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Induced pluripotent stem cells from patients with
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Abstract. Focal cortical dysplasia (FCD) is caused by
numerous alterations, which can be divided into abnor-
malities of the cortical architecture and cytological variations;
however, the exact etiology of FCD remains unknown. The
generation of induced pluripotent stem cells (iPSCs) from the
cells of patients with neurological diseases, and their subse-
quent tissue-specific differentiation, serves as an invaluable
source for testing and studying the initial development and
subsequent progression of diseases associated with the central
nervous system. A total of 2 patients demonstrating seizures
refractory to drug treatment, characterized as FCD Type IIb,
were enrolled in the present study. Fibroblasts were isolated
from residual skin fragments obtained from surgical treatment
and from brain samples obtained during surgical resection.
iPSCs were generated following exposure of fibroblasts to
viral vectors containing POU class 5 homeobox 1 (OCT4),
sex determining region Y-box 2 (SOX2), Kruppel-like factor
4 and c-MYC genes, and were characterized by immunohis-
tochemical staining for the pluripotent markers homeobox
protein NANOG, SOX2, OCT4, TRA1-60 and TRA1-81. The
brain samples were tested with antibodies against protein
kinase B (AKT), phosphorylated-AKT, mechanistic target of
rapamycin (mTOR) and phosphorylated-mTOR. Analysis of
the AKT/mTOR pathway revealed a statistically significant
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difference between the cerebral tissues of the two patients,
which were of different ages (45 and 12 years old). Clones
with the morphological features of embryonic cells were
detected on the 13th day and were characterized following
three subcultures. The positive staining characteristics of the
embryonic cells confirmed the successful generation of iPSCs
derived from the patients' fibroblasts. Therefore, the present
study presents a method to obtain a useful cellular source that
may help to understand embryonic brain development associ-
ated with FCD.

Introduction

Focal cortical dysplasia (FCD) is the most frequent malfor-
mation of cortical development, which may result in
drug-refractory epilepsy (1). The frequency of FCD in patients
submitted to surgery for refractory epilepsy varies between
12 and 40% (2,3). A definitive diagnosis of FCD is generally
made following surgical treatment for refractory epilepsy, based
on neuropathological findings of the resected cortical tissue (4).
FCD is characterized by numerous alterations, which may be
divided into two major groups. The first group is characterized
by abnormalities of the cortical architecture through columnar
disorganization and laminar interruption, which is observed
by alterations in the composition of the sixth tangential layer.
The second group is defined by cytological abnormalities,
with hypertrophic neuronal cells observed outside the normal
anatomic location at layer V and/or the presence of balloon
cells. Balloon cells possess a poorly defined membrane with
single or multiple nuclei and an eosinophilic cytoplasm, which
are characteristics of neuronal and glial cells; this condition is
primarily diagnosed as Taylor's FCD or FCD Type IIb (5,6).
In 2004, Palmini et al (1) classified FCD according to the
white matter and cortical layer architecture as follows: Type I,
presence of heterotrophic neurons in the white matter, cortical
layer architecture alteration and giant neurons; Type Ila, pres-
ence of heterotrophic neurons in the white matter, cortical
layer architecture alterations, giant neurons and dysmorphic
cells; Type IIb, presence of heterotrophic neurons in the white
matter, cortical layer architecture alterations, giant neurons,
dysmorphic cells and presence of balloons cells. In 2011,
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Blumcke er al (7) modified the Palmini et al (1) classification,
defining three types of FCD, known as Type I, IT and III, where
the Type III was characterized by presence of abnormalities
associated with principal lesion, for example hippocampal
sclerosis, glial or glio-neuronal tumor, vascular malforma-
tion, trauma, ischemic injury and encephalitis. However, at
present, the mechanisms involved in the pathogenesis of FCD
have been poorly investigated, which is primarily due to the
limited number of cases and the lack of suitable experimental
models (5).

