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ABSTRACT

Rho-GTPases have relevant functions in various aspects of neuronal development, such as differen-
tiation, migration, and synaptogenesis. Loss of function of the oligophrenin-1 gene (OPHN1) causes
X-linked intellectual disability with cerebellar hypoplasia and leads to hyperactivation of the rho
kinase (ROCK) pathway. ROCK mainly acts through phosphorylation of the myosin phosphatase
targeting subunit 1, triggering actin-myosin contractility. We show that during in vitro neurogenesis,
ROCK activity decreases from day 10 until terminal differentiation, whereas in OPHN1-deficient hu-
man induced pluripotent stem cells (h-iPSCs), the levels of ROCK are elevated throughout differenti-
ation. ROCK inhibition favors neuronal-like appearance of h-iPSCs, in parallel with transcriptional
upregulation of nuclear receptorNR4A1, which is known to induce neurite outgrowth. This study an-
alyzed themorphological, biochemical, and functional features of OPHN1-deficient h-iPSCs and their
rescue by treatment with the ROCK inhibitor fasudil, shedding light on the relevance of the ROCK
pathway during neuronal differentiation and providing a neuronal model for human OPHN1 syn-
drome and its treatment. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:860–869

SIGNIFICANCE

The analysis of the levels of rho kinase (ROCK) activity at different stages of in vitro neurogenesis of
human induced pluripotent stem cells reveals that ROCK activity decreases progressively in parallel
with theappearanceofneuronal-likemorphologyandupregulationofnuclear receptorNR4A1.These
results shed light on the role of the ROCK pathway during early stages of human neurogenesis and
provide a neuronal stem cell-based model for the treatment of OPHN1 syndrome and other neuro-
logical disorders due to ROCK dysfunction.

INTRODUCTION

Neurogenesis is the developmental process that
determines differentiation of neural stemcells in-

to glial and neuronal cells and orchestrates their

organization into finely regulated and function-

ally integrated networks that require cytoskeletal
reorganization and transcriptional regulation [1].

Rho-GTPase family proteins (rho, Rac, Cdc42)

have relevant functions in regulating various

aspects of neuronal development (i.e., differ-

entiation, migration, and synaptogenesis). Rho-
GTPase activity is modulated through positive

(GTPase-activating proteins) and negative (gua-

nine nucleotide exchange factors or guanine nu-

cleotide dissociation inhibitors) regulators [2].
RhoA activates rho kinase (ROCK), which directly

phosphorylates the myosin regulatory light chain
(MLC) kinase (MLCK) and themyosin-binding sub-
unit (MYPT1) of the MLC phosphatase, thereby
inhibiting its catalytic activity and modulating actin
polymerization and actin-myosin contractility [3].

Dysfunction of several proteins of the rho-
GTPase signaling network has been involved in
genetic disorders of cognition and the nervous
system [4]. The human oligophrenin-1 gene
(OPHN1) gene is located on chromosome Xq12,
encompasses 25 exons, and is translated into a
protein of 802 amino acids (corresponding to cod-
ing exons 2–24). OPHN1 was first identified in a
femalepatient showingmild intellectual disability
and carrying a (X;12)(q11;q15) translocation,
which encodes a rho-GTPase-activating protein
that promotes GTP hydrolysis and is expressed
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in neurons at the pre- and postsynaptic level [5]. Since then, sev-
eral mutations of this gene have been reported in X-linked intel-
lectual disability (MIM #300486) associated with cerebellar
hypoplasia [6, 7]. OPHN1 downregulates the RhoA/ROCK signal-
ing pathway, repressing its inhibitory activity on synaptic vesicle
recycling and postsynaptic a-internalization of amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor [8, 9]. The impor-
tance of OPHN1 for brain development and function has been
demonstrated in mice, in which ophn1-defective adult neurons
show dendritic spine immaturity and alterations in synaptic plas-
ticity; these are partly rescued by administration of the ROCK in-
hibitor Y-23632 [8, 10]. Ophn1 also interactswith endophilin A1, a
protein implicated inmembrane curvature generation in clathrin-
mediated synaptic vesicle endocytosis (SVE) [11].

