy [22], which is
also known to affect 20%—25% of FXS patients. In addition,
patients with SOX3 deficiency show symptoms similar to
those observed in FXS patients, characterized by intellectual
disability [23,24]. SOX9 is known to play key roles in neural
crest development, chondrogenesis, and testis development
[25], which are also affected in FXS individuals. Collec-
tively, these studies, together with our previous findings,
hint at a potential role for SOX genes in FXS pathology
during human embryonic development.

Other possible mechanisms explaining the deficits observed
in FXS pathology have been proposed. Studies conducted on
Fmrl™™ mice have consistently shown that lack of FMRP
results in an abnormal increase in glycogen synthase kinase 33
(GSK3p) mRNA and protein levels [26]. Although GSK3p
plays key roles in several molecular pathways, it has been
proposed that its involvement in FXS neuropathology is me-
diated through the canonical Wnt/B-catenin signaling pathway
[27,28], a critical signaling pathway for embryonic neural
development as well as for adult neurogenesis [29]. These
studies showed that ablation of FMRP in vivo reduced the
capacity of murine adult neural stem cells (aNSCs) to dif-
ferentiate into hippocampal neurons because of an increase in
GSK3p and a consequent reduction in P-catenin and its
downstream neuronal transcription factors, reducing neuronal
yield and increasing the relative number of glia cells in the
hippocampus. However, the role of Wnt signaling and the
functional connection between FMRP and GSK3f have not
been tested yet during embryonic neurogenesis. This is im-
portant because although adult neurogenesis is confined to the
replenishment of specific neuronal populations in the brain
(mainly the hippocampus and the olfactory bulb), embryonic
neurogenesis is responsible for the formation of the entire
nervous system. Furthermore, this question has never been
addressed in an FXS human-based model. In this study, for the
first time, the relationship between FMRP, GSK3p, and the
canonical Wnt signaling pathway is explored in the context of
human embryonic neurogenesis.

Materials and Methods
hESC lines

The use of spare IVF-derived embryos following pre-
implantation genetic diagnosis for the derivation of hESCs
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was approved by the Israeli National Ethics Committee (7/
04-043). Three male FX-hESC lines were studied: HEFX1,
SZ-FX6, and Lis_FX6, entitled here as FX1, FX2, and FX3,
respectively. FX1 and FX3 were established by us, whereas
FX2 was kindly provided by Dr. Eiges (Shaare Tzedek Med-
ical Center) and their full characterization was already pub-
lished [16,17]. Four nonaffected hESC lines were used: HUES-
6, HUES-16, HUES-13, and HUES-64, kindly provided by Dr.
Melton (Harvard University). A summary of all hESC lines
used in this study is provided in Supplementary Table S1
(Supplementary materials are available online at www liebertpub
.com/scd). Cells were cultured on Matrigel (BD), in the hESC
medium supplemented with basic fibroblast growth factor
(bFGF) (8 ng/mL; R&D), as previously reported [17,30,31].

IVND of hESCs

IVND of hESCs was conducted as previously described
[17]. IVND included three steps: (a) formation of neuro-
ectoderm aggregates in suspension, grown in the presence of
noggin (250ng/mL; PeproTech) for 4 days and in bFGF
(20 ng/mL) for 4 additional days; (b) development of attached
NRs in the presence of sonic hedgehog (Shh, 200 ng/mL;
PeproTech) for 10 days; and (c) mechanical excision of NRs
and creation of neurospheres (NS) in suspension for 12 days
supplemented with bFGF (20 ng/mL). The neural induction
medium (NIM) consisted of Dulbecco’s modified Eagle’s
medium:F12 (LifeTech.), 0.5% B27 (LifeTech.), 1% N2
(LifeTech.), 1% GlutaMAX (LifeTech.), 1% nonessential
amino acids (Biolnd.), and 0.1 mg/mL Primocin (InvivoGen).

Derivation of hNPCs

Stable lines of hNPCs were derived from each of the hESC
lines used (Supplementary Table S1), following previously
described protocols [32-34], with slight modifications. In
brief, at day 18 of IVND (see IVND of hESCs), the attached
cells surrounding excised NRs were dissociated using TrypLE
(LifeTech.) and passaged on Matrigel (BD)-coated polysty-
rene wells in NIM, supplemented with bFGF (20 ng/mL).

Neuronal differentiation

To induce neuronal differentiation of floating NS (after 30
days of IVND), we collected aggregates by gentle centrifuga-
tion and replated on Poly-D-Lysine/Laminin (Sigma)-coated
glass coverslips and the medium was switched from NIM to
neuronal differentiation medium (NDM), supplemented with
brain-derived neurotrophic factor (BDNF), glia-derived neu-
trophic factor (GDNF) and neurotrophin-3 (NT-3; 10ng/mL;
PreproTech). The NDM consisted of Neurobasal (LifeTech.),
1% B27 (LifeTech.), 1% N2 (Life Tech.), 1% GlutaMAX
(LifeTech.), 1% nonessential amino acids (Biolnd.), and
0.1 mg/mL Primocin (InvivoGen). To induce neuronal dif-
ferentiation of hNPCs, cells were first dissociated using Try-
pLE (LifeTech.), collected by centrifugation, and allowed to
spontaneously form aggregates in conical tubes for ~30min
at 37°C, followed by the same process described for NS.