The exact etiology of FCD remains unknown; however, it
may be associated with clonal somatic mutations that, in certain
patients, affect the same signaling pathways (8). Previous
studies have demonstrated an increase in mechanistic target
of rapamycin (mTOR) signaling in patients with FCD based
on the observation of phosphorylated molecules, including
S6 ribosomal proteins (8,9). These alterations are primarily
observed in FCD Type IIb, with 80-90% of balloon cells and
giant neurons in the cerebral cortex demonstrating increased
mTOR signaling (9). Certain cases of FCD demonstrate
activation (phosphorylation) of molecules associated with
the phosphoinositide-3-dependent kinase (PI3K) and protein
kinase B (AKT) pathways in the dysplastic tissue (10). The
phosphorylation of molecules involved in the PI3K pathway in
response to certain stimuli is associated with a coordinated set
of events that control cell growth, cell cycle progression, cell
migration and cell survival (11).

The study of neurological and neuropsychiatric disorders
has been a longstanding challenge for researchers. Despite
significant investments in the field, pre-clinical models suit-
able for studies concerning pathophysiology, mechanisms and
therapeutic targets, and for testing novel drugs, are scarce (12).
Although animal models are valuable to elucidate disease
mechanisms, develop specific markers and identify genes
associated with certain diseases, they have a poor record
when it comes to translating therapeutic discoveries for human
clinical application (13). The importance of the use of human
cells for the study of diseases is evident, given that a high
number of drugs that have demonstrated efficacy and safety
when tested in animal models fail in clinical trials, which
is attributed to differences between the species (14). Studies
using post-mortem tissues provide useful insight into cerebral
structural alterations that occur at molecular and cellular
levels. Considering these surveys and limitations, it is clear
that the study of cerebral development would benefit from
using the patient's own cells (12).

The reprogramming of adult somatic cells at the embry-
onic level is a promising approach for regenerative medicine,
which may also facilitate in vitro studies to gain an improved
understanding of complex genetic diseases. It is possible to
reprogram somatic cells by nuclear transfer into enucleated
oocytes or by cell fusion between somatic cells and embry-
onic cells, co-culture of undifferentiated cells with somatic
cells, and adding genes that activate selective transcription
factors (15,16). In 2006, Takahashi and Yamanaka (17)
introduced a novel technique for producing pluripotent cells
by reprogramming mouse fibroblasts, which was subse-
quently applied to human cells in 2007 (18). The cells were
reprogrammed with the addition of four genes, POU class 5
homeobox 1 (OCT4), sex determining region Y-box 2 (SOX2),
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Kruppel-like factor 4 (KLF4) and c-MYC, using viral vectors.
It is possible to perform this reprogramming in various cell
types. The cells generated by this method are known as
induced pluripotent stem cells (iPSCs) and are similar to
embryonic stem cells, with the same self-renewal and differ-
entiation potential characteristics for cells of the three germ
layers (17,19).

iPSCs differentiated into specific tissues are now widely
used for translational studies testing drugs in cells that are
difficult to obtain, including cardiomyocytes, neurons and
liver cells. The generation of iPSCs from cells of patients with
neurological diseases, and their tissue-specific differentia-
tion, serves as an invaluable source for testing and provides
the additional capacity to study the initial development and
progression of diseases associated with the central nervous
system (20). Cellular models exhibit high relevance for the
study of human diseases, providing excellent conditions for
understanding mechanisms and constituting an effective
tool for high-throughput experiments, even allowing for the
construction of platforms for screening novel drugs to treat
numerous human diseases (12).

Numerous studies have employed iPSCs for the study of
neurological diseases, including for multiple sclerosis (21),
cerebellar atrophy (22), Alzheimer's disease (23-26), Rett
syndrome (27-30), amyotrophic lateral sclerosis (31-34), ataxia
telangiectasia (35), Dravet syndrome (36), familial dysauto-
nomia (37), fragile X syndrome (38), Gaucher's disease (39),
Huntington's disease (40,41), Lesch-Nyhan syndrome (42),
microcephaly (43), Parkinson's disease (44-46) and schizo-
phrenia (47-49). The technology of cellular reprogramming has
highlighted the reality of the clinical heterogeneity observed
in patients from the lab bench to the bedside (14). The use
of iPSCs derived from patients with specific neural diseases
helps provide information regarding embryonic neurogenesis,
cortical formation and pathophysiology. Therefore, the present
study aimed to establish a cellular model of refractory epilepsy
by generating iPSCs from fibroblasts obtained from patients
with FCD.