The development of human induced pluripotent stem cell
(iPSC) technology offers thepossibility of controlling neuronal dif-
ferentiation in vitro and gathering relevant details on the regula-
tion of human neurogenesis. Several studies have shown show
that administration of the ROCK inhibitor Y-27632 to human plu-
ripotent cells decreases dissociation-dependent apoptosis, and
recently Y-27632 supplementation was found to promote
neuronal-like differentiation of human adipose stem cells; in con-
trast, lysophosphatidic acid (LPA), which hyperactivates the ROCK
pathway, inhibits neuronal differentiation and expansion of hu-
man embryonic stem cells (hESCs) [12–14]. To better clarify the
role of ROCK signaling in cellular physiology and disease, we an-
alyzed the levels of ROCK activity during in vitro neurogenesis of
iPSCs and tested the effects of Y-27632 supplementation on
fibroblast-derived human iPSCs. We generated iPSCs from fibro-
blast cell lines of two patients belonging to two different families
withOPHN1 loss of function [15, unpublisheddata], aswell as two
control cell lines; we differentiated these into neurons to explore
their biochemical, cellular, and functional phenotype before and
after treatment with fasudil (HA1077), a ROCK inhibitor that has
been used as an antihypertensive drug in Japan since 1995 [16].

MATERIALS AND METHODS

Ethics Statement

The study was revised and approved by the local institutional re-
view board of Bambino Gesù Children’s Hospital of Rome, Italy,
which regulates the use of human samples for experimental stud-
ies. Informed consentwasobtained fromall thepatients and their
parents for the use of biological samples for research purposes.

Derivation of OPHN1-Mutated iPSCs

Human fibroblasts obtained from skin biopsy samples of two pa-
tients with OPHN1 syndrome and loss-of-function mutations in
theOPHN1 gene (IVS4+1G. C and IVS7+2,3 del TA, respectively)
were used to generate OPHN1-mutated iPSCs. These iPSC lines
were named P1 and P2. The control iPSC line was derived from
fibroblasts from the father of the patient from whom P1 was de-
rived (C1). C2 was used to indicate control iPSCs that were pur-
chased from System Biosciences (Palo Alto, CA, https://www.
systembio.com/) and derived from a healthy male individual.
TheOPHN1-mutated and control iPSCswere derived fromhuman
fibroblasts and reprogrammed by using the nonintegrating epi-
somal technology (minicircle DNA and mc-iPS cells, catalog no.
SC301A-1; EuroClone, Pero, Italy, http://www.euroclonegroup.
it/). The episomal reprogramming method was performed,

following manufacturer’s instructions, through nucleoporation
(followed by transfection) of human fibroblasts with the circular
nonviral DNA elements encoding for NANOG, SOX2, OCT4, and
Lin28. The characterization and the pluripotency assay of these
iPSC lines were performed by System Biosciences (supplemental
online Figs. 1 and 2, respectively).

Maintenance and Differentiation of iPSCs

After thawing, iPSCswere grownonmouse embryonic fibroblasts
(Thermo Fisher Scientific Life Sciences, Waltham, MA, http://
www.thermofisher.com) for two passages and then in feeder-
free condition using Matrigel (BD Biosciences, San Jose, CA,
http://www.bdbiosciences.com) in mTeSR1 (StemCell Technolo-
gies, Vancouver, BC, Canada, http://www.stemcell.com/). When
the iPSCs are 70%–80% confluent, they are passaged 1:4 and
transferred to new wells in feeder-free condition and incubated
at 37°C, 5% CO2; the medium is changed every day, and the cells
split every 3 days. For the differentiation assays, iPSC colonies are
dissociated and the cells are then plated at a density of 1,000 cells
per cm2 into a chemically defined medium [17].

Differentiation of iPSCs Into Cortical Neurons

The protocol for cortical neuron differentiation has been adapted
from the method of Zeng et al. [18]. Cells are kept in a medium
containing DMEM/F12, N2 supplement, and 2 mg/ml heparin
for 16 days. On the 17th day, themedium is be replacedwith neu-
ral basalmedium supplementedwith N2, B27, brain-derived neu-
rotrophic factor (BDNF) (10ng/ml), glial cell-derivedneurotrophic
factor (10 ng/ml), and insulin-like growth factor-1 (10 ng/ml) until
day 24.

Differentiation of iPSCs Into Cerebellar Neurons

The procedure for cerebellar neuron differentiation has been
adapted from the method of Erceg et al. [19]. When cells are
60% confluent, the proliferating medium is replaced with
DMEM/F12, N2 supplement, 1 mg/ml heparin, fibroblast growth
factor (FGF)-8 (100 ng/ml), and retinoic acid (0.1 mM); this me-
dium was changed every day for 7 days. On the eighth day, the
culturemediumwas replacedwith basalmediumEagle (BME); in-
sulin, transferrin, selenium; FGF-8 (10 ng/ml); FGF-4 (100 ng/ml);
and FGF-2 (20 ng/ml) and left for 2 days. On day 10, the old me-
diumwas replacedwith BME, FGF-8 (100 ng/ml), WNT1 (50 ng/ml),
and WNT3A (50 ng/ml) and left for 6 days, with changes every
other day. On day 16, the medium was replaced with BME, N2,
B27, bone morphogenetic protein (BMP)-7 (100 ng/ml), BMP-6
(20 ng/ml), and growth differentiation factor (GDF)-7 (100 ng/ml);
it was changed every other day for 7 days. On day 24, the medium
was replacedwith BME,N2, B27, BMP-7 (100 ng/ml), BMP-6 (20
ng/ml), GDF-7 (100 ng/ml), sonic hedgehog (100 ng/ml), neurotro-
phin-3 (100ng/ml), BDNF (100ng/ml), and Jagged-1 (20 ng/ml). This
medium was changed every other day for 7–8 days.