Gene transcription analysis

Relative transcription levels were analyzed by quantita-
tive real-time polymerase chain reaction (qQRT-PCR), as
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previously described [17]. RNA was extracted (RNeasy;
Qiagen), reversed transcribed using the SuperScript-III kit
(Invitrogen), and analyzed using SYBR green (ABgene) in
Rotor-Gene 6000 Series (Corbett). The housekeeping gene
GAPDH was used as a control for AACt analysis. All qRT-
PCR assays included nontemplate control, nonhuman cells
(mouse embryonic fibroblasts), and human-FXS white blood
cells. All primers (Sigma) are listed in Supplementary
Table S2.

Immunostaining assay

Immunostaining was performed as previously described
[17]. Cells were fixated using Cytofix (BD). Incubation with
primary antibodies was performed overnight at 4°C, detected
using Cy2/Cy3-conjugated secondary antibodies, applied for
1h at RT, in the dark. For the full list of antibodies, see
Supplementary Table S3. Nuclei were stained using DAPI
(Sigma). Coverslips were mounted using Fluoromount G
(Southern Biotech). Cells were imaged using an inverted
fluorescent microscope (Olympus). All conditions were sim-
ilar for all lines in all experiments. For characterization of
hNPCs, each line was stained for each marker twice. For
establishing the MAP2/GFAP ratio, each experiment was
performed in triplicate and images were taken from five
different fields/coverslip and >50 cells per field were ana-
lyzed by manual counting of positively (Cy2/Cy3) stained
cells relative to DAPL.

Western blot analysis

Protein was extracted using a lysis buffer (Promega), and
25-30 pg of protein was loaded on a 7.5% separating gel
using the Mini Trans-Blot Cell (Bio-Rad). Nitrocellulose
membranes were stained with primary antibodies and de-
tected with HRP-conjugated secondary antibodies. The full
list of antibodies for western blot (WB) is shown in Sup-
plementary Table S4. Protein bands were detected using
EZ-ECL (Biolnd.) and imaged using a chemiluminescent
camera.

Manipulation of gene expression

Silencing of FMRI and SOX2 expression in hNPCs was
carried out using custom-made siRNA or its scrambled
negative control (Stealth RNAi; LifeTech.) at 20nM,
using the Lipofectamine RNAi Max reagent (LifeTech.).
siRNA sequences are provided in Supplementary Table
S2. Overexpression of FMRI in hNPCs was performed using
a CMV-FMRI cDNA plasmid. Transfection was carried out
using Lipofectamine 2000 (LifeTech.) and selection with G418
(InvivoGen), at 100 pg/mL. Transient overexpression of SOX9
in hNPCs was performed using an SOX9 cDNA plasmid under
the Tet-On system of induction. Doxycycline (1 pg/mL) was
added 24 h after transfection for a total of 48 h.

Wnt modulators

The GSK3p inhibitor CHIR99021 (Tocris) and the tan-
kyrase inhibitor XAV939 (Selleckchem) were dissolved in
DMSO of 20mM stock solutions and stored at —80°C.
Working concentration for both inhibitors was 3 uM.
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Cell patch clamp

Electrophysiological recordings were conducted as previ-
ously described [17]. In brief, neurons on glass coverslips
were transferred to a recording chamber in a standard re-
cording medium, containing (in mM)10 HEPES, 4 KClI, 2
CaCl,, 1 MgCl,, 139 NaCl, and 10 b glucose (340 mOsm, pH
7.4). Cells were patch clamped with pipettes containing (in
mM) 136 K-gluconate,10 KCI, 5 NaCl, 10 HEPES, 0.1
EGTA, 0.3 Na-GTP, 1 Mg-ATP, and 5 phosphocreatine, pH
7.2 (pipette tip resistance was 5-8 M()). Action potentials
were evoked (in current-clamp mode) by injecting depolar-
izing current pulses. Membrane potential was held at 60 mV.
Signals were amplified with a Multiclamp 700B amplifier and
recorded with Clampex 9.2 software (Axon Instruments). Data
were analyzed using Clampfit-9 and SigmaPlot.