Materials and methods

Ethics statement. The present study was reviewed and
approved by the Committee of Research Ethics of the
Pontifical Catholic University of Rio Grande do Sul (approval
no. 17943213.9.0000.5336) through the system Platafoma
Brasil. Written informed consent was obtained from patient
1 and from the parents of patient 2 (a minor) enrolled in the
present study, according to Brazil Resolution no. 466/12.

Patients. A total of 2 patients were enrolled in the present
study upon signing the ethical consent form, according to the
guidance of the Committee of Research Ethics. Patient 1 was
a 45-year-old man with medically refractory seizures, whose
electroencephalogram monitoring demonstrated sharp waves
in the right frontal region and 3 seizures with onset in the same
region (Fig. 1A). Magnetic resonance imaging revealed a small
right frontal lesion with an increased signal and blurring of the
cortico-subcortical white matter (Fig. 1B), which was resected
under acute electrocorticography. Histopathology (Fig. 1C
and D) and immunohistochemistry (Fig. 1E and F) revealed
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cortical dyslamination and large, dysplastic neurons, with
balloon cells, which is compatible with a diagnosis of FCD
Type IIb (International League Against Epilepsy) (7).

Patient 2 was a 12-year-old girl who first started experi-
encing seizures at the age of ~5 years, which were characterized
by sudden extension of the right arm and head drop. The
patient often had numerous seizures per day, despite attempts
to treat the seizures with several antiepileptic drug regimens.
The patient also had a cystic lesion with regular borders in
the right parietal region, which intermittently led to moderate
intracranial hypertension and was surgically targeted on
several occasions. However, this approach did not significantly
improve seizure control, which led to presurgical evaluation.
The latter revealed maximal interictal and ictal epileptic
activity in the left frontal region (Fig. 1G), where an orbito-
frontal dysplastic lesion was clearly observed by magnetic
resonance imaging (Fig. 1H). The patient underwent resective
surgery under acute electrocorticography, and histopathology
(Fig. 1I and J) and immunohistochemistry (Fig. 1K and L)
revealed a typical pattern of FCD Type IIb (International
League Against Epilepsy) (7).

Production of fibroblasts from skin biopsies. The human
fibroblasts were obtained from residual skin fragments from
two patients that underwent surgical treatment for medically
refractory epilepsy (Epilepsy Surgery Program) at Sao Lucas
Hospital (Porto Alegre, Brazil) on November 2013 (patient 1)
and April 2015 (patient 2) at Pontifical Catholic University
(Porto Alegre, Brazil). The skin biopsies were cut into ~5 mm?
sections and the skin fragments were placed in a 60-mm Petri
dish, with the dermis facing the plate. The cells were cultured
in Dulbecco's modified Eagle's medium (DMEM; Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 20% fetal bovine serum (FBS; Gibco; Thermo
Fisher Scientific, Inc.), 100 U/ml penicillin (Gibco; Thermo
Fisher Scientific, Inc.), 100 U/ml streptomycin (Gibco;
Thermo Fisher Scientific, Inc.), 100 pg/ml gentamicin (Gibco;
Thermo Fisher Scientific, Inc.) and 20 ng/ml fibroblast growth
factor (Thermo Fisher Scientific, Inc.). The skin fragments were
maintained at 37°C with 5% CO, until reaching >80% conflu-
ence, and a mycoplasma test (MycoAlert Plus; Lonza Group,
Ltd., Basel, Switzerland) was performed. Once the cells were
confirmed to be mycoplasma-free, they were maintained under
the same conditions up to the seventh passage. Cells in the
fourth, fifth, sixth and seventh passages were cryopreserved in
liquid nitrogen. In addition, fibroblasts morphological profile
was observed by the fifth-passage using an optical microscope
Axiovert 25 (Carl Zeiss, Oberkochen, Germany) in bright field.