Differentiation of iPSCs Into Motor Neurons

Motor neuron differentiation has been adapted from themethod
of Corti et al. [20]. Cells were plated at a density of 4.2–5.33 104

cells per cm2 inNeuroCult (StemCell Technologies) for 10 days; then
0.1 mM retinoic acid was added to the cell medium, and the me-
dium was changed every other day until day 17, when NeuroCult
was supplemented not only with retinoic acid but also with 2mM
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dorsomorphin and 3ng/ml activin A.On the 24th day, the cellme-
dium was replaced with NeuroCult supplemented with BDNF (10
ng/ml), GNDF (2 ng/ml), dibutyryl-cAMP (400 mM), and ascorbic
acid (200 mM).

Preparation of cell extracts and Western blot analyses were
performed by following standard protocols. The following pri-
mary antibodies (1:1,000dilution)were used (overnight at 4°C): rab-
bit OPHN1 antibody (Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com), rabbit P-MYPT1 antibody (Thr 853) (Santa
Cruz Biotechnology, Santa Cruz, CA, http://www.scbt.com/), rab-
bit MYPT1 antibody (Santa Cruz Biotechnology), anti-rabbit porin
antibody (Abcam, Cambridge, U.K., http://www.abcam.com/).
The density of phospho-MYPT1 against porin has been calculated
after quantification by using densitometric analysis with ImageJ
software (National Institutes of Health, Bethesda, MD, https://
imagej.nih.gov/ij).

Immunofluorescence Analyses

For immunocytochemistry, cells were fixed with 4% paraformal-
dehyde for 20 minutes at room temperature, washed with PBS,
and blocked with 10% bovine serum (Vector Laboratories, Burlin-
game, CA, http://vectorlabs.com/) and 0.1% Triton X-100 (Sigma-
Aldrich). Primary antibodies included OPHN1 (1:100; made
available by Pierre Billuart), b-III-TUBULIN (Cod. T2200, 1:500;
Sigma-Aldrich), MATH1 (Cod. PA5-12260, 1:500; Thermo Fisher
Scientific Life Sciences), SMI32 (Cod. SMI-32R, 1:200; Covance,
Princeton, NJ, http://www.covance.com/), P(Thr853)-MYPT1 (Cod.
4563, 1:200; Cell Signaling Technology, Danvers, MA, http://www.
cellsignal.com/), MYPT1 (Cod. 2634, 1:200; Cell Signaling Technol-
ogy), P(S318)-histone deacetylase 7 (HDAC7) (Cod. ab72172, 1:
100; Abcam), and VGlut (Cod. AB104898, 1:100; Abcam). Second-
ary antibodies were conjugated with Alexa 488, Alexa 555, or
AlexaCy5 (Thermo Fisher Scientific Life Sciences). Coverslipswere
mounted using PBS/glycerol (1:1), visualized using a confocal mi-
croscope (FluoViewFV1000;Olympus, Tokyo, Japan, http://www.
olympus-global.com) and acquired with FV10-ASW software, ver-
sion 2.0 (Olympus). The quantitative analysis on P-MYPT1 fluores-
cent intensity was performed by using ImageJ software.

RNA Isolation and Reverse Transcriptase-Polymerase
Chain Reaction Analysis

Total RNAwas extracted from iPSCswith the single-step acid phe-
nol method using TRIzol (pn: 15596018; Invitrogen) according to
the manufacturer’s instructions. Each RNA sample was treated
with recombinant DNase I (AM2235, Ambion; Thermo Fisher Sci-
entific Life Sciences) and quantified by NanoDrop 2000
(Thermo Fisher Scientific Life Sciences). The reverse transcription
reaction was performed in 20 ml starting from 1 mg of total RNA,
and cDNA was generated by using the ImProm-II Reverse Tran-
scription System (A3800; Promega, Madison, WI, https://www.
promega.com/) or Superscript II reverse transcriptase (18064;
Thermo Fisher Scientific Life Sciences) using random hexamers.
Three independent reverse transcriptase-polymerase chain reac-
tions (RT-PCRs) were performed for each sample.

