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ABSTRACT

The autism spectrum disorders (ASDs) comprise a set of neurodevelopmental disorders that are, at
best, poorly understood but are the fastest growing developmental disorders in the United States.
Because animalmodels of polygenic disorders such as theASDs are difficult to validate, the derivation
of induced pluripotent stem cells (iPSCs) by somatic cell reprogramming offers an alternative strategy
for identifying the cellular mechanisms contributing to ASDs and the development of new treatment
options. Access to statistically relevant numbers of ASD patient cell lines, however, is still a limiting
factor for the field.Wedescribe a new resourcewithmore than 200 cell lines (fibroblasts, iPSC clones,
neural stem cells, glia) from unaffected volunteers and patients with a wide range of clinical ASD di-
agnoses, including fragile X syndrome.Wehave shown that bothnormal andASD-specific iPSCs canbe
differentiated toward a neural stem cell phenotype and terminally differentiated into action-
potential firing neurons and glia. The ability to evaluate and compare data fromanumber of different
cell lines will facilitate greater insight into the cause or causes and biology of the ASDs and will be
extremely useful for uncovering new therapeutic and diagnostic targets. Some drug treatments have
already shown promise in reversing the neurobiological abnormalities in iPSC-based models of ASD-
associated diseases. TheASD StemCell Resource at the Children’s Hospital of Orange Countywill con-
tinue expanding its collection and make all lines available on request with the goal of advancing the
use of ASD patient cells as disease models by the scientific community. STEMCELLS TRANSLATIONAL
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INTRODUCTION

Autism, or as it is now named in the recent 2013
fifth edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM) [1], the set
of autism spectrum disorders (ASDs), is a diverse
group of debilitating pediatric neurodevelop-
mental disorders that are typically diagnosed
early in childhood and can last throughout a per-
son’s life [2]. ASDs now encompass the previous
DSM-IV autistic disorder (i.e., autism), Asperger
disorder, childhood disintegrative disorder, and
pervasive developmental disorder not otherwise
specified (PDD-NOS) [1]. People with ASD have
substantial challenges in social interaction, com-
munication and learning, and display restrictive
repetitive behaviors, interests, and activities.
However, not everyonewith an ASD has the same
challenges; a varied distribution of characteris-
tics, phenotypes, and traits can be present, such
asmegalencephaly, seizures, and a high or low in-
telligence quotient (IQ) [3]. In 2014, the Centers
for Disease Control and Prevention (http://

www.cdc.gov/ncbddd/autism/data.html) estimated
that, in the United States, ASDs have increased
to affect 1 in 68 children, with ASD almost 5
times as common among boys (1 in 42) as among
girls (1 in 189). The total societal cost of caring
for children with ASD in 2011 was more than $9
billion, and the overall estimated economic
burdenofASDs to theUnited States is $137billion
annually, with much of this expense related to
adult care. A comparison of the prevalence of
ASDs in countries across the globe was recently
published [4].

ASDs are now more common than childhood
cancer, diabetes, and pediatric AIDS combined.
Despite 75 years of research since Leo Kanner’s
seminal description of “Autistic Disturbances of
Affective Contact” in a pediatric population [5],
we still have no cure, and we still do not fully un-
derstand the neurological manifestations and
causes of all the ASDs. One of the difficulties re-
lated to the study anddiagnosis of theASDs is that
no definitive genetic test is available for most of
the ASDs [6]. Typically, a clinical diagnosis will
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be determined from clinical observations, parent interviews, de-
velopmental histories, psychological testing, speech and lan-
guage assessments, and the use of one or more standardized
psychometric tests [7]. Variation in thediagnosis among clinicians
can also be a confounding factor. The study of ASD is also compli-
cated because childrenwith ASD can have a specific developmen-
tal disorder that can lead to ASD, such as fragile X syndrome (FXS),
Rett syndrome, Down syndrome, or tuberous sclerosis [8]. Addi-
tionally, some children will havemental health problems, such as
depression or anxiety, and others could have attention problems,
sensory issues, sleep problems, and digestive disorders. Studies
have suggested that several hundred loci [9] might contribute
to the complex genetic heterogeneity of this group of disorders,
with many impinging on the neural processes related to synaptic
development and function [10], axon targeting, and neuron
motility [11]. Recent studies have indicated that metabolic
abnormalities, environmental factors such as air pollution and
pesticides [12], and maternal immune dysfunction and/or infec-
tion can also be involved [13].