Histologic analysis of dysplastic tissue. Brain samples
obtained via surgical resection were immediately fixed in 10%
buffered formaldehyde for 24 h at room temperature, and the
surgical specimens were processed and paraffin-embedded.
All specimens were cut into 5 gm sections with a micro-
tome (Leica Microsystems GmbH, Wetzlar, Germany) and
stained with hematoxylin and eosin, and additional slides
were submitted to automated 3,3-diaminobenzidine (DAB;
Dako Autostainer Link 48; Agilent Technologies, Inc., Santa
Clara, CA, USA) immunohistochemical staining using 5%
FBS (Gibco; Thermo Fisher Scientific, Inc.), 1% bovine serum
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albumin (BSA; Sigma-Aldrich; Merck Millipore, Darmstadt,
Germany) and 0,2% of Triton X-100 (Sigma-Aldrich; Merck
Millipore) with blocking buffer for 1 h at room temperature
for anti-NeuN antibody (cat. no. ABN91; Merck Millipore)
and anti-vimentin (cat. no. GA630, Dako, Glostrup, Denmark)
diluted in blocking buffer (1:100). All reactions included posi-
tive and negative external control samples on the same slide.
The slides were reviewed under a Zeiss Axiokop 40 micro-
scope (Carl Zeiss Group,). All images were documented in
TIFF uncompressed format with a Retiga 2000R color video
camera (QImaging, Surrey, Canada).

Generation of iPSCs. iPSCs were generated through exposure
of fibroblasts to viral vectors containing the genes OCT4,
SOX2, KLF4 and c¢-MYC using the CytoTune®-iPS 2.0
Sendai Reprogramming kit (Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. The CytoTune 2.0
Sendai reprogramming vectors in this kit are based on a modi-
fied, non-transmissible form of Sendai virus, which has the
Fusion protein (F) deleted, rendering the virus incapable of
producing infectious particles from infected cells. Fibroblasts
were cultured in 6-well plates and when ~70% confluence was
reached they were used for transfection. The number of viral
particles used was calculated according to the multiplicity of
infection (MOI) equation (1.5x10° cells at MOI=5-5-5-3; i.e.,
hOct4 MOI=5, hSox2 MOI=5, hc-Myc MOI=5, hK1f4 MOI=3).
The specific amount of virus was diluted in 1 ml DMEM/F12
culture medium supplemented with 20% Knockout Serum
Replacement (Gibco; Thermo Fisher Scientific, Inc.), 1X
non-essential amino acids of DMEM (Gibco; Thermo
Fisher Scientific, Inc.), 1X Glutamax (Gibco; Thermo Fisher
Scientific, Inc.), 100 U/ml of penicillin (Gibco; Thermo
Fisher Scientific, Inc.), 100 U/ml streptomycin (Gibco; Thermo
Fisher Scientific, Inc.) and 100 ug/ml of gentamicin (Gibco;
Thermo Fisher Scientific, Inc.). The fibroblasts were exposed
to the medium containing the virus and incubated at 37°C
with 5% CO, for 24 h. The cells were washed with PBS
and cultured under the same conditions for 6 days. On day
7 following transfection, the cell cultures were treated with
trypsin/ethylenediaminetetraacetic acid and transferred to a
culture dish containing BD Matrigel hESC-qualified Matrix
(BD Biosciences, Franklin Lakes, NJ, USA). Following
culture for 24 h, the culture medium was replaced with
embryonic cell mTeSR medium (Stemcell Technologies, Inc.,
Vancouver, Canada). Cell clones were manually removed
~20 days later and transferred to new plates containing BD
Matrigel hESC-qualified Matrix. Following three subcul-
tures, the clones were characterized by immunostaining
with antibodies against homeobox protein NANOG (cat.
no. MABD24A4, Merck Millipore) FITC conjugate, SOX?2
(cat.no. MAB4423C3, Merck Millipore) Cy3 conjugate, OCT4
(cat. no. MAB4419A4, Merck Millipore) FITC conjugate,
TRA1-60 (cat. no. MAB4360C3, Merck Millipore) Cy3 conju-
gate and TRA1-81 (cat. no. MAB4381C3, Merck Millipore)
Cy3 conjugate following the addition of 4% paraformalde-
hyde. The culture was incubated for 1 h at room temperature
with blocking buffer [5% FBS, 1% of BSA and 0.2% of Triton
X-100 (Sigma-Aldrich; Merck Millipore)] for NANOG, SOX?2
and OCT4 antibodies. The same blocking buffer without
Triton was used when cell surface proteins were analyzed
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Figure 1. Patient characteristics. For patient 1: (A) The EEG revealed rhythmic seizure discharge originating in the right fronto-temporal region. (B) MR
image indicating the area of transmantle dysplasia in the right frontal lobe, with vagueness and blurring of the cortico-subcortical interface (arrows).
(C and D) Histopathology of cortex morphology revealing delamination of the layers and cortical disorganization, with dysmorphic neurons and balloon cells
under hematoxylin and eosin staining. Magnification, x200. Immunohistochemical staining of (E) NeuN, revealing neurons with delamination of the cortical
layers (magnification, x20) and (F) vimentin, marking balloon neurons. Magnification, x200. For patient 2: (G) The recorded EEG revealed rhythmic seizure
discharge originating in the left anterior quadrant, with a maximum in the left frontal region. (H) MR image revealing heterotopic subcortical and periventricular
nodules in the left frontal lobe, with vagueness and blurring of the cortico-subcortical interface (arrows). (I and J) Histopathology of cortex morphology revealing
delamination of the layers and cortical disorganization, with dysmorphic neurons and balloon cells under hematoxylin and eosin staining. Magnification, x20
and x200. Immunohistochemical staining of (K) NeuN, revealing neurons with delamination of the cortical layers (magnification, x20) and (L) vimentin,
marking balloon neurons (magnification, x200). EEG, electroencephalogram; MR, magnetic resonance; NeuN, RNA binding protein, fox-1 homolog 3.