Migration assay

Outgrowths of NS were cut using an ultrasharp splitting
microblade (Bioniche). NS were imaged using an inverted
light microscope (Olympus) before the cut and at 0, 2, 4, 8,
16, and 24 h following the cut. Time course of regrowth was
reconstructed from the images using Cell*A (Olympus) and
Image] (NIH) software, and the number of cells populating
the cut area was manually quantified and normalized to the
area analyzed (in pm?). All cultures were grown in NDM
previous to the assay, and growth factors were added im-
mediately before the cut (20 ng/mL for BDNF, GDNF, and
NT-3, and 200 ng/mL for Shh and Noggin).

Statistical analysis

Statistical analysis (Student’s #-test and ANOVA) was
performed using SPSS, SigmaPlot, and online GraphPad
QuickCalcs (www.graphpad.com/quickcalcs).

Results
Delayed neurodevelopment of FX-NS

This study was performed on four control hESC lines
(HUES; Melton Lab) and three FX-hESC lines (Supple-
mentary Table S1 for full details and references) and is a
direct continuation of our previous report, in which, for the
first time, we induced IVND in FX-hESCs [17]. In that first
report, we described a reduced and delayed development of
NRs during IVND of FX-hESC lines. In this study, after the
initial 30 days of IVND and production of floating NS (see
the Materials and Methods section), we replated HUES and
FX NS and followed their neuronal differentiation for an
additional 70 days, to further characterize the phenotypic
differences in their neurodevelopmental status. We observed
that attached NS produced neuroblasts and neurons sprout-
ing radially from the NS, in both FX and HUES lines (Fig.
1A). However, we also noticed that some of the attached NS
exhibited transient NR formations. Importantly, the fre-
quency of NRs on FX-NS was significantly higher and re-
mained for longer periods of time (Fig. 1A). By day 100,
NRs were still present only in FX cultures and completely
disappeared from control cultures. Since NRs are consid-
ered as primitive neuroectodermal structures reminiscent of
neural plate or neural tube formations [35,36], we suggest
that this finding provides another demonstration of delayed
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FIG. 1. Analysis of long-term neural differentiation of FX-human embryonic stem cells (hESCs). (A) Representative

images of neurospheres (NS) developed from HUES-hESCs (leff) and FX-hESCs (middle). Neural rosettes (NRs) in FX-NS
are indicated by white arrows. The number of NRs per NS was quantified at days 50 and 100 of in vitro neural differentiation
(IVND) (20 and 70 days after NS replating, respectively). The experiment was repeated twice in HUES-13-hESC line and in
all three FX-hESC lines. n=total number of NS analyzed as indicated at the bottom of each bar. All values are mean+ SEM
(*P<0.05; **P<0.01; r-test). (B) Representative images of HUES-NS (leff) and FX-NS (right) lines, 4 and 24 h following
microblade cut. Experiments were performed in HUES-13-hESC line and in all three FX-hESC lines, repeated four times for
control (baseline difference between HUES and FX), and twice for each treatment. Quantified values are the percentage of
repopulation relative to control, at 2, 4, 8, 16, and 24 h following the cut with or without BDNF, GDNF, NT-3 (all 20 ng/mL),
Shh, and Noggin (both 200 ng/mL). HUES-NS are shown in continuous lines; FX-NS are shown in dotted lines. All values
are mean+ SEM (n=2-3/line; *P <0.05; t-test). Statistical analysis result is shown for the last time point (24 h) only.

embryonic neurogenesis in FXS. We have previously shown functionality, we devised a migration assay, in which the

that delayed development of FX-NRs could be rescued
by Shh, a key morphogen in early neural development. Si-
milarly, two recent studies conducted on FX-hiPSCs suggest
that abnormal neurite development and axonal guidance
cues could be linked to FXS pathology [37,38]. To further
show in a functional context that these FX cultures are en-
riched with immature precursor cells and to explore possible
effects of the FMRI mutation on neuronal development and

periphery of plated NS was subjected to microcuts, and
the repopulation rate of the injury area, probably by newly
formed neuroblasts (as previously observed, see Telias et al.
[17]), was measured during the next 24h (Fig. 1B). Our
results show that FX cells were significantly less efficient in
repopulating the injury area, in control conditions (ie, no
growth factors added to the medium). However, in the
presence of the early neural morphogens, Noggin and Shh,
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the repopulation rate of FX cells had significantly increased
to a level similar to that measured for HUES cells. The
addition of BDNF, GDNF, and NT-3, growth factors known
to affect the differentiation and migration of neurons in the
postnatal and adult brain [39,40], did not have any differ-
ential effect on the repopulation rate of FX, compared to that
of HUES. These results suggest that indeed the
developmental delay observed during early IVND of FX-
hESCs is maintained during late stages of neuronal differ-
entiation. Furthermore, these results also suggest that
molecular pathways activated by early morphogens such as
Noggin and Shh could be involved in FXS neurodevelop-
mental pathology.

