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Abstract

Purpose To report the current status of patients with
microphthalmia based on a cross-sectional survey of
patient hospital visits.

Methods A questionnaire was sent to the departments of
ophthalmology in 1,151 major Japanese hospitals to survey
the following: the number of patients with microphthalmia
who visited the outpatient clinics between January 2008
and December 2009; gender; age; family history; associ-
ated ocular anomalies; complications and systemic
diseases; surgical treatment; vision and management. A
retrospective quantitative registry of 1,254 microphthalmic
eyes (851 patients) from 454 hospitals (39.4%) was
compiled.

Results Of the patients for whom data were available,
50% ranged in age from O to 9 years. The major ocular find-
ings were nanophthalmos, coloboma, and vitreoretinal mal-
formations. Ocular complications frequently developed,
including cataracts, glaucoma, and retinal detachment.
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Surgery was performed in 21.4% of all cases, and systemic
diseases were present in 31% of all cases. The vision associ-
ated with microphthalmia exceeded 0.1 in about 30% of the
eyes. Glasses and low vision aids were used by 21.6% of
patients.

Conclusions Patients with microphthalmia often have
ocular and systemic anomalies. Early assessment and
preservation of vision and long-term complication man-
agement are needed.

Keywords Microphthalmos - Epidemiology - Survey -
Intractable disease

Introduction

Microphthalmos is defined as the arrested development of
all global dimensions and is often is associated with other
ocular and systemic anomalies [1]. Chromosomal disor-
ders, genetic syndromes, and environmental factors, such
as maternal infection and exposure to X-rays or drugs, are
reported as causes [2]. However, in most cases the precise
pathogenesis is unknown although some causative genes
(SOX2 and PAX6) have been identified [2-4].

Previous studies conducted in the UK report that the
prevalence rates of microphthalmia, anophthalmia, and
typical coloboma are 10-19 per 100,000 births [4-7].
Microphthalmia is rare, and only a few disease, genetic, and
epidemiologic studies and a few reports on the practical
patient status have been published. The condition generally
causes substantial visual impairment, but standard manage-
ment and treatments have not been established.

We conducted a cross-sectional national survey to
investigate the current status of patients with microph-
thalmia, focusing especially on ocular associations,
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complications, surgery, and vision examinations performed
by ophthalmologists.

Materials and methods

A questionnaire was sent to the departments of ophthalmology
in 1,151 major hospitals nationwide, all of which are autho-
rized by the Japanese Ophthalmological Society as training
institutions for physicians specializing in ophthalmology, to
survey the number of patients with microphthalmia who vis-
ited their outpatient clinics between January 2008 and
December 2009. Patients referred to other hospitals during
this period were excluded.

The diagnostic criterion for pure microphthalmos is the
presence of an eye with two-thirds the normal ocular volume,
i.e., 0.87 below the normal axial length [1]. The Japanese
criteria were established by Majima [8], based on the average
axial length for each age group of Japanese patients. The
clinical definition can be determined by a substantial size
difference between the two eyes. Axial lengths of <21 mm in
adults and <19 mm in 1-year-old children, i.e., two standard
deviations below normal, are used. Corneal diameters of
<10 mm in adults and <9 mm in infants are used for a simple
diagnosis [9]. In our survey, either Majima’s criteria for pure
microphthalmos or the clinical definition for complicated
microphthalmos was applied.

The questionnaire asked for either the numbers of patients
or the number of eyes and was divided into two sheets. The
first sheet comprised questions on the number of cases, the
number of cases operated on, whether the condition was
unilateral or bilateral, gender, age, family history; the second
sheet consisted of questions about the number of associated
ocular anomalies and complications, surgical treatment,
associated systemic diseases, vision and management with
glasses, low vision aid, and the use of a prosthetic shell.

A retrospective quantitative registry of microphthalmia
was compiled from the responses from 454 hospitals
(39.4%). The data from 1,254 microphthalmic eyes of 851

Fig. 1 Ages of patients with 450 - 50%
microphthalmia managed in the a0t B
surveyed hospitals. The rate is .
given for each age group 350 - &
(N = 851 cases) 300 ¢+
250

200t [
150 b &
100 |
50 |
0

Number of cases

i

16%

i - i

cases in total were collected from the first sheet, but as
some hospitals did not complete the second sheet, only data
from 1,069 eyes of 722 cases were collected from the
second sheet. Of the data collected for these 1,069 eyes,
data on the vision of 56 eyes (5.2%) were incomplete.
Thus, data from 1,013 eyes were analyzed for vision.

We surveyed the number of patients managed in Japa-
nese hospitals and analyzed the associated ocular anoma-
lies and complications, surgical treatment, systemic
diseases, vision and ophthalmic management.

Results

Of the 851 cases [396 (46.5%) male, 455 (53.5%) female]
of microphthalmia reported on the first sheet, 444 (52%)
were unilateral and 405 (48%) were bilateral (for two cases
no information on unilateralism or bilateralism was
reported). In terms of age distribution, 50% of the patients
were 0-9 years and 16% were 10-19 years; between ages
20 and 79 years, the prevalence remained relatively con-
stant, ranging between 4.3 and 6.8% (Fig. 1). Family his-
tories were positive in 61 cases (7.2%), of which 25 cases
(41%) of autosomal dominant inheritance, three cases of
X-linked recessive inheritance, and one case of autosomal
recessive inheritance were identified; the other 32 cases
were undetermined.