(TRA1-60 and TRA-81 antibodies). Cells were incubated for
2 h at room temperature, washed twice with PBS, and stained
with 4',6-diamidino-2-phenilindol (DAPI; Sigma-Aldrich;
Merck Millipore). The images were captured using confocal
microscopy Zeiss LSM-5 exciter (Carl Zeiss Group).

Analysis of the AKT and mTOR pathway. The brain tissue
was fixed with 4% buffered formaldehyde for 24 h at
room temperature, embedded in paraffin and sliced into

5 um sections. The primary antibodies against AKT (cat.
no. mAb2920; Cell Signaling Technology, Inc., Danvers,
MA USA), phosphorylated-AKT (cat. no. mAb4060; Cell
Signaling Technology, Inc.), mTOR (cat. no. mAb2983, Cell
Signaling Technology, Inc.) and phosphorylated-mTOR (cat.
no. mAb2976, Cell Signaling Technology, Inc.), diluted 1:100
with blocking buffer, were used. The slides were incubated at
4°C for 12 h followed by further incubation with a fluorescein
isothiocyanate-conjugated secondary antibody diluted 1:100
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(cat. no. A11029, Invitrogen; Thermo Fisher Scientific, Inc.) for
2 h at room temperature. The slides were washed with PBS
and 0.01% DAPI was added for nuclear staining. Analysis was
performed using a confocal microscope Zeiss LSM-5 (Carl
Zeiss Group). For quantitative analysis, 10 visual fields were
randomly selected using a x20 objective lens, with a minimum
of 20 DAPI-positive cells. The images were quantified by area
marker parameter using Image-Pro Plus 7 software (Media
Cybernetics, Inc., Rockville, MD, USA). The quantification
area was analyzed using one-way analysis of variance followed
by the Tukey post hoc test. Analyses were performed using
GraphPad Prism 5.0 software (GraphPad Software, Inc., La
Jolla, CA, USA).