Analysis of the postmortem brain has provided some of the
most valuable data for advancing our understanding of ASD path-
ophysiology [14, 15]. A detailed examination of the proliferation
and differentiation of neural stem cells (NSCs) derived from ASD
brains, compared with those derived from normal brains, would
likely yield important data regarding the etiology of the disease
[16, 17]. However, the procurement of postmortem ASD brains
has proved difficult, severely limiting the numbers of ASD NSC
lines available to satisfy power analyses.

The advent of patient-derived induced pluripotent stem cells
(iPSCs) now provides a unique opportunity to explore human
genomic heterogeneity using in vitro “disease in a dish” models
[18–20]. The development of iPSCs, which can subsequently be
differentiated into NSCs and then terminally differentiated into
a myriad of neural cell subtypes, now allows for successful
iPSC-based modeling of the ASDs. This approach has been vali-
dated through recent studies documenting the successful model-
ing of human neurological disease through disorder-specific
iPSC-derived neural cells [21–23]. Efficient generation of ASD
NSC lines now allows for studies (a) of the detailed pathophysiol-
ogy of the ASD neuron compared with normal controls; (b) of
sufficient statistical power to evaluate the effects of ASD on iPSC
differentiation to NSCs and, ultimately, to neuron- and glial-
specific subtypes; and (c) of the influenceofpharmacological agents
on theseprocesses. These studieswill allow for large screens ofASD
and normal neural development, facilitating diagnostic marker dis-
covery, future ASD genetic classification and subclassification, and
drug development.

We established more than 200 lines (fibroblasts, iPSC clones,
NSCs, glia) derived from clinically well-defined ASD-specific
patients andunaffected volunteers. Of these lines, approximately
one third have a clinical diagnosis of either fragile X syndrome (full
mutation) or FMR1 premutation with or without an ASD diagno-
sis. Using methods developed in our laboratory [24, 25], we have
confirmed, using a subset of the normal and ASD-specific iPSCs,
that these cells can be differentiated toward a neural stem cell
phenotype and terminally differentiated into action-potential
firing neurons and glia [25]. This cell line repository represents
a significant resource that will facilitate the use of patient-
derived cell models in ASD research; additional lineswill continue
to be developed as patients are identified and recruited for par-
ticipation. The lines themselves are available to the scientific

community through our existing National Human Neural Stem
Cell Resource (NHNSCR; http://www.nhnscr.org) atChildren’sHos-
pital of Orange County (CHOC Children’s). This will leverage our
efforts formaximalbenefit topatientsand familiesaffectedbyASD.

MATERIALS AND METHODS

Patient Consent and Inclusion Criteria

All patients recruited to donate tissue to this resource received
study and patient information sheets and signed patient consent
forms that were reviewed and approved by University of Califor-
nia (UC), Davis, and CHOC Children’s institutional review boards.
In addition, the generation and distribution of the human fibro-
blasts and iPSCs were approved by the UC Davis human stem cell
research oversight committee. Specific patients with ASD were
recruited through the UC Davis MIND (Medical Investigation of
Neurodevelopmental Disorders) Institute. Subgroups of patients
with ASD were evaluated on a regular basis, and a detailed med-
ical history for retrospective studies is available.Whenwe started
this resource, the patients were clinically diagnosed into several
groups (Table 1), including (a) unaffected controls, (b) FXS with-
out autism, (c) FXS with autism, (d) premutation without autism,
(e) premutation with autism, (f) ASD (defined, in this context, as
those not meeting the full criteria for an idiopathic autism diag-
nosis), and (g) idiopathic autism (no known cause). Normal unaf-
fected volunteers served as controls. These ethnically balanced
groups were chosen for inclusion because some of the patients
with autism were genetically very well-defined, having FXS.
Within the fragile X groups were patients with and without au-
tism; thus, comparisons between groups could be made. In addi-
tion, all patients with autism could be similarly compared against
all patients and controls without autism. Our patient inclusion
and exclusion criteria were as follows. Those patients with the
fragile Xmutation were required to have genetic test results doc-
umenting their CGG repeat number as a full mutation [26]. All
patients with idiopathic autism were required to be negative
for the FMR1mutation, to have negative high-resolution cytoge-
netic study results, and amedical evaluation thatwas negative for
an identifiable cause. Thepatients had to be at least 8 years of age
and tohavea full scale IQof 40or higher.Most patientsweremale
(n = 99).We recruited only 6 female patients. These patientswere
SC127 (Rett syndrome), SC206 (premutation), SC221, SC226, and
SC234 (all idiopathic autism), and SC232 (control). Patients with
an additional genetic disorder or a medical condition that affects
central nervous system functioning (e.g., brain trauma, severe
seizure disorder, or stroke) were excluded. Finally, those with au-
tism who had features of known genetic disorders, other than
FXS, that could be associated with autism, such as tuberous scle-
rosis, were excluded from the present study. Controls were
recruited from healthy volunteers within the UC Davis MIND In-
stitute who were not family members of the patients with ASD.
The controls were screened negative for an ASD using the Social
CommunicationsQuestionnaire and for IQusing theWechslerAb-
breviated Scale of Intelligence (WASI) test. The unaffected con-
trols were also screened for CGG repeat size and/or FMR1
expression.