Quantitative Real-Time PCR

Gene-specific exon-exon boundary PCR products (TaqMan gene
expression assays; Thermo Fisher Scientific Life Sciences) were
measured by means of a PE PRISM 7700 sequence detection sys-
tem during 40 cycles (Thermo Fisher Scientific Life Sciences).

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA
was used for normalization and relative quantification of gene
expression and was performed according to the ΔΔCt method.
Expression levels were represented in arbitrary units, calculated
as a relative-fold increase compared with the control sample,
arbitrarily set to 1. Quantitative RT-PCRs were repeated in tripli-
cate from at least two independent experiments. The probes
were supplied by Integrated DNA Technologies: GAPDH, Hs.
PT39a.22214836, and NR4A1, Hs.PT.56a.20808305. In particular,
the NR4A1 probe sequence is 59-/56-FAM/TCCAGAGTG/ZEN/
AGATGCCCTGTATCCA/3IABkFQ/-39; the GAPDH probe sequence
is 59-/56-FAM/AAGGTCGGA/ZEN/GTCAACGGATTTGGTC/3IABkFQ/-39.

Fasudil Supplementation

Fasudil was purchased from Sigma-Aldrich (Cod. H139) and dis-
solved in deionized water; cells were treated for 24 hours with
a final concentration of 10 mM. Morphometric studies were per-
formed to quantitatively analyze the neuronal morphology. The
iPSC-derived neurons were analyzed after immunofluorescence
analysis for b-III-TUBULIN; morphometric measurements of
length and number of neurites, number of branches per neurite,
and average branching level were done by using MetaMorph im-
age analysis software (Molecular Devices, Sunnyvale, CA, https://
www.moleculardevices.com).

Endocytosis assays were performed by using the FM1-43 dye
(Thermo Fisher Scientific Life Sciences) in cortical neuronal cul-
tures. In particular, synapses from individual cortical neurons
were labeledwith FM1-43 [21]. Neuronswerewashed in a Tyrode
buffer for 10minutes and fixed in 4%paraformaldehyde inPBS for
10 minutes. After fixation, cells were incubated with VGluT-1 an-
tibodies for detection of all synapses. Analyses were performed
by quantification of the number of FM1-43 punctae colocalized
with VGluT-1 and normalized to the neuron surface.

Statistical Analysis

All experiments were repeated at least three times as indepen-
dent biological experiments. Data are expressed as mean and
standard deviation. Comparisons between groups were per-
formed by two-tailed unpaired Student t test; p values,.05were
considered to represent statistically significant differences. Data
were analyzed by using Excel for Windows (Microsoft Corp, Red-
mond, WA, http://www.microsoft.com).

RESULTS

Abnormal Dendritic Morphology in Terminally
Differentiated Cortical, Cerebellar, and Motor Neurons
Derived From Human iPSCs Carrying OPHN1 Loss-of-
Function Mutations

To perform in vitro neurogenesis assays and analyze the cellular
phenotype of OPHN1-deficient neurons, we generated iPSCs
from two OPHN1-mutated patients (P1 and P2) and from two
healthy controls fibroblast cell lines (C1 and C2) using the epi-
somal reprogramming method (supplemental online Fig. 1A).
iPSCs colonies from C1 and C2 showed a round appearance,
whereas P1 and P2 had disorganized colony appearance with
bipolar/tripolar and heterogeneous cellular morphology evident.
P1 harbored a hemizygous G-to-C point mutation in the exon 4
splice site (IVS4+1G . C mutation of OPHN1), whereas P2 har-
boreda two-basepair hemizygousdeletion in thedonor splice site
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ofexon7 (IVS7+2,3del TA). ThepresenceofOPHN1mutationswas
confirmed by direct sequencing (supplemental online Fig. 1B).
The absence of OPHN1 protein was confirmed in P1 and P2 iPSCs
through Western blot and immunofluorescence (supplemental
online Fig. 1C, 1D). Three clones from each of the iPSC line were
recovered and the colonies were positive for the markers of plu-
ripotency: Oct4, Nanog, SSEA3, TRA-1-60, and alkaline phospha-
tase assay (supplemental online Fig. 2).

The neurogenic potential of the P1 and P2 iPSCs were
assessed and compared with those of C1 and C2 iPSCs after spe-
cific protocols for differentiation into cortical, cerebellar granule,
andmotor neurons. The specific neuronal subtypeswere confirmed
through immunofluorescence analyses with markers of motor
neurons (SMI32), markers of the cerebellar granule neurons
(MATH1), and markers of the cortical neurons (CALBINDIN)

(Fig. 1). The immunofluorescencedata obtainedwith confocalmi-
croscopy showed thatall neuronal subtypesobtained fromP1and
P2 iPSCs had altered morphology. In particular, the cortical neu-
rons obtained from control iPSCs displayed areas with multiple
and elongated neurites that were not present in cultures of ter-
minally differentiated cortical neurons obtained from OPHN1-
mutated iPSCs (Fig. 1A). The cerebellar neurons derived from
patients iPSCs displayed short neurites and a peculiar organiza-
tion. In fact, neurites were oriented in a parallel manner that
was not observed in control cerebellar neuronal cultures (Fig.
1B). The terminal differentiation of iPSCs into motor neurons
showed that the neurites of OPHN1-mutated cells were shorter
than control motor neurons (Fig. 1C). The terminal morphology
observed in these three neuronal subtypes confirmed that OPHN1-
mutated neurons showed an altered morphological phenotype.