The data from the 1,069 microphthalmic eyes of 722
cases retrieved from the second sheet were compiled and
analyzed for associated ocular anomalies and complica-
tions, surgical treatment, associated systemic diseases, and
management with glasses, low vision aids, and prosthetic
shells. The ocular abnormalities and complications asso-
ciated with microphthalmia are shown in Fig. 2. The
identified ocular findings were nanophthalmos, coloboma
(choroid, retina, lens, iris), vitreoretinal malformation
(retinal dysplasia, retinal fold, persistent fetal vasculature,
etc.), anophthalmos/extreme microphthalmos, anterior
segment dysgenesis (Peters’ anomaly, aniridia), and optic

6.8% 6.5% 559

EEr OB D B

L 0.9%

5.5%
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Fig. 2 Ocular abnormalities
and complications associated
with microphthalmia. The rate
of each associated anomaly or
complication is given

(N = 1,069 eyes)
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nerve anomaly (disc anomaly, optic nerve hypoplasia). The
most frequent ocular complications were cataracts in
34.1%, followed by glaucoma and exudative or rhegma-
togenous retinal detachment.

Surgery had been performed in 182 (21.4%) of the 851
cases; the surgical procedures for ocular complications are
shown in Fig. 3. The procedures performed the most often
were cataract extraction in 246 eyes (23.0%) of 1,069 eyes,
followed by glaucoma surgery and vitreoretinal surgery.

Systemic diseases were present in 224 patients (31%) of
722 cases of microphthalmia, with 92 cases (12.7%) of
developmental cerebral anomalies and mental deficiency,
68 cases (9.4%) of multiple anomalies and genetic syn-
dromes, 26 cases (3.6%) of chromosomal disorders, and 38
cases (5.3%) of others.

The distribution of vision in microphthalmia is shown in
Fig. 4. The data from 1,013 microphthalmic eyes were
analyzed for vision. The visual acuity (VA) in microph-
thalmos was <0.02 in 348 eyes (34.4%), <0.1 but not
<0.02 in 116 eyes (11.4%), <0.3 but not <0.1 in 93 eyes
(9.2%), not <0.3 in 157 eyes (15.5%), unmeasurable with
poor visual performance in 241 eyes (23.8%), and good
visual performance in 58 eyes (5.7%).

Number of eyes

*Good visual performance

[ Iperformance |

Fig. 4 Visual acuity (VA) in microphthalmos. Asterisk VA not
measured due to young age or mental retardation. The rate of each
VA group is given (N = 1,013 eyes)

Glasses and low vision aids were used in 156 cases
(21.6%) of 722 cases, while prosthetic shells were applied
in 211 eyes (19.7%) of 1,069 eyes.
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Discussion

This is the first national survey that reports the epidemiologic
aspects and current status of patients with microphthalmia in
Japan. It is also the largest survey conducted by ophthal-
mologists of patients with microphthalmia who present at a
hospital. The results based on cross-sectional surveys of
patients’ hospital visits may be considerably biased and may
not be comparable with those of previous epidemiologic
studies in other countries. However, the results of this survey
showing the precise ocular associations, complications, types
of surgeries, and vision, may be useful for future ocular
management and investigation.

Approximately one-half of the patients in this survey who
presented to a hospital were children under the age of
10 years, indicating that diagnosis and treatment of
microphthalmia during the period of visual development are
both needed and common practice in Japan. In addition,
continuous management of low vision and ocular complica-
tions is required in order to maintain proper vision throughout
life. Among the responders in this study, the distribution of
microphthalmia was evenly divided between men and
women and between unilateral cases and bilateral cases.
Previous studies also report no biased association between

microphthalmia and gender; however, those on laterality are

mixed, with bilateral being more common in some studies
and unilateral cases being more common in others [10].
Kallen et al. [11] reported that among their patient population,
>70% of microphthalmia cases were bilateral and associated
with chromosomal disorders, 53—60% were either associated
or not associated with other malformations, but only 27%
were cases of isolated microphthalmia. Microphthalmos
associated with systemic diseases, nanophthalmos, colobo-
matous microphthalmos, and some cases of complicated
microphthalmos often develop bilaterally and need more
medical management for low vision and periodic follow-up.
However, the current survey indicated that unilateral cases
also require ophthalmic treatment and management.

The family histories were positive in 7.2% of cases;
however, most cases have not been investigated for genetic
etiology. To clarify the pathogenesis of various microph-
thalmia and develop useful treatments, effective genetic
screening should be performed.

The current patient population had varying kinds and
degrees of ocular-associated anomalies, among these,
posterior segment dysgenesis, including coloboma and
vitreoretinal malformations, was seen frequently. Thus,
early morphologic and electrophysiologic evaluation of the
posterior segment may be required to assess the visual
potential and indications for surgical, optical, and ambly-
opia treatment or for a cosmetic shell.