ASD Assessment

Patients underwent the Autism Diagnostic Observation Schedule–
General (ADOS-G), Autism Diagnostic Interview–Revised (ADI-R),
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andWASI tests at theMIND Institute. The ADOS-G is a semistruc-
tured grouping of activities designed to evaluate social and com-
municative behaviors related to an ASD diagnosis [27]. The ADOS
has four modules, each designed for different levels of verbal flu-
ency. The ADOS can be administered to individuals with a men-
tal age of 18 months or older. The individual’s behavior and
responseswere codedby theexaminer according towhether they
were typical for mental age and development (score of 0) or char-
acteristic of autism (scoreof 3). Scoresof 2 and3were collapsedand
then summed for particularly sensitive items, providing empirically
derived algorithms for both autism and ASD. The clinical evaluation
teams have extensive experience with this measure in children and
adults with ASD and in patients with FXS.

The ADI-R is a standardized interview conducted with a pri-
mary caregiver—the patient’s mother in our project—that elicits
explicit behavioral descriptions in the domains that define autism
and does so with reference to current behavior and behavior at
age 4–5 years [28]. The inter-rater reliability ranges from 90%
to 93% and k from 0.62 to 0.89. Cronbach’s a ranges from 0.69
to 0.95 across the core domains. The test-retest reliability for
a 3-month periodwith different raters yielded amean agreement
of 91%. The interview differentiates from other developmental
disorders at high levels of sensitivity and specificity (more than
0.90 for both). All clinical interviewers were trained and certified
in the ADI-R. The inter-rater agreement was evaluated for 15% of
each diagnostic group, with 85% agreement or better required.
The ADI-R was administered to all mothers of the patients with
FXS and idiopathic autism. In addition, the lifetime algorithm
was used to decide the appropriateness of the autism diagnosis.
In this algorithm, a positive diagnosis requires scores in excess of
prespecified cutoffs for each of the core domains of autism, as
well as a developmental delay observed before 36months of age.

TheWASI is a reliablemeasure of intelligence for individuals 6
to 89 years that can be administeredwithin 30minutes [29]. It has
been nationally standardized using 2245 cases. It provides the
three traditional verbal, performance, full-scale IQ scores and is
linked to the “Wechsler Intelligence Scale for Children, Third Edi-
tion,” and the “Wechsler Adult Intelligence Scale, Third Edition.”
All patients and controls included in the resource were required
to have an IQ of 40 or higher.

All patients were required to undergo a medical evaluation,
which included a physical and neurological evaluation to assess
for the causes of autism.Dysmorphic features and cutaneous stig-
mata, if present, were also documented.

Table 1. Overview of specific autism spectrum disorder patient
groups and phenotypes contained within the collection at Children’s
Hospital of Orange County

Clinical diagnosis
(disease category

number)
Patients

biopsied (n) Patient identifiers

Unaffected controls (.1) 21 SC137, SC139, SC140, SC148,
SC158, SC160, SC164, SC169,
SC173, SC176, SC178, SC181,
SC194, SC196, SC197, SC198,
SC202, SC207, SC231, SC232,
SC235

Fragile X full mutation
(FXS) (.2)

5 SC110, SC117, SC154, SC172,
SC179

FXS with autism (.3) 14 SC105, SC126, SC128, SC132,
SC133, SC135, SC136, SC142,
SC146, SC152, SC153, SC155,
SC156, SC177

Fragile X premutation (.4) 7 SC107, SC108, SC111, SC129,
SC145, SC162, SC206

Fragile X premutation with
autism (.5)

4 SC102, SC103, SC157, SC182

Autism spectrum
disorder (.6)