Figure 1. Morphological analysis of cortical, cerebellar, and motor neurons in Ctrl and OPHN1-mutated cells. Confocal images of immunoflu-
orescence for CALBINDINoncortical neurons (A),MATH1oncerebellar neurons (B), and SMI32onmotor neurons after 30daysof differentiation
(C). The data obtained show that the OPHN1-mutated neurons (cortical, cerebellar, and motor neurons) present disrupted morphology in the
absence of OPHN1 protein. Abbreviation: Ctrl, control; mut, mutant.
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NeuronalMaturationDefects in h-iPSC-DerivedOPHN1-
Mutated Cortical Neurons

The study of cortical neuronal differentiation of both P1 and P2
iPSCs showed that the number and the maturation of the devel-
oping neurons were altered compared with iPSCs derived from
control individuals (Fig. 2). In particular, we calculated the

percentage of differentiated neurons (by counting the number of
b-III TUBULIN-positive cells over the total number of cells) and found

that in P1 and P2 cultures at the end of day 30, the differentiation

potential was reduced by 50%. In fact, in control cells the percentage

ofneuronswas∼68.3168.67; thispercentagewas∼36.1169.29 in

P1 and 26.946 8.49 in P2 (supplemental online Fig. 3).

Figure 2. Analysis of control and patients’ iPSC morphology during in vitro neurogenesis. Schemata of the neural differentiation procedure in
vitro (A). Representative images (of bright field photographs) showing morphological changes during neuronal differentiation of iPSCs derived
fromCtrl, P1 and P2 subjects at different days of differentiation (B, C) andb-III TUBULIN immunofluorescence at the corresponding time (days 5,
10, 20, and 30 of in vitro neurogenesis). The data show that patients’ cells present morphological alterations and delayed neuronal maturation.
Abbreviations: Ctrl, control; IPSC, induced pluripotent stem cells; P, OPHN1-mutated iPSC lines.
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Figure 3. (A):Analysis of rho kinase (ROCK) activity in control and patients’ induced pluripotent stem cells (iPSCs) during in vitro neurogenesis.
P-MYPT1 immunofluorescence is shown at day 0, 5, 10, 20, and 30 of differentiation. Immunofluorescence analysis for P1 and P2 shows that
P-MYPT1 is increased when compared with Ctrl and that it is retained throughout the differentiation process. (B): Quantification of P-MYPT1
fluorescent intensity inCtrl, P1, andP2 cells before, during, and after neuronal differentiation.p,p, .05. (C):Westernblot analysis of the activity
of the ROCK signaling before and after treatmentwith the ROCK inhibitor (fasudil 10mM) in Ctrl andOPHN1-mutated iPSCs. The effect of fasudil

(Figure legend continues on next page.)
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Since day 5 of neuronal differentiation, it was evident that in
patients’ cultures, the cellular morphology still resembled those
of proliferating iPSCswhere colonies were still present. At day 10,
control cultures formed the characteristic structure of the neu-
ronal rosette. In the patients’ cultures, the neuronal rosettes
showed altered morphology. Moreover, at day 20, well-
developed neurons were present in control cultures, whereas
in the patients’ cultures showed decreased and delayed develop-
ment ofb-III TUBULIN-positive neurons (at day 30). These results
suggested that during in vitro neurogenesis the OPHN1-mutated
iPSCs had morphological alterations and delayed maturation.

Modulation of ROCK Signaling During In Vitro
Neurogenesis Was Disrupted in Neurons With OPHN1
Loss of Function