The rates of developing cataracts, glaucoma, and retinal
detachments were extremely high among the young

@ Springer

patients. These ocular complications were major indica-
tions for surgical intervention, although the prognoses were
generally poor [12]. Patients with microphthalmia require
lifelong management for early prevention and detection of
these complications. A less invasive surgical procedure for
microphthalmia should be developed [13-19].

Various systemic anomalies are frequently associated with
microphthalmia, indicating that initial assessment and con-
tinuous management by pediatricians are essential. Although
31% of the cases in our survey were microphthalmia associ-
ated with systemic disease, analysis of a population-based
birth defects registry in Hawaii from 1986 to 2001 revealed
that only 5% of the 96 cases had either isolated anophthalmia
or microphthalmia, whereas 25% had confirmed chromo-
somal abnormalities, such as trisomy 18 and 13, and others
had malformation syndromes, limb and musculoskeletal sys-
tem defects, and cardiac and circulatory system defects [10].
Our survey included more unilaterally isolated cases, proba-
bly because ophthalmologists conducted the survey and pro-
vided detailed descriptions of the ocular status of the patients
who presented to the hospitals.

Overall useful vision and good visual performance >0.1
were obtained in about 30% of microphthalmia cases,
whereas about 34% of microphthalmia patients were blind
(VA <0.02). However, glasses and low vision aids were
used in around 22% of the cases, while prosthetic shells
were used in about 20% of eyes. The visual prognosis of
microphthalmos depends largely on the difference between
the two eyes. The chances of obtaining good VA are lim-
ited in cases of severe unilateral microphthalmos, where
orbital growth may be retarded and facial deformity may
develop. Early socket expansion and wearing of a pros-
thetic shell are important for cosmetic treatment in
anophthalmos and extreme microphthalmos [20]. However,
microphthalmos with visual potential should be assessed
early and glasses prescribed to maximize the VA.

In summary, our analysis of the survey data revealed
that patients with microphthalmia have various ocular and
systemic anomalies and that the rates of ocular complica-
tions are high in young patients. Early assessment, pres-
ervation of vision, and long-term management of
complications are needed for these patients.
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Alzheimer’s disease (AD) is the most common form of age-related dementia, characterized by progressive
memory loss and cognitive disturbance. Mutations of presenilin 1 (PS7) and presenilin 2 (PS2) are causative
factors for autosomal-dominant early-onset familial AD (FAD). Induced pluripotent stem cell (iPSC) technol-
ogy can be used to model human disorders and provide novel opportunities to study cellular mechanisms
and establish therapeutic strategies against various diseases, including neurodegenerative diseases. Here
we generate iPSCs from fibroblasts of FAD patients with mutations in PS7 (A246E) and PS2 (N1411), and char-
acterize the differentiation of these cells into neurons. We find that FAD-iPSC-derived differentiated neurons
have increased amyloid 42 secretion, recapitulating the molecular pathogenesis of mutant presenilins.
Furthermore, secretion of amyloid B42 from these neurons sharply responds to y-secretase inhibitors and
modulators, indicating the potential for identification and validation of candidate drugs. Our findings demon-
strate that the FAD-iPSC-derived neuron is a valid model of AD and provides an innovative strategy for the
study of age-related neurodegenerative diseases.

INTRODUCTION

Alzheimer’s disease (AD) is one of the most common neu-
rodegenerative disorders of the elderly, characterized by pro-
gressive memory disorientation and cognitive disturbance.
The pathological profile of AD is neuronal loss in the cere-
bral cortex accompanied by massive accumulation of two
types of amyloid fibril seeding senile plaques and hyperpho-
sphorylated tau forming paired helical filaments. The
amyloid fibril is mainly composed of B-amyloid (AB) pep-
tides, the 40 and 42 amino acid forms (AB40 and AR42),
that are derived by proteolytic cleavages from the amyloid
precursor protein (APP) by B- and -y-secretase activity
(1,2). According to the amyloid cascade hypothesis, a pre-
vailing theory of AD pathology, accumulation of A,
mainly AP42, in the brain is the initiator of AD pathogen-
esis, subsequently leading to the formation of neurofibrillary
tangles containing hyperphosphorylated tau protein, and con-
sequently neuronal loss (3-5).

Presenilin 1 (PSI) and presenilin 2 (PS2) genes encoding
the major component of y-secretase have been identified as
the causative genes for autosomal-dominant familial Alzhei-
mer’s disease (FAD). Mutations in the PS/ gene, located on
chromosome 14, occur most frequently in FAD (6,7).
Ala246Glu (A246E) in PSI is a well-characterized FAD mu-
tation that shows typical phenotypes of AD with complete
penetrance. Mutations in the PS2 gene on chromosome 1 are
a relatively rare cause of FAD and are variably penetrant.
Asn-141 substitutions by Ile (N1411) in the PS2 gene was
the first identified causative mutation of PS2 in affected
patients from the now famous Volga German families (8,9).

Mutations in the PS/, PS2 and the 4PP gene account for
most of the familial early onset cases of AD either by enhan-
cing the production of pathological AR or especially AR42,
which has a greater tendency to form fibrillary amyloid depos-
its. These findings support B-amyloid as the common initiating
factor in AD in the amyloid cascade hypothesis (10,11). Both
A246E in PSI and N141I in PS2 are reported to induce
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elevation of AB42 levels in human plasma, patient-derived
fibroblasts, forced-cxpressed cells and, in mice, showing
strong toxicity (10—13).