Results

AKT/mTOR pathway analysis. Analysis of the AKT/mTOR
pathway in cerebral dysplastic tissue revealed a statistically
significant difference between cerebral tissues in the two
patients (Fig. 2). The quantified area stained with anti-AKT
was 756 and 291 pm?in patients 1 and 2, respectively (P=0.006;
Fig. 2), and that of phosphorylated-AKT staining was 974 and
408 pm? for patients 1 and 2, respectively (P=0.004; Fig. 2). In
addition, the mTOR pathway analysis revealed a statistically
significant difference between the stained areas in the cerebral
tissues from the two patients (mTOR: Patient 1, 1,210 gm?;
patient 2, 341 ym?; P=0.0003; and phosphorylated-mTOR:
Patient 1, 1004 ym?; patient 2, 507 ym?; P=0.004; Fig. 2).

iPSCs were generated from cellular reprograming of
fibroblasts. Clones with the morphological features of
embryonic cells were detected on the 13th day following viral
transfection. The clones were manually selected and cultured
over Matrigel at ~day 25. Small clones surrounded by a few
fibroblasts were observed on day 13 (Fig. 3A); however,
following 20 (Fig. 3B) and 25 (Fig. 3C) days of culture, larger
clones with the morphological features of embryonic cells were
detected, which still contained fibroblasts. Finally, following a
culture over a Matrigel support, a cell clone free of fibroblasts
was obtained (Fig. 3D).

The features of embryonic cells were further confirmed
following 3 subcultures of the clones over Matrigel with
antibodies against the pluripotency markers Nanog, SOX2,
OCT4, TRA1-60 and TRA1-81 (Fig. 4). The positive staining
characteristics of the embryonic cells confirmed the successful
generation of iPSCs derived from fibroblasts from patients
with FCD.

Discussion

Several neural diseases remain poorly understood, in particular
those that affect the central nervous system, from the course of
embryonic development up to the onset of clinical signs. These
diseases represent a huge physical and social burden to patients
and families, with high financial costs to public health systems.
Although significant advances have been made in understanding
the genetic basis of these diseases, clinical classification, patient
care and effective treatments remain scarce (14).

Fortunately, the unquestionable advance of methods for
iPSC generation and their subsequent differentiation into
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Figure 2. Immunofluorescence analysis of AKT and mTOR expression in
dysplastic tissue. A larger area corresponding to phospho- and total AKT
and mTOR was observed in patient 1. “P<0.001 and ““P<0.0001 vs. patient
2. AKT, protein kinase B; mTOR, mechanistic target of rapamycin; phospho,
phosphorylated.

Figure 3. Photomicrography of cell cultures following viral transfection.
(A) Small clones surrounded by few fibroblasts were observed at day 13.
Larger clones with the morphological features of embryonic cells were
detected following (B) 20 and (C) 25 days of culture; however, fibroblasts
were still present. (D) Following passage on a Matrigel support, a cell clone
free of fibroblasts was obtained. Magnification, x200.

Figure 4. Photomicrography of iPSC clones by confocal microscopy.
Antibodies specific to homeobox protein NANOG (green), POU class 5
homeobox 1 (light brown), sex determining region Y-box 2 (red), TRA1-60
(purple) and TRA1-81 (yellow) was used to confirm the embryonic features.
Magnification, x200.

several tissue types have rendered these cells a standout
cellular model for diverse diseases, including those affecting
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the central nervous system. This strategy allows for the inves-
tigation and development of novel approaches to study the
mechanisms of embryonic neurodevelopment and pathological
contexts specific for each patient, considering their unique
genetic backgrounds (14). To the best of our knowledge, the
present study is the first to present a method for the genera-
tion of a cell model to study the embryonic neurogenesis of
epilepsy refractory to drug treatment in the context of FCD.

Previous studies have demonstrated a link between genetic
alterations and various types of cortical malformation, which
may be specifically associated with the main stages of central
nervous system development (8). More than 100 genes have
been associated with various types of cortical malforma-
tion (50). The major genes identified, including those that are
involved in signaling pathways associated with cerebral cortex
malformation, are associated with apoptosis, cell proliferation,
cytoskeletal structure, cell migration and neurodifferentiation.
Alterations in signaling and/or other regulatory pathways may
have a variable impact on not only the pattern of brain cortical
malformation but also on the site affected (8).