Derivation and characterization of hNPCs

On the basis of our previous published results and the
extended phenotypic observations described in Figure 1, we
hypothesized that FX hNPCs will exhibit a more persistent
primitive phenotype than the HUES counterparts. To in-
vestigate this hypothesis, we derived stable self-renewing
hNPC lines from the FX and HUES hESC lines described
above, following published protocols (see the Materials and
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Methods section for details). The derived cells, in all lines
(FX and HUES alike), had small triangular somata and one
or two short projections (Fig. 2A). The morphology of these
hNPCs, their rate of growth, and the potential for terminal
neuronal differentiation were not altered for at least 10
passages in all lines, with passaging typically occurring
once a week in a 1:5 dilution. To characterize the neural
status of these hNPCs, we analyzed the protein expression of
nine different neural genes, each corresponding to a specific
stage during neural development (Fig. 2B). We found that
HUES-hNPC lines expressed neural genes characteristic
of primitive and advanced hNPCs, depending on the spe-
cific line (Fig. 2C). While HUES-6- and HUES-16-derived
hNPCs express high levels of early neural genes (especially
Z0-1), HUES-13- and HUES-64-derived hNPCs express
also more advanced neural genes (especially cytoplasmic
NeuN). To demonstrate that these are bona fide hNPCs, we
induced their neuronal differentiation, and ~20-30 days
later, mature neurons were obtained that stained positive for
the neuronal cytoskeleton protein Tujl and for the cortical
neuronal marker CaMK-II (Fig. 2D). Furthermore, these
neurons were electrically active, firing bursts of action po-
tentials, as demonstrated by electrophysiological recordings

HUES13

HUES64

o

TUJ1/CaMKIl
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FIG. 2. Molecular characterization of HUES-hNPC lines. (A) Representative images of hNPCs (bright field, derived from
HUES-13 hESC line). (B) Schematic presentation of the neurodevelopmental genes expressed in the different hNPC lines, used
for immunostaining analysis. The neural genes are scaled according to their corresponding expression during different neuro-
developmental stages. (C) Representative immunofluorescence images of the expression of the neural genes are presented in (B),
for the four HUES cell lines used in this study. (D) Neurons derived from HUES-13 hNPCs (repeated for all lines, HUES and FX
alike) show positive staining for Tujl (green) and CamK-1II (red). (E) Electrophysiological recordings in neurons derived from
HUES-13 hNPCs (repeated for all lines, HUES and FX alike, n=3-4 cells/line). Current-clamp recordings show the voltage
deflection (mV) generated by a burst of three consecutive evoked action potentials and details of a single action potential. Cells
were held at ~—60mV and a current of ~ 100 pA was injected. Color images available online at www.liebertpub.com/scd
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FIG. 3. Molecular characteriza- A FMR1

tion of FX-hNPC lines. (A) Re-
lative transcript levels of FMR1 in
HUES-derived hNPC lines (blue)
and in FX-derived hNPC lines
(red). The expression of FMR1 in
each HUES and FX line was tested
in two different samples, one ob-
tained from a low-passage hNPC
culture (2-4) and the other from
a high-passage hNPC culture (7-
10). Values were normalized to
GAPDH. All values are meant
SEM (n=2/line, *P <0.05; t-test).
(B) Protein levels of FMRP in
HUES and FX-hNPCs, as de-
scribed for A. Quantification from C
western blots was carried out using
optical densitometry. Values were
normalized to B-actin levels. All
values are mean+ SEM (n=2/line,
*P<0.05; t-test). (C) Represen-
tative immunofluorescence images
of the expression of the neural
genes presented in Fig. 2B, for the
three FX cell lines used in this
study. Color images available on-
line at www liebertpub.com/scd

Relative Transcript Levels

HUES

N-cad SOX1

performed in the current-clamp mode (Fig. 2E). Action po-
tentials exhibited threshold, peak, repolarization, and after-
hyperpolarization, as expected from a firing neuron.

Next, we characterized the hNPCs obtained from FX-
hESC lines (Fig. 3). We found that FMRI expression and
FMREP levels were >50% lower in FX-hNPCs than in HUES
lines (Fig. 3A, B; Supplementary Fig. S1). The fact that the
levels of FMRI expression and FMRP translation in FX-
hNPCs are significantly downregulated, but not completely
inactivated, is in accordance with our previous studies, in
which we showed that downregulation of FMRI in FX-
hESCs is a developmentally regulated process, and that
complete inactivation in vitro occurs only in terminally
differentiated cells [16,17]. In accordance with our previous
observations regarding the relative immaturity of FX-NS,
we found that FX-hNPCs express high levels of the early
neural tube gene ZO-1, but only low levels of PAX6, MAP2,
and cytoplasmic-NeuN that correspond to more advanced
stages of neurogenesis (Fig. 3C). Taken together, these re-
sults suggest that partial inactivation of FMRI is sufficient
to retain FX-hNPCs in a more primitive neural status,
demonstrating that FMRP plays an important role in early
human embryonic neurogenesis.