Generation of human iPSCs provides a new method for elu-
cidating the molecular basis of human disease (14,15). An in-
creasing number of studies have employed disease-specific
human iPSCs in neurological diseases, and a few have demon-
strated disease-specific phenotypes to model the neurological
phenotype (16-24). Here, we report the generation of iPSC
from fibroblasts of FAD with the PS/ mutation A246E and
the PS2 mutation N1411, and differentiation of these cells
into neurons. We demonstrate that patient-derived differen-
tiated neurons increase AP42 secretion, recapitulating the
pathological mechanism of FAD with PSI and PS2 mutations.
Our findings demonstrate that the FAD—iPSC-derived neuron
is a valid model for studying AD, and provides important clues
for the identification and validation of candidate drugs.

RESULTS
Generation of iPSC with presenilin mutations

We established two clones of iPSCs with the PS/ mutation,
A246E (PS1-2 iPSC and PS1-4 iPSC) and with the PS2 muta-
tion, N1411 (PS2-1 iPSC and PS2-2 iPSC) by retroviral trans-
duction of primary human fibroblasts with the five factors
OCT4, SOX2, KLF4, LIN28 and NANOG. Fibroblasts were
obtained from the Coriell Cell Repository (AG07768 and
AG09908). The 201B7 iPSC line (14) and the sporadic Parkin-
son disease (PD)-derived iPSC lines (PD01-25 and 26) were
reprogrammed by an original method (14) with four transcrip-
tion factors (OCT4, SOX2, KLF4 and cMYC) and were used
as the controls in this study. Genotyping of the established
iPSC lines was confirmed by PCR—RFLP and sequencing
(Fig. 1A and B). All PS1 and PS2 iPSC clones demonstrated
typical characteristics of pluripotent stem cells: similar morph-
ology to ESCs, expression of pluripotent markers including
Tra-1-60, Tra-1-81, SSEA3 and SSEA4 (Fig. 1C), silencing
of retroviral transgenes and reactivation of genes indicative
of pluripotency (Fig. ID). The differentiation ability of PS1
and PS2 iPSC was also confirmed in vivo by teratoma forma-
tion (Fig. 2), and in vitro by the formation of three germ layers
via embryoid bodies (Supplementary Material, Fig. S1). To
validate our reprogramming technique, we performed compre-
hensive analysis of two PS2 iPSCs. Heat map analysis showed
that global gene expression profiles, including the critical
genes for pluripotency, were similar between the iPSC lines
established with four transcription factors (201B7 and
PD01-25) and the PS2 iPSC clones established with five tran-
scription factors (Supplementary Material, Fig. S2). In add-
ition, there were no significant differences in the expression
of AD-related molecules between PS2 iPSCs and control
iPSCs (Supplementary Material, Fig. S3). Array comparative
genomic hybridization (aCGH) analysis on PS2-1, PS2-2
iPSC and AGO09908 fibroblasts showed that the total
number of copy number aberrations were 52, 61 and 102 out
of ~17000 locations, respectively (Supplementary Material,
Table S1), and no aberrations were detected in APP, PS]
and PS2 genes.
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Differentiation of PS1 iPSC and PS2 iPSC inte neurons

Differentiation of FAD patient-specific iPSCs towards neurons
enables modeling the disease pathogenesis in vitro. To estab-
lish whether the presenilin mutations may affect neuronat dif-
ferentiation, both PS1 and PS2 iPSC lines, as well as control
iPSC lines, were induced to differentiate into neural cells
(25,26), and cultured on Matrigel-coated dishes for 2 weeks
to induce terminal differentiation (Fig. 3). We confirmed neur-
onal differentiation by the expression of neuronal markers,
BlI-tubulin, and MAP-2 (Fig. 3A and B). As shown in
Figure 3C. no obvious differences in the ability to generate
neurons (~80% BllI-tubulin-positive cells) were observed
among control, PS1 and PS2 iPSCs. This indicated that PS1
and PS2 iPSCs can generate neurons with almost the same ef-
ficiency as the control iPSCs, suggesting these presenilin
mutations may have no significant effect on neuronal
differentiation.

Production of Af secreted from iPSCs-derived neurons

To analyze the functional aspects of FAD, we investigated AR
secretion from iPSC or iPSC-derived neurons. The AR secre-
tion in the conditioned medium from control iPSC, PS1 iPSC
and PS2 iPSC was very low; AB42 secretion especially was
below the detection sensitivity. We thereforé could not
compare the ratic of AB42 to AR40 among iPSC lines.
However, the AR secretion in the conditioned medium from
the iPSCs-derived neurons was increased and measurable, in-
dicating that A secretion could undergo significant fluctu-
ation during differentiation. Although the levels of AB42
and AB40 in the medium showed some clonal variation
(Fig. 4A), possibly depending on the rate of cell growth and
passage number, the ratio of AB42 to AB40 was significantly
elevated in the PS1 and PS2 iPSCs-derived neurons, compared
with the controls (Fig. 4B). Thus, PS1 and PS2 iPSCs show
that living neurons derived from patients with the presenilin
mutations ending at residue 42 that are linked to FAD
secrete more AB. This result is compatible with previous evi-
dences based on patients’ plasma, fibroblasts and
forced-expressed cells (10—13).