To study ROCK signaling during in vitro neurogenesis of cortical
neurons, we investigated the phosphorylation status of the sub-
strate protein MYPT1 on Thr-853 because it gives a readout of
ROCK activity [22]. Importantly, high levels of P-MYPT1 indicate
high ROCK activity, which is considerably increased in OPHN1-
mutated cells compared with control cell levels (Fig. 3A). Immu-
nofluorescence studies (Fig. 3A) and fluorometric quantification
(performed on 170 cells per specimen) (Fig. 3B) showed that dur-
ing in vitro neurogenesis of control iPSCs, the levels of P-MYPT1
increased until day 10 and then decreased through the final steps
of differentiation (days 20 and 30) (the average intensity of fluo-
rescent signal changed from 233.226 71.11 at day 0 to 806.726
52.47, 920.836 46.51, 31.836 2.0, and 19.166 3.66 at days 5,
10, 20, and 30, respectively). In contrast, in patients’ iPSCs the lev-
els of P-MYPT1 remained high throughout differentiation (the av-
erage intensity signal of P-MYPT1 fluorescence was 424.52 6
43.37 at day 0, 694.87 6 22.46 at day 5, 825.23 6 53.48 at day
10, 766.24 6 24.78 at day 20, 407.21 6 82.90 at day 30 for P1
and 567.43 6 2,115 at day 0, 728.92 6 55.56 at day 5, 788.40
6 22.37 at day 10, 938.61 6 35.83 at day 20, and 395.93 6
49.98 at day 30 for P2). Our results indicated that biochemical dis-
ruption of ROCK signaling observed in P1 and P2 neurogenesis
likely contributed to immaturity of the neuronal morphology.

To further confirm the importance of ROCK signaling on neu-
ronal differentiation and morphology, we exposed control (wild-
type) proliferating iPSCs to 10 mm fasudil for 24 hours and
observed significant changes in cell morphology; not only did
iPSCs acquire a neuronal-like morphology but they also became
positive for b-III-TUBULIN (supplemental online Fig. 4A, 4B).
We counted the number of b-III-TUBULIN cells over the total
numberof cells in culture andobserved thatwhereas inuntreated
conditions the number of cells spontaneously differentiating
into neurons is below 3% (2.86 6 1.79; after 1 day of fasudil
supplementation, the percentage increased to 15% (16.56 6
3.27) (350 cells examined; n = 3 experiments) (supplemental
online Fig. 4C).

Treatment With Fasudil Rescued ROCK Levels and
Downstream Expression of Neurotrophic NR4A1 of h-
iPSCs Derived From OPHN1-Defective Neurons

To validate the efficacy of the treatment with the ROCK inhibitor
fasudil, we supplemented P1 and P2 cells with 10mMof fasudil to
rescue the OPHN1-defective phenotype. By Western blot assay,
weshowed thatP-MYPT1 levels decreased inbothP1andP2 iPSCs
after ROCK inhibition (Fig. 3C). These results suggested that treat-
ment of OPHN1-deficient cells with fasudil re-established the ac-
tivity of the ROCK pathway to levels similar to those in control
iPSCs, as also shown by densitometric analysis performed on
Western blot (Fig. 3D). In addition to the effect that fasudil had
on P-MYPT1, our results also indicated that the phosphorylation
levels of histone deacetylase 7 (HDAC7) are dependent on ROCK.
In fact, P-HDAC7 levels decreased after fasudil treatment in con-
trol, P1, and P2 iPSCs.

ROCK signaling, which is hyperactivated in OPHN1-defective
iPSCs, controls nucleocytoplasmic shuttling of HDAC7 andmodu-
lates the expression of its target gene NR4A1 [25]. We assessed
whether treatment with fasudil could restore the expression of
NR4A1 to control levels. Quantitative PCR analyses of NR4A1
mRNA levels in control, P1, and P2 iPSCs, showed that decreased
NR4A1 levels in P1 and P2were rescued after fasudil treatment in
both P1 and P2 (Fig. 3E).

TreatmentWithFasudil RestoredNeuronalMorphology
in h-iPSC-Derived OPHN1-Deficient Neurons

To perform quantitative analyses, we tested the effects of fasudil
on low-density neuronal cortical neurons, in which the neurites
and branching level of each neuron are clearly visible (at day
30 of differentiation). The results obtained from three indepen-
dent experiments showed that fasudil treatment of P1 and P2 dif-
ferentiated cortical neurons rescued the altered neuronal
morphology of OPHN1-deficient neurons (Fig. 4A). In fact, after
treatment the average neurite length increased from ∼65.51
mm to ∼131.97 mm in P1 and from ∼58.44 mm to ∼128.77 mm
in P2, whereas in control cortical neurons the average neurite
length changed from ∼148.60 mm to ∼155.97 mm (150 cells ex-
amined; n = 3 experiments; p , .05). The number of branches,
which indicates the maturation level of the neurons, increased
from∼1.41 to∼3.2 in P1 and from∼1.31 to∼2.4 in P2, whereas
in control cortical neurons the number of branches increased
from ∼2.23 to ∼2.91 (150 cells examined; n = 3 experiments;
p, .05). The branching level, which also indicates the matura-
tion level of the neuronal culture, was decreased in P1 and P2
cultures compared with control cultures; importantly, it was
also rescued to control levels by treatment with fasudil
(∼0.04 to ∼0.81 in P1 and ∼0.02 to 0.77 in P2 and from ∼0.34
to 0.62 in control cells) (150 cells examined; n = 3 experiments;
p , .05) (Fig. 4B).