Expression of SOX genes in FX-hNPCs

One of the molecular pathways activated by morphogens
such as Shh and Noggin is the expression of the SOX su-
perfamily of transcription factors, which in turn drive the
progression of neural development [20,21,41-43]. We have
previously shown that FX-hESCs fail to upregulate SOX/
during IVND, concomitant with FMRI downregulation [17].
It has been established that several SOX genes act in tandem
to regulate human embryonic development in general and
the formation of the nervous system in particular [20,21].
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Therefore, we hypothesized that similar to SOXI, the ex-
pression of other closely related members of the SOX su-
perfamily of transcriptions factors could be affected by
downregulation of FMRI during IVND of FX-hESCs. We
therefore analyzed the transcriptional activation of seven
SOX genes in our hNPC lines (Fig. 4). The results show
significant downregulation of SOXI, SOX3, and SOX9 in
FX-hNPCs, and a significant increase in the expression of
SOX2 (Fig. 4A, B). In contrast, the expression of SOX4 and
SOX11 (Fig. 4C), known to activate neuronal genes in the
developing and adult brain, did not differ between FX and
HUES-hNPCs. The late neuronal gene SOX2/ was not de-
tected in any of the lines (data not shown). Taken together,
these data suggest that SOX1, SOX2, SOX3, and SOX9 may
be involved in the aberrant neurogenesis observed in FXS.
In the following experiments, we decided to focus on the
role of SOX2 and SOX9 in FXS, since their expression was
significantly altered in FX-hNPCs, compared to that in
HUES counterparts, and was expressed in all lines examined
in contrast to SOX1 and SOX3, for which expression was not
detected in some of the HUES-hNPC lines (see also Fig. 2C).

To test the hypothesis that FMRP levels affect the tran-
scriptional activation of SOX2 and SOX9, we performed
either knockdown of FMRI expression in HUES-hNPCs
using siRNA, or overexpression of FMRI in FX-hNPCs.
Knockdown of FMRI expression in HUES-hNPCs signifi-
cantly increased SOX2 and reduced SOX9 expression, sim-
ilar to the levels observed in FX-hNPCs. Concomitantly,
overexpression of FMRI in FX-hNPCs reduced SOX2 and
increased SOX9 to levels comparable to those in HUES-
hNPCs (Fig. 5A, B). It is important to mention here that
overexpression of FMRP in FX-hNPCs did not reactivate
SOX1 or SOX3 expression (data not shown). These results
suggest that the expression of SOX2 and SOX9 is down-
stream to FMRP during early neural development, probably




MOLECULAR MECHANISMS IN FRAGILE X SYNDROME PATHOLOGY 2359
& 1.2 SOX1 . 2.0 SOX3
o ° o
3 1.0 o S
it - 15
2 o3 s
G G T
2 06 2 1.0 @ !
& g
o 04 e e
2 2 05 "
® 02 o \ n/d s n/d ,
& 0i0 - - & dio ” i FIG. 4. Expression of SOX
i - - superfamily of transcription
HUES FX HUES FX factors in hNPCs. Relative
transcript levels of SOX genes
B SOX2 SOX9 in hNPCs: (A) SOXI and
12 . 4 ¢ ° SOX3, (B) SOX2 and SOXO9,
£ * < [ B (C) SOX4 and SOX11. The
2 1.0 ° ° 3 mean values for individual
= i - ~ lines are shown as circles and
e 0.8 4 e | g n the mean for each group is
E 06 - § ' shown as squares. The ex-
[ T @ pression of each HUES and
o 041 ! = & 2 FX line was tested in two
2 ; ° 2 ) samples, one obtained from
s 821 e 2 o a low-passage hNPC culture
€ 0.0 ) € g (2-4) and the other from a
HUES FX HUES FX high-passage hNPC culture
(7-10). Values were nor-
Cc malized to GAPDH. All val-
SOX4 SOX11 ues are mean=SEM (n=2/
& 1.4 ® w 1.2 line, *P<0.05; n/d, not de-
o o ]
2 12 i : ® 40 " tected).
g | o ¥ " 2 08 ) °
Bd _ S 06 on
@ @ 0.
£ 06| . g o ? .
(= - 04 °®
o 04 o
= * =
& 02 s 0.2
@ D
€ 0.0- x 0.0
HUES FX HUES FX

affecting the outcome of neural and neuronal differentiation.
To test this hypothesis, we knocked down SOX2 expression
and overexpressed SOX9 in FX-hNPCs (Fig. 5C) and mea-
sured their neural status by analyzing the relative expression
of GFAP and MAP2, as previously described [17,28,44].
Our results show that SOX2 inhibition and SOX9 over-
expression in FX-hNPCs resulted in a significant increase in
both MAP2 and GFAP levels, reflecting a progression of
these hNPCs from a primitive to a more advanced neural
status. Taken together, these results suggest that FMRP
may affect neural development by inhibiting SOX2 and
activating SOX9 (Fig. 5D). In FMR-affected cells, FMRP
is downregulated during early neurogenesis, causing an
abnormal increase in SOX2 and an abnormal decrease in
SOX9, leading to delayed and reduced neural develop-
ment, although this interaction may be indirect.