To explore recapitulation of key pathological events in AD,
we investigated whether FAD-iPSC-derived differentiated
neurons exhibit abnormal accumulation of tau and performed
an immunoblot analysis of lysates of FAD-iPSC-derived
neurons with anti-tau antibody. However, as shown in Supple-
mentary Material, Figure S4, no abnormal tau protein accumu-
lation or tangle formation was detected in the FAD-derived
neurons, indicating that recapitulation of tauopathy is difficult
to observe during the short culture period (2 weeks) in the
present protocol.

Pharmacological response to y-secretase inhibitors in PS1
iPSC- and PS2 iPSC-derived neurons

To evaluate the capacity of pharmacological drug screening in
iPSC technology, we assessed whether inhibitors could affect
the secretion of AP in PS1 and PS2 iPSCs-derived neurons.
We first examined the secretion of AB from PS1-4 and PS2-2
iPSCs-derived neurons in the presence of Compound E, a
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Figure 1. Generation of PS1 and PS2 iPSC from patient fibroblasts. (A) Genotypic analysis of PS1 iPSC by PCR—~RFLP and sequencing. A246E genotyping by
PCR--RFLP was performed with restriction enzyme Ddel. The A246F mutation results in fragments of 176 and 58 bp, whereas the control fragment has 234 bp.
(B) Genotypic analysis of PS2 iPSC by PCR—RFLP and sequencing. N1411 genotyping by PCR~RFLP was performed with restriction enzyme Mpol. The N1411
mutation results in fragments of 102, 58 and 43 bp, whereas the control has fragment lengths of 102 and 58 bp. (C) Both PS1 and PS2 iPSC lines exhibit markers
of pluripotency. All iPSCs express pluripotency markers including Tra-1-60, Tra-l -81, SSEA3 and SSEA4. Nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI). Bar = 200 pm. (D) RT--PCR analysis of the transgenes OCT3/4, SOX2, KLF4 and the endogenous hESC marker
genes. Patient fibroblasts 6 days after the transduction with the retroviruses are positive for the transgenes.

potent y-secretase inhibitor (27) (Fig. 5A and B). With the add-
ition of 10 and 100 nM Compound E, the production of both
AB42 and AB40 was suppressed in a dose-dependent manner,
when compared with untreated in both of PS1-4 and PS2-2
iPSC-derived neurons. Next, we assessed the ability of Com-
pound W, a selective AB42-lowering agent, to modulate
y-secretase-mediated APP cleavage (28) (Fig. 5A and B). As

expected, the addition of Compound W caused a drastic de-
crease in the ratio of AB42 to AB40 in both neurons.

We also determined the effect of these compounds on the
proteolytic processing that causes a release of an intracellular
domain of Notch, another y-secretase substrate. Western blot-
ting using the anti-S3 cleaved Notchl-specific antibody
demonstrated that productions of Notch intracellular domain
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Figure 2. Teratomas derived from SCID mice injected with PS1 and PS2 iPSCs. Gross morphology, hematoxylin and eosin stained representative teratoma
generated from PS 1 (PS1-2 iPSC and PS1-4 iPSC) and PS2-1 iPSC (PS2-1 iPSC and PS2-2 iPSC). Both iPSC shows tissues representing all three embryonic
germ layers, including pigmented epithelium (ectoderm), cartilage (mesoderm) and glandular structure {endoderm). Bar = 50 pm.

(NICD) from both PS1-4 and PS2-2 iPSCs-derived neurons
exposed to Compound E was inhibited in a dose-dependent
manner. Although high dose (100 um) of Compound W
seemed to decrease NICD production in PS1-4, both neurons
exposed to Compound W showed that NICD was mostly
maintained (Fig. 5C). Taken together, these data indicate
that both PS1 and PS2 iPSC-derived neurons respond to
drug treatment in an expected manner and might be useful
for drug screening in AD.

DISCUSSION

To the best of our knowledge, this study is the first to demon-
strate a model of FAD using the iPSC technology. Using
human neurons carrying a PS/ mutation and a PS2 mutation,
we observed an elevation of the ratio of AR42 to AB40, a hall-
mark feature of FAD with presenilin mutations, in neurons
derived from two clones of PS1 and PS2 iPSCs, when com-
pared with non-AD controls (201B7, PD01-25 and 26)
(Fig. 4). Although an increase in AB42 levels as a result of
the A246E mutation in PS/ and N141I mutation in PS2 has
been reported in patient-derived fibroblasts (11), the present
study provided the first evidence of increased AB42 secretion
by living human neurons derived from AD patients, thereby
directly supporting the amyloid cascade hypothesis. To test
the possibility of using the iPSC technology for drug screen-
ing, we checked the pharmacological responses to a known
y-secretase inhibitor and modulator (Fig. 5A and B). Results
showed that AR secretion by adding agents against y-secretase

were inhibited or modulated as expected. Moreover, the Notch
signaling pathway reacted with proteolytic cleavage in the
presence of +y-secretase inhibitors (Fig. 5C). Recent studies
have revealed that y secretase activity is influenced in a
complex manner by several cellular factors, including rafts,
trafficking, expression levels of CD147, numb and gamma-
secretase  activating protein (1,2,29-31). We therefore
propose that living human neurons from patients, i.e.
FAD-iPSC-derived neurons, are very suitable material for
drug development and validation of new drugs.