(Figure legend continued from previous page.)
is shown on P-MYPT1 and P-HDAC7 in Ctrl, P1, and P2 iPSCs. (D): Densitometric analysis of protein extract obtained from (proliferating) iPSCs
from Ctrl and patients (P1, P2) after 1 day of treatment. p, p, .05. (E): Quantitative polymerase chain reaction analysis of NR4A1 transcripts
levels showing that they are decreased in P1 andP2but rescued after fasudil treatment. Data (mean+ SDof three independent experiments) are
expressed as fold increaseof versusCtrl cells, using glyceraldehyde3-phosphatedehydrogenase as standard control. Thesedata show thatROCK
hyperactivity parallels reducedNR4A1 levels and that the ROCK inhibitor fasudil is able to increase the reducedNR4A1 levels to control levels in
P1 and above control level in P2. p, p, .05; pp, p, .005. Statistical analysiswas performedwhen each group had at least three sampleswith the
unpaired t test. p, .05 was considered to indicate a significant difference; p, p, .05; pp, p, .005. All results are presented as mean6 SD.
Abbreviations: Ctrl, control; HDAC7, histone deacetylase 7; P-MYPT1, myosin phosphatase targeting subunit 1; P, OPHN1-mutated iPSC lines.
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Treatment With Fasudil Increased SVE Close to
Control Levels

Data from ophn1 mutant mice showed that SVE was reduced in
hippocampal neurons [8]. We studied the uptake of FM1-43, a
fluorescent amphipathic-styryl dye in individual synapses from
cortical neurons derived from OPHN1-mutated patients (P1 and

P2) after potassium stimulation and detected an average reduc-
tion of 75% in FM1-43/VGlut1-positive puncta compared with

control neurons (n = 3 experiments; p, .05) (Fig. 4C). To quantify

these data, we counted the number of FMI-43 vesicle positive for

VGLUT1, indicating the endocytotic synaptic vesicle, and found

that this number increased from ∼1.04 to ∼4.91 in P1 and from

Figure 4. Morphological analysis and functional endocytosis assays in Ctrl, P1, and P2neuronal cultures before and after fasudil treatment. (A):
Immunofluorescence images ofb-III TUBULIN neuronal cultures at the end of differentiation (day 30) showing that the patients’ cultures have a
decreasedneurite length and fewerbranches. Importantly, after fasudil treatment, the length and thenumber of branches increased. (B):Quan-
titative analysis of the immunofluorescence images. p, p, .05. (C): Analysis of FM1-43 uptake in neurites of cortical neurons before and after
ROCK inhibition with fasudil. Neurons were stimulated by high potassium buffer in the presence of FM1-43 dye. FM1-43 punctae (in red) that
colocalized with the presynaptic protein VGLUT1 (in green) on individual neurites indicate the efficiency of endocytosis. Interestingly, the pa-
tients’ neurites have decreased positivity to FM1-43, but fasudil treatment re-established the FM1-43 punctae in P1 and P2 neurites to levels
similar to that in the Ctrl. (D): Quantitative analysis of the FM1-43 uptake reporting only the FM1-43 puncta that colocalized with VGLUT1.
Statistical analysis was performed when each group had at least three samples with the unpaired t test. p , .05 was considered to indicate
a significant difference; p, p, .05; pp, p, .005. All results are presented as mean6 SD. Abbreviations: Ctrl, control; P, OPHN1-mutated iPSC
lines.
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∼1.3 to∼5.6 in P2 and decreased from∼7.43 to∼0.56 in control
cells (Fig. 4D).