Expression of GSK3[3 and f-catenin in FX-hNPCs

These findings, on the possible involvement of SOX2 and
SOX9 during abnormal embryonic neurodevelopment of
FX-cells, do not exclude the possibility that other molecular
mechanisms could be involved as well. A major finding in

brain samples of Fmrl™" mice is the abnormally high levels
of GSK3p, a key kinase shown to play critical roles in
several molecular pathways, including MAPK, Cyclin, Akt,
and the canonical Wnt/B-catenin signaling pathway [26,45—
47]. The role of GSK3p, as part of the canonical Wnt/f-
catenin signaling pathway, was shown to be important
during adult neurogenesis in the murine hippocampus [29]
and in FXS pathology in Fmrl™" mice [27,28]. Ablation of
FMRP in aNSCs leads to an increase in GSK3f protein
levels, causing a phosphorylation-dependent decrease in -
catenin activation and an increase in -catenin degradation,
impairing neuronal differentiation. We therefore tested the
outcome of FMRI1 expression in hNPCs on the protein levels
of GSK3f and B-catenin (Fig. 6A, B). Strikingly, our results
show that in FX-hNPCs, in which FMRI expression is de-
creased, GSK3f protein levels were reduced rather than
increased, compared to control. Furthermore, knockdown of
FMR]I in HUES-hNPCs reduced GSK3p protein levels, and
overexpression of FMRI in FX-hNPCs increased GSK3p
protein levels. However, total levels of -catenin were unaf-
fected by changes in FMRP levels in hNPCs, and no signifi-
cant levels of dephosphorylated (ie, active) B-catenin were
detected in any of the samples—HUES and FX-hNPCs
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FIG. 5. Proposed molecular mechanism behind abnormal neurogenesis in FXS. (A) Relative transcript levels of SOX2
and SOXO9 following manipulation of FMRI1 expression. FMR1 knockdown (““aFMR1-siRNA,”” white) was carried out in
HUES-13 and HUES-64 hNPCs, in three different experiments (20nM, 48-72h). Overexpression of FMR1 (“‘pcDNA-
FMRI1,” horizontal strips) was carried out in a FX3-hNPC line subclone, in which stable transfection was achieved by
antibiotic selection (two different samples obtained from different passages were included in the analysis). Values were
normalized to GAPDH. All values are mean+ SEM (n=2-3/line, *P <0.05; **P <0.01; t-test). (B) Representative images
of western blot analysis of SOX9 levels in hNPCs, corresponding to manipulation of FMR1 expression as described in (B).
(C) Relative transcript levels of MAP2 and GFAP expression in FX-hNPC lines following siRNA-mediated knockdown of
SOX2 (“aSOX2-siRNA’") or transiently induced overexpression of SOX9 (‘“‘pcDNA-SOX9’). Values were normalized to
GAPDH. All values are mean+SEM (n=2-3/line, **P <0.01; ANOVA, t-test). (D) Proposed molecular mechanism
regulating abnormal human in vitro neurogenesis in FXS. FMRP inhibits SOX2 and enhances SOX9 to promote neural
development. FMR1 downregulation in FXS leads to a decrease in FMRP, an increase in SOX2, and a decrease in SOX9,

which result in reduced and delayed neural differentiation.

alike—suggesting that basal levels of Wnt activation are very
low in hNPCs and are not affected by FMRI expression.
Taken together, these results suggest that FMRP positively
regulates the expression of GSK3p, but it does not affect the
expression of B-catenin or its functional activation in these
cells. Importantly, we also show that FMRI expression alone,
without the involvement of the Wnt signaling pathway, is
enough to significantly increase GFAP and MAP2 expression
in hNPCs (Fig. 6C), which is reduced by FMRI knockdown
and increased by FMRI overexpression, further demonstrating
the notion that FMRP regulates the progression of neural
differentiation in a Wnt-independent manner.

Modulation of GSK3p and [-catenin in FX neurons

Since the role of Wnt signaling in FXS was shown in
adult neurogenesis, we decided to test its possible involve-
ment in later stages of differentiation of FX-hNPCs into FX
neurons. We thus subjected hNPCs to 30 days of neuronal
differentiation in the presence of Wnt signaling modulators:
a GSK3p inhibitor (CHIR99021; “CHIR”’), which reduces
GSK3p-mediated phosphorylation of [-catenin, thus in-
creasing Wnt/B-catenin activity [48], and a specific tankyr-
ase inhibitor (XAV939, “XAV”"), which stabilizes Axin