Previous studies on patient-specific iPSC models have
mostly been limited to genetic congenital disorders
(19,20,22,2432--35). Congenital disorders may be suitable
for modeling disease-specific phenotypes in the iPSC technol-
ogy, because differentiated cells generated from iPSC could
represent the developmental stages of disease (36). However,
modeling familial PD using iPSC that carry the p.G2019S mu-
tation in the Leucine-Rich Repeat Kinase-2 (LRRK2) gene has
been reported recently (23). DA neurons derived from
G20198-iPSCs were vulnerable to exposure to stress agents,
such as hydrogen peroxide, MG-132 and 6-hydroxydopamine.
Now we also demonstrate the possibility of modeling the most
common aging-related neurodegenerative disorder, AD, by re-
capitulating the key pathological mechanism (Fig. 4). Many
insights into the molecular pathogenesis in neurodegenerative
diseases have come from investigating post-mortem brain
tissues or transgenic animals, due to the difficulty of invasive
access to the living human central nervous system. With
disease modeling using the iPSC technology, these new
tools will make it possible to analyze living disease-specific
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Figure 3. Differentiation of PS1 and PS2 iPSC into neurons. (A and B) Neural differentiation of control iPSC (201B7, PD01-25 and PD01-26), PS1 iPSC (PS1-2
iPSC and PS1-4 iPSC) and PS2 iPSC (PS2-1 iPSC and PS2-2 iPSC). Representative pictures of immunocytochemistry for Blil-tubulin (A) and MAP-2 (B) after
neural differentiation. Bar = 40 wm (A) and 20 pm (B). (C) Graphs indicate the percentage of BlIl-tubulin-positive cells relative to cells with DAPI-staining
nuclei. Error bars indicate the SD (n = 3).

neurons in vitro. Moreover, we could graft disease-specific FAD iPSCs could be a potential strategy for drug discovery
neurons derived from iPSCs into the brain of immunodeficient against AD as described here; however, several limitations
animals and we could investigate the time-dependent patho- must be addressed in future studies. First, a high-yield of dif-
logical changes in vivo in future studies. ferentiated neurons from human iPSCs requires multistep
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Figure 4. Characterization of AR secretion in PS1 and PS2 iPSC-derived
neurons. (A) The amount of AB40 and AB42 secreted from control iPSC-
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PS2 iPSC-derived neurons. Note, the ratio of AB42/AB40 in both PS1 iPSC-
derived neurons and PS2 iPSC-derived neurons was significantly higher than
that of control iPSC-derived neurons. Significant differences among groups
were examined by Student’s r-test versus the ratio of 201B7 iPSC-derived
neurons (*P < 0.05).

procedures and prolonged culture. Furthermore, heterogeneity
of differentiated neuronal cell types depending on clonal vari-
ability and culture conditions is inevitable using current differ-
entiation methods. Clonal variation in their characters,
including differentiation efficiency and tumor formation, has
been a problem that needed to be solved thus far (26,37,38).
Development of reliable protocols for more rapid neuronal dif-
ferentiation with minimal clonal variation will be necessary, if
drug discovery using iPSCs is to be fruitful. Secondly, another
defining pathology in AD is an accumulation of hyperpho-
sphorylated tau forming paired helical filaments. Growing evi-
dence reveals that toxic AP directly induces tau
hyperphosphorylation and accumulation, leading to neurode-
generation processes in affected neurons in AD (39,40). Patho-
logical observations reveal that tau aggregates, but not
amyloid deposits, actually correlate with dementia severity
and extent of neuronal loss (41,42). Therefore, whether FAD
iPSC-derived neurons exhibit accumulation of phosphorylated
tau during extended culture periods should be addressed, and
future studies must also focus on the biochemical dynamics
of tau protein in iPSC-derived neurons treated with exogenous
AB. Thirdly, the pathological mechanism of late-onset AD,
sporadic AD and AD harboring the apoE4 allele remains
unclear. Recent studies propose that impaired clearance of
AB may cause late-onset AD through interactions with
ApoE4, rather than increased Af production (43,44).
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Late-onset AD is more common and accounts for 90% of
people suffering with Alzheimer’s disease. To establish thera-
peutic strategies targeting the common form of AD, neurons
derived from patient-specific iPSCs should be applied to
investigations into the mechanisms underlying AR clearance.

Recently, a number of clinical trials of drugs targeting the
pathogenesis of AD have reportedly failed in succession. Al-
though future advances in iPSC methods are necessary for
the pharmacological development and clinical application of
iPSCs in neurodegeneration, we hope that our study will con-
tribute significantly towards the identification and validation
of novel candidate drugs against one of the most common
and intractable diseases, AD.