DISCUSSION

In vitro and in vivo studies on hippocampal neurons of ophn1-
deficientmice have shown an increase in immature dendritic pro-
trusions (filopodia) and reducedmature spine density in cultured
differentiated hippocampal and cortical neurons. Phenotypic
characterization of the OPHN1 knockout mouse has revealed be-
havioral defects in spatial memory, impairment in social interac-
tion, and hyperactivity. At the anatomic level, cerebral ventricle
dilatation is present as in the human phenotype, whereas cere-
bellar defectshavenotbeenobserved [11]. Anoverviewofbehav-
ioral and learning deficits inOPHN1-mutated patients analyzed in
the present study is provided in supplemental online Table 1. Ter-
minally differentiated cortical neuronsderived frompatientswith
OPHN1 loss of function showedan immatureneuronal phenotype
and a reduction in synaptic vesicle internalization. The abnormal-
ities observed during in vitro neurogenesis of h-iPSCs occurred at
early stages of neuronal development and are likely due to per-
sistently elevated ROCK activity, with consequences at multiple
levels due to the phosphorylation of several key factors. These
factors include not onlyMYPT1 andMLCK but also vimentin LIMK
(lin-11, Isl-1 mec-3 kinase), vimentin, and other proteins influ-
encing cytoskeletal rearrangements at all stages of neuronal de-
velopment [23]. ROCK additionally phosphorylates endophilin
A1, a protein implicated in membrane curvature generation in
clathrin-mediated SVE, inhibiting it by disruption of its interac-
tion with CIN85 [24]. Interestingly, OPHN1 interacts with both
endophilin A1 and Cbl-interacting protein of 85 kDa [11]. We
have recently demonstrated that high levels of P-MYPT1 trigger
phosphorylation of class II HDAC7, with consequences on the
nuclear import of this transcriptional repressor and downregu-
lation of the neurotrophic factor NR4A1 in OPHN1 patients’
iPSCs [25]. This could also contribute to the abnormalities in
neurite outgrowth and dendritic immaturity. Therefore, in addi-
tion to the effect that fasudil has on P-MYPT1, our results indi-
cate that phosphorylation levels of HDAC7 are dependent on
ROCK activity. In fact, after fasudil treatment, P-HDAC7 levels
decreased and NR4A1 expression was rescued to control levels.

Fasudil hydrochloride (HA1077) is a isoquinoline sulfonamide
derivative that inhibits ROCK by binding to a hydrophobic cleft in
its catalytic domain [26]. Fasudil is used in clinic for preventing ce-
rebral vasospasm after subarachnoid hemorrhage and symptoms
of cerebral ischemia. Recent studies showed that fasudil also pro-
motes the survival of neural stem cells, axonal regeneration and
neuronal differentiation of bonemarrowmesenchymal cells [27].

Fasudil is not only a ROCK inhibitor but also a potent protein
kinase A (PKA) inhibitor [28]. The interplay between PKA and
ROCK was already known and has recently been documented,
confirming ROCK as a substrate of PKA in vivo and in vitro [29,
30]. Moreover, dysregulation of PKA signaling was demonstrated
inmicewith constitutive lack ofophn1 [31]. It is therefore not sur-
prising that a reduction of ROCK level by fasudil might have con-
sequences on endocytosis that are independent of MYPT1
phosphorylation levels, possibly through PKA and ROCK interac-
tions that need to be explored in the future. Interestingly, the ad-
ministration of fasudil to control cells drastically reduces synaptic
vesiclenumber, despite the reductionofP-MYPT1 levels,whereas
in patient cells endocytosis is enhanced by ROCK inhibition.

A series of studies have demonstrated that ROCK inhibition is
efficacious in animal models of stroke, multiple sclerosis, amyo-
trophic lateral sclerosis, Alzheimer’s disease, and Parkinson’s dis-
ease (reviewed by Hensel et al. 32]). The ROCK pathway is a key
therapeutic target in neurodegenerative and neurotraumatic dis-
orders, and ROCK inhibitors should be promising drugs for pre-
venting neurodegeneration and stimulating neuroregeneration.
The restoration of the neuronal phenotype in the h-iPSC-
derived model of OPHN1 syndrome makes fasudil a valid thera-
peutic option for human neurodevelopmental disorders due to
OPHN1 dysfunction and potentially for other conditions with
hyperactivation of the RhoA/ROCK pathway.

The ROCK pathway is essential to neurogenesis, as demon-
strated by LPA, which hyperactivates the pathway and inhibits
neuronal differentiation and expansion of hESCs, whereas ROCK
inhibition promotes neurite outgrowth in adipose stem cells. We
tested the effects of fasudil supplementation on fibroblast-
derivedhuman iPSCs, confirming that ROCK inhibition favors neu-
ronal differentiation.

The analysis of the levels of ROCK activity at different stages of
human iPSCs in vitro neurogenesis revealed that there is a precise
modulation (which is lost in OPHN1-deficient cells) and that starting
at day 10ROCK activity progressively decreases in parallelwithmor-
phological changes and upregulation of neurotrophic factorNR4A1.

CONCLUSION

We showed the morphological, biochemical, and functional fea-
tures of human OPHN1-deficient iPSCs characterized by hyperac-
tive ROCK signaling and their rescue by treatment with the ROCK
inhibitor fasudil. These findings shed light on the relevance of the
ROCK pathway during in vitro neuronal differentiation in physiol-
ogy and disease, not only through morphological changes due to
cytoskeletal reorganization but also through epigenetic regula-
tion that allows transcription of genes that are relevant for neu-
ronal differentiationand survival, suchasNR4A1. Thus, it provides
a neuronalmodel for humanOPHN1 syndrome and its treatment.
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