levels in the cells, thus decreasing Wnt/B-catenin activity in
a GSK3pB-independent manner [49]. The MAP2/GFAP
bioassay was implemented to measure the efficiency of
neuronal neurogenesis, as has been done previously by us
and others [17,28,44]. In control cultures (ie, no CHIR or
XAV added), the efficiency of neuronal differentiation was
significantly lower for FX lines than for HUES lines, as
expected (Fig. 7A). In addition, we here show that CHIR-
mediated inhibition of GSK3f had a neuralizing effect [50],
significantly increasing the MAP2/GFAP ratio compared to
control, whereas inhibition of B-catenin by XAV decreased
the MAP2/GFAP ratio, in both HUES and FX lines alike.
Congruently, in CHIR-treated cultures and controls, neuro-
nal differentiation of FX-hNPCs resulted in full inactivation
of FMRI and complete absence of FMRP, reflecting suc-
cessful neuronal differentiation (Fig. 7B). In contrast, neu-
ronal differentiation in the presence of XAV resulted in
partial FMRP expression even after 30 days, demonstrating
differentiation inhibition as suggested by the decreased
MAP2/GFAP ratio. Most importantly, after 30 days of
neuronal differentiation, a reduction in FMRP (XAV-treated
FX-cultures) or its complete absence (control and CHIR-
treated FX-cultures) was not associated with an abnormal
increase in GSK3p. In conclusion, our results show that in
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FIG. 6. Analysis of the canonical Wnt/B-catenin signaling pathway during neural differentiation of FX-hESCs. (A)
Western blot analysis of FMRP, GSK3p, total B-catenin, active (dephosphorylated) B-catenin, and B-actin protein levels in
HUES and FX-hNPCs. Representative images show baseline levels for HUES and FX-hNPCs, as well as following 48 h of
siRNA-mediated knockdown of FMRI1 (“aFMR1-siRNA’’) in HUES-hNPCs and constitutive overexpression of FMR1
(““pcDNA-FMR1”’) in FX-hNPCs. Positive control (PC): protein extracted from the hESC line Lis25_FAP previously
known to express active B-catenin. (B) Optical densitometry quantification of protein levels. FMR1 knockdown (““aFMR1-
siRNA,”” white) was carried out in three different experiments in two control hNPC lines (HUES-13 and HUES-64; 20 nM
siRNA for 48-72h). Overexpression of FMR1 (‘““pcDNA-FMR1,”" horizontal strips) was carried out in an FX3-hNPC line
subclone, in which stable transfection was achieved for at least five passages by antibiotic selection (four different samples
obtained from two different passages were included in the analysis). Values were normalized to B-actin levels. All values
are mean+ SEM (n=2-3/line, **P <0.01; t-test). (C) Relative transcript levels of GFAP (leff) and MAP2 (right) in hNPCs
following manipulation of FMR1 expression as described in A. Values were normalized to GAPDH. All values are
mean* SEM (n=2-3/line; *P <0.05; **P<0.01; t-test).

hNPCs, loss of FMRP does not correlate with an abnormal
increase in GSK3f, and that drug-mediated inhibition of
GSK3p in FX-hNPCs undergoing neuronal differentiation
does not lead to an improvement in this process, compared
to controls. These results demonstrate that the relationship
between FMRP and GSK3p is both stage specific and spe-
cies specific.

Discussion

The developmentally regulated inactivation of FMRI in
FXS human embryos is a dynamic process that starts with
full expression of FMRI in the pluripotent state even with
an existing full mutation. Thus, the expression of FMRI in

affected humans progressively diminishes until it is com-
pletely lost in mature neurons. Using FX-hESCs, we can
recapitulate this developmentally regulated inactivation,
focusing on in vitro derived FX-hNPCs and mature neurons,
at which stages FMRI is partially and then fully repressed.
FMREP is a multitarget RNA-binding protein [51]. In healthy
individuals, FMRP is upregulated during development of the
neural lineage [52,53], suggesting that it is involved in
progression of neural development, and that at different
stages of neurodevelopment, FMRP regulates different tar-
gets. Indeed, several developmental functions have been
found for FMRP linked to maintenance and differentiation
of embryonic and adult stem cells [4]. In this study, we have
shown that a partial reduction in FMRP expression was
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(n=2/line; *P <0.05; **P<0.01; two-way ANOVA).

enough to induce a delayed and less effective neural dif-
ferentiation. Therefore, the molecular mechanisms down-
stream to FMRP are of high interest for the role they could
play in neurogenesis and in FXS pathology.