MATERIALS AND METHODS
Cell culture and iPS generation

PS1 A246F fibroblasts (AG07768) and PS2 N1411 fibroblasts
(AG09908) were obtained from Coriell Cell Repository.
Human fibroblasts were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco) containing 10% fetal
bovine serum, 50 U/ml penicillin, 50 mg/ml streptomycin
and 1 mm L-glutamine. PS1 iPSC and PS2 iPSC were gener-
ated using the Human iPS Cell Generation Vector Set
(TAKARA). G3T-hi cells were transfected with the Human
iPS Cell Generation Vector set (pDON-5 OCT3/4-SOX2,
pDON-5 KLF4, pDON-5 LIN28-NANOG) and pGP Vector
and pE-ampho Vector with TransIT-293. Forty-cight hours
after transfection, the medium (virus-containing supernatant)
was collected and filtered through a 0.45 mm pore-size cellu-
lose acetate filter. Next, the retrovirus-containing supernatant
was added to RetroNectin-coated plates for centrifugation at
32°C and 2000g for 2 h to facilitate attachment of the virus
particles onto the RetroNectin. Following this, fibroblasts
were added to the plate and retrovirally transduced. Six days
after transduction, fibroblasts were harvested by trypsinization
and replated at 1 x 10° cells per 100 mm dish on mitomycin
C-inactivated SNL cells, and the medium was changed to
hiPSC medium, which consisted of DMEM/F12 medium
(Invitrogen) supplemented with 20% Knock-out Serum Re-
placement (Invitrogen), 1 mM L-glutamine, 1 mum non-essential
amino acids, 0.1 mm B-mercaptoethanol, 50 U penicillin,
50 mg/ml streptomycin (Invitrogen) and 4 ng/ml basic fibro-
blast growth factor (bFGF; WAKO Pure Chemicals). The
hiPSC medium was changed every other day until colonies
were picked. The generated iPSCs were maintained on mito-
mycin C-inactivated SNL cells. The hiPSC-culture medium
was changed every other day, and the cells were passaged
using CTK solution every 6—7 days.

Sporadic PD patient fibroblasts were generated from dermal
biopsies following informed censent under protocols approved
by Keio University. Two neurologists diagnosed the patient
with sporadic PID, AD was excluded. Sporadic PD-derived
iPSCs were generated as reported previously (14).

Reverse transcriptase-polymerase chain reaction

Total RNA samples were isolated using RNeasy (Qiagen),
according to the manufactarer’s instructions. The concentration
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Figure 3. Pharmacological response to y-secretase inhibitors in PST and PS2 iPSC-derived neurons. (A) The amount of AB40 and AB42 secreted from PS1-4 iPSC-
derived neurons (left graph) and PS2-2 iPSC-derived neurons (right graph) treated with Compound E or W. Significant differences were examined by Student’s t-test
versus AB40 or AB42 of untreated, respectively (*P < 0.05). (B) The ratio of AB42/AB40 from PS1-4 iPSC-derived neurons (left) and PS2-2 iPSC-derived neurons
(right). Significant differences were examined by Student’s /-test versus the ratio of untreated ("P < 0.05). (C) Western blotting of 83 cleaved NICD (~ 110 kDa) and
uncleaved Notch1 transmembrane subunit (~120 kDa) in PS1-4 iPSC-derived neurons (left) and PS2-2 iPSC-derived neurons (right) exposed to Compound E or W.
a-Tubulin served as internal loading controls. Error bars in (A—D) indicate SD from three independent experiments.

and purity of the RNA was determined using the ND-1000 spec-
trophotometer (Nanodrop). The cDNA was synthesized using
the SuperscriptIll First-Strand Synthesis System (Invitrogen).
The transgene primers used in the PCR are listed in Supplemen-
tary Material, Table S2. The endogenous primers have been
described previously (14).

Immunofluorescence staining of iPS and iPSC-derived
differentiated neurons :

Immunofluorescence staining was performed using the follow-
ing primary antibodies: anti-SSEA 3 (Abcam), anti-SSEA 4
(Abcam), anti-Tra-1-60 (Millipore), anti-Tra-1-81 (Millipore),
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anti-SSEA1 (Abcam), anti- MAP-2 (Chemicon) and anti-tau
(HT7, Thermoscientific).  4,6-Diamidino-2-phenylindole
(DAPI; Molecular Probes) was used for nuclear staining.
The secondary antibodies used were: anti-rat IgG and anti-
mouse IgG, and IgM conjugated with Alexa Fluor 488 or
Alexa Fluor 568 (Molecular Probes).

Microarray analysis

Human genome U133 Plus 2.0 GeneChip arrays carrying 54
690 probe sets (Affymetrix) were used for microarray hybridi-
zations to examine global gene expression. Approximately
150 ng of RNA from each sample was labeled using GeneChip
3'TVT Express (Affymetrix) according to the manufacturer’s
instructions. All arrays were hybridized at 45°C for 16 h and
scanned using an AFX GC3000 G7 scanner. The gene expres-
sion raw data were extracted using the AFX Gene Chip Oper-
ation System. Quality control was performed on the basis of
Affymetrix quality control metrics. The data were analyzed
with the Gene Spring GX 11.0 (Agilent). Two normalization
procedures were applied. Initially, the signal intensities with
values <0.1 were assigned a value of 0.1. Then, each chip
was normalized to the 50th percentile of the measurements
taken from that chip. Each gene was normalized to the
median of that gene in the respective controls, to enable com-
parisons of relative changes in gene expression levels between
different conditions.