The diagnoses of certain cortical defects, including
megalencephaly, polymicrogyria, hemimegalencephaly and
cortical dysplasia, are generated following the observation
of typical features in clinical imaging. Pathological altera-
tions associated with these disorders include a wide range of
abnormalities, including those typically associated with FCD.
A growing number of gene alterations have been associated
with polymicrogyria and hemimegalencephaly, in particular
in cases with more severe phenotypes. Megalencephaly
with polymicrogyria has been associated with a mutation in
PIK3CA and PIK3R2 genes and isolated hemimegalencephaly
has been associated with mosaic mutations in the PI3K, AKT
and mTOR pathways. However, unlike these malformations,
the etiology of FCD remains unknown (8-10).

Normal PI3K/AKT signaling integrates fundamental
physiological responses for healthy aging and longevity.
Previous studies have demonstrated that downregulation of
the PI3K/AKT signaling pathway may be associated with
the lifespan of particular species (51,52). Alterations in the
PI3BK/AKT/mTOR signaling pathway areinvolved inage-related
diseases,including heart and neurological conditions. Increased
activation of this pathway is considered a feature of early onset
Alzheimer's disease, but is also associated with normal aging
processes in healthy subjects (53). The brain tissue from the
patients investigated in the present study revealed a differ-
ence regarding both pathways. A significant increase in AKT,
phosphorylated-AKT, mTOR and phosphorylated-mTOR
expression was observed in the older patient (patient
1; 45 years old) compared with in the younger patient (patient
2; 12 years old). Indeed, it has previously been reported that
balloon and giant cells in the brain tissue from patients with
FCD express markers of mature, undifferentiated neuronal
cells and glial cells (5). However, it will only be possible to
confirm this hypothesis by investigating the brain tissue from
patients of the same age, although the effect of genetic back-
ground should not be ignored.

It has been hypothesized that clonal somatic mutations
are shared among patients with FCD. Previous studies have
observed an increase in mTOR signaling in 80-90% of the
balloon cells present in the cortex of patients with FDC Type
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IIb. Certain cases of FCD Type IIb also exhibit increased
PI3K and AKT activity (8-10). Increased signaling of the
PI3K/AKT/mTOR pathway was demonstrated in FCD Types
ITa and IIb without genetic mutation, which was attributed to
other mechanisms associated with other common diseases (54).

iPSCs are obtained from somatic cells by means of distinct
techniques, including chemical induction or gene transfection.
Using the premise introduced by Takahashi and Yamanaka (17),
at least 4 genes that confer pluripotency should be included for
this strategy to be successful. Retroviral vectors require the
integration of transfected genes into the host genome in order
to be expressed along with the other host genes. Adenoviral,
adeno-associated virus and plasmid vectors do not require
integration, but may integrate and disrupt the host genome.
The viral vectors used in the present study are not integrative
and do not influence the genome of the host cell (55,56). This
property is an additional advantage to the embryonic features
already mentioned, including pluripotency.

The consensus method currently used to characterize plurip-
otent cells begins with observing the clone morphology. iPSC
clones generated from human cells have a distinct morphology,
containing large nuclei and well-organized colonies with clearly
defined edges (57). In addition, adequate clones should be well
organized and tightly adhered, without areas of differentiation.
In the present study, the pluripotency of the clones was confirmed
by positive expression of Nanog, SOX2, OCT4, TRA1-60 and
TRA1-81. There is no minimum criterion required for iPSC
characterization. However, the presence of certain markers is
essential to confirm the pluripotency, as well as the maintenance
of the undifferentiated condition (58).

Gaining a global understanding of the development of normal
brain function depends on extensive knowledge concerning
brain formation, connection patterns between neurons and
brain regions, and the synaptic communications present in these
connections. Studies with iPSCs from patients with FCD will
enable investigations of different neurodevelopmental stages,
and allow the gathering of molecular and clinical evidence
from observations of the affected adult tissue. Furthermore, the
generated iPSCs will motivate in vitro studies to determine the
processes involved in embryonic neurogenesis and to elucidate
potential changes that may be associated with the abnormal
development of the cerebral cortex, leading to FCD.

The present study provides a useful tool that may help
to understand embryonic brain development associated with
the development of FCD, a disease with an unclear genesis.
Insight into other diseases may also be achieved using the
same approach.
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