In this study, we show evidence supporting the hypothesis
that abnormal neurogenesis in FX-hNPCs could be the result
of an aberrant expression of SOX2 and SOX9. Transcription
factors of the SOX superfamily are well known for their
important role in embryogenesis in general and neurogen-
esis in particular, but their possible role in FXS neurode-
velopmental pathology has not been studied yet. SOX2 plays
a critical role in the regulation of early neural development
[41]. Tt has been shown that SOX2 is important in the
maintenance of pluripotency, but it also promotes neural
progenitor ground state by inhibiting further neuronal dif-
ferentiation [54]. More recently, it has been shown that
SOX2 expression in astrocytes effectively reprograms these
cells to the neural progenitor/precursor stage [55]. Our re-
sults show that even partial reduction in FMRP levels is
sufficient to induce an increase in SOX2, promoting a delay
in neurodevelopment, explaining the more primitive neural
phenotype observed in FX-hNPCs than in controls. In ad-
dition, we found that SOX9 expression is positively affected
by FMRP levels. SOX9 is involved in regulation of cell fate
in several lineages: neural tissue [56], including neural crest
[25], and glia [57], testis [58], and chondrocytes [59], which
are all known to be affected in FXS. Indeed, FXS patients

exhibit mental retardation and autism (an effect on the
nervous system), macroorchidism (in males, testis), hyper-
extensible joints (chondrocytes), and stereotypic faces
(neural crest). Furthermore, in a recent independent study,
SOX9 has been found as a candidate gene for autism in
human samples [60]. Our proposed mechanism suggests that
FMRP contributes to neural development by inhibiting
SOX2 and activating SOX9. Therefore, in FXS, when FMRP
is absent, SOX2 is abnormally increased and SOX9 is ab-
normally decreased, leading to delayed and impaired neu-
rodevelopment. We conclude that exploring the role of the
SOX gene superfamily in FXS pathology could prove to be
valuable in future diagnostic and therapeutic strategies for
FXS patients.

A major finding in FXS research based on murine models
is the involvement of GSK3, a kinase that plays key roles
in several molecular pathways, including the canonical Wnt/
[B-catenin signaling [26,28]. Specifically, it has been found
that the absence of FMRP leads to an abnormal increase in
GSK3p protein levels. However, the “GSK3f theory of
FXS” has never been tested in any human-based model. In
this study, we have found that (i) loss of FMRP in hNPCs
correlates with a decrease in GSK3, (ii) loss of FMRP in
neurons derived from hNPCs does not correlate with a
significant change in GSK3p levels, and (iii) drug-mediated
inhibition of GSK3p activity did not improve neuronal
differentiation of hNPCs. These differences between mice
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and human-based research on FXS pathology could be at-
tributed to several factors, such as species specificity; the
different developmental stages of the studied specimen (aNSCs
in Fmrl™™ mice vs. human ESCs and NPCs), in which dif-
ferent FMRP targets may play different roles; the full CGG
expansion in the FMRI gene that is present in FX-hESCs and
FX-hNPCs, but not in animals; or the inherent variability be-
tween in vivo and in vitro systems. The results shown in this
study are not enough to discharge the “GSK3f theory of
FXS,” and more research is needed. However, they hint that
the possible involvement of GSK3f in FXS pathology needs to
be revisited and validated in human-based models.

Suitable human models for the study of the develop-
mental aspects of FXS pathology are very limited [10,11].
The use of hiPSCs to model neurodevelopmental disorders
is a relatively new strategy [15]. In the context of FXS
research, the use of FX-hESCs as opposed to FX-hiPSCs
can greatly affect the results obtained. The current literature
clearly indicates that reprogramming of fibroblasts from
FXS patients does not erase the methylation pattern of an
expanded FMRI allele, while FX-hESCs have mostly un-
methylated FMRI loci [16,17,61-66]. In accordance, the
results obtained from these two models can vary signifi-
cantly. Using FX-hESCs, we previously found no difference
between FX and control cells in the initial outgrowth of
neurites from neural precursors and neuroblasts, and rather
significant abnormalities at the electrophysiological level in
neurons, at the end of differentiation [17]. In contrast, in-
duction of neural differentiation in FX-hiPSCs, in which
FMRI is silenced at all developmental stages, produced a
significant defect in initial neurite outgrowth [37]. We pre-
viously reported on the aberrant patterns of expression for
SOX1, NOTCH]I, and PAX6 during IVND of FX-hESCs and
reduced neuronal yields compared to controls [17]; in this
study, we provide data suggesting a role for SOX2 and SOX9,
and excluding a role for GSK3. Using FX-hiPSCs, others
have found a significant reduction in SOX/ expression and a
similar phenotype of reduced neuronal yields [18], suggest-
ing that these phenotypes are strongly correlated with a re-
duction in FMRI expression in both models. Finally, a recent
study using FX-hiPSCs suggested a role for the transcription
repressor REST in FXS neuropathology [19], but these re-
sults have not yet been tested in any other model.

In summary, in this study, we have uncovered a new
mechanism suggested to play a role in the neurodevelopmental
abnormalities characterizing FXS in humans, involving specific
members of the SOX superfamily, especially SOX2 and SOX9.
However, more research is required to unveil the complete
sequence of molecular events that mediate FMRP function.
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