Microarray data can be found at the GEO website under ac-
cession number ‘GSE28379". (The following link has been
created to allow review of record GSE28379: http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?token=zlovzka
qqwugkdg&acc=GSE28379.) The gene expression profiles of
BJI fibroblasts (GSM248214) were downloaded from the
NCBI Gene Expression Omnibus (GEO) database.

aCGH analysis

Genomic DNA was isolated using DNeasy (Qiagen), accord-
ing to the manufacturer’s instructions. DNA concentrations
were measured on a Nanodrop ND-1000 spectrophotometer
{Isogen). DNA quality was monitored with the Agilent 2100
Bioanalyzer (Agilent Technologies). DNA (500 ng) was
labeled using the Enzo Genomic DNA Labeling kit. Hybridi-
zations were performed on slides containing four arrays, with
each array containing 622 060 in situ synthesized 60-mer oli-
gonucleotides, representing 170344 unique chromosomal
locations (Agilent Technologies). Images of the arrays were
acquired using a microarray scanner G2505CA (Agilent tech-
nologies) and image analysis was performed using feature ex-
traction software version 10.7 (Agilent Technologies). The
Agilent CGH-v4_107_Sep09 protocol was applied using
default settings. Oligonucleotides were mapped according to
the human genome build NCBI 36. The obtained data were
imported into Agilent Genomic Workbench using the aberra-
tion detection method 2 (ADM-2) algorithm (10.0 threshold)
for further analysis. The aCGH data have been deposited in
GEO and given the series accession number GSE28450.
(The following link has been created to allow review of
record GSE28450: http://www.ncbi.nlm.nih.gov/geo/query/a
cc.cgi?token=ntsvikgkucksgre&acc=GSE28450.)
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In vitro differentiation

Cells were harvested using CTK solutions and a cell scraper,
and transferred to a Petri dish in hiPSC medium without
bFGF to form embryoid bodies. After 8 days, embryoid
bodies were plated onto gelatin-coated tissue culture dishes
and incubated for an additional 8 days. The cells were incu-
bated at 37°C in 5% CO; and the medium was replaced
every other day. The cells were stained with mouse
anti-a-fetoprotein IgG (R&D Systems), anti-smooth muscle
actin (Sigma), anti-pIil-tubulin mouse IgG (Chemicon), to-
gether with DAPL

Teratoma formation

hiPSCs were injected into the subcutaneous tissue of SCID
mice (CREA). At 8-10 weeks post-injection, teratomas
were dissected, fixed in 10% formaldehyde in PBS and embed-
ded in paraffin.

Neural induction

Neural induction of hiPSCs cells was performed as previously
described with slight modifications (Okada et al., in prepar-
ation) (25,26). For terminal differentiation, induced neural
cells were plated onto Matrigel-coated coverslips and cultured
for 2 weeks. This was followed by the addition of
Compound E, 28-2-{[(3,5-difluorophenyl)acetyllamino}-N-
[(3S)-1-methyl-2-ox0-5-phenyl-2,3-dihydro-1H-1,4-benzodia-
zepin-3-yl]propanamide (Calbiochem) or Compound W, 3,5-
Bis(4-nitrophenoxy)benzoic Acid (Tokyo Chemical Industry)
for 48 h.

Quantitation of AB by ELISA

Conditioned media of differentiated neurons were collected
after an incubation period of 48 h and subjected to B
Amyloid ELISA Kits (WAKO), according to the manufac-
turer’s instructions.

Immunoblot analysis

Cells were briefly sonicated in cold lysis buffer (50 mm Tris—
HCl, pH 7.4, 150 mm NaCl, 0.5% NP-40, 0.5% sodium
deoxycholate, 0.25% sodium dodecyl sulfate, 5 mm EDTA
and protease inhibitor cocktail from Sigma). Total protein con-
centration in the supernatant was determined using a Bio-Rad
protein assay kit. The proteins were then analyzed by immuno-
blotting as follows: protein samples were separated by redu-
cing SDS-PAGE on a 4-20% Tris—glycine gradient gel
(Invitrogen), and then transferred to a polyvinylidene difluor-
ide membrane (Millipore). The membrane was incubated with
primary antibodies and then horseradish peroxidase-
conjugated secondary antibodies. Detection was performed
using enhanced chemiluminescence reagents as described by
the supplier (PerkinElmer Life Sciences). Primary monoclonal
antibodies that were used in this study were: anti-tau (HT7,
Thermoscientific), anti-NICD (Cell Signaling Technology),
anti-Notchl (D1E11) (Cell Signaling Technology) and alpha
tubulin (Cell Signaling Technology).
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Statistical analysis

Statistical analysis of the data was performed by Student’s
7-test using JMP 8 (SAS Institute, Inc.).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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