4 SC122, SC123, SC131, SC217

Autism (idiopathic) (.7) 43 SC101, SC104, SC109, SC118,
SC119, SC124, SC125, SC130,
SC134, SC138, SC141, SC143,
SC147, SC151, SC161, SC166,
SC167, SC168, SC171, SC174,
SC193, SC195, SC201, SC203,
SC204, SC205, SC208, SC211,
SC213, SC214, SC220, SC221,
SC222, SC223, SC224, SC225,
SC226, SC227, SC228, SC229,
SC230, SC234, SC237

Phenotypes

Autism (idiopathic),
head size.99%ile

11 SC101, SC104, SC124, SC125,
SC151, SC167, SC171, SC221,
SC223, SC224, SC228

Autism (idiopathic),
head size 19%–90%ile

11 SC109, SC119, SC147, SC166,
SC174, SC193, SC204, SC213,
SC220, SC222, SC229

Autism (idiopathic),
IQ $85

10 SC109, SC147, SC151, SC167,
SC168, SC195, SC203, SC224,
SC228, SC237

Autism (idiopathic),
IQ # 60

17 SC104, SC118, SC119, SC125,
SC166, SC171, SC174, SC204,
SC213, SC214, SC222, SC223,
SC225, SC226, SC227, SC229,
SC230

Autism (idiopathic), with
seizures

6 SC101, SC104, SC118, SC134,
SC221, SC223,

Autism (idiopathic), without
seizures

37 SC109, SC119, SC124, SC125,
SC130, SC138, SC141, SC143,
SC147, SC151, SC161, SC166,
SC167, SC168, SC171, SC174,
SC193, SC195, SC201, SC203,
SC204, SC205, SC208, SC211,
SC213, SC214, SC220, SC222,
SC224, SC225, SC226, SC227,
SC228, SC229, SC230, SC234,
SC237

FXS without seizures 5 SC110, SC117, SC154, SC172,
SC179

Table 1. (Cont’d)

Clinical diagnosis
(disease category

number)
Patients

biopsied (n) Patient identifiers

FXS with autism
(idiopathic) without
seizures

9 SC105, SC128, SC132, SC133,
SC135, SC152, SC153, SC155,
SC156

Each clinical diagnostic group was assigned a unique group number
(.1–.7+) to allow ease of group diagnosis recognition among the unique
identifiers and facilitate standardization and quality control within the
nomenclature system developed [25]. The number of ASD
group-specific cell lines contained within the collection is noted along
with their unique (SCXXX) identifiers.
Abbreviations: %ile, percentile; ASD, autism spectrum disorder; FXS,
fragile X syndrome; IQ, intelligence quotient.
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Skin Biopsy, Blood Sampling, and Transport

All skin biopsies were procured at theMIND Institute. This was to
ensure uniformity of the clinical team and skin biopsies, such that
allwereobtained in the samemanner and fromthe sameanatom-
ical location. A 1.5-mm diameter skin punch biopsy was taken
from the back of the shoulder of the patient after numbing the
skin with lidocaine and immediately placed into 15-ml conical
tubes containing skin biopsy medium (SBM; Leibovitz’s L-15 me-
dium [SAFC Biosciences, Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com] containing 1% GlutaMAX [Life Technol-
ogies, Carlsbad, CA, http://www.lifetechnologies.com] and 10
mM Primocin [InvivoGen, San Diego, CA, http://www.invivogen.
com]). Blood sampling was performed by certified phlebotomists
at the MIND Institute, and the blood was placed in heparinized
(purple top) and unheparinized (amber top) tubes for isolation
of plasma or peripheral blood mononuclear cells and serum, re-
spectively. The times of the skin biopsy and blood sampling were
recorded, and the skin biopsy and peripheral blood samples were
shipped on ice overnight to CHOC Children’s Research Institute.

Dermal Fibroblast Derivation and Expansion

Before receipt of the skin biopsy, a T25 tissue culture flask was
coated overnight at 37°C with human fibronectin (catalog
no. 356006; BD Biosciences, San Diego, CA, http://www.
bdbiosciences.com) at 10 mg/ml in phosphate-buffered saline
PBS+/+ (catalog no. SH30264.01; HyClone, Logan, UT, http://
www.hyclone.com ).The next morning, the fibronectin solution
was aspirated and the flask allowed to dry in the back of the biolog-
ical safety cabinet for at least 1 hour. On receipt, the skin biopsies
were transferred into sterile glass Petri dishes containing 4 ml
freshly prepared humandermal fibroblastmedium (HDFM;Dulbec-
co’s modified Eagle’s medium high glucose with GlutaMAX [catalog
no. 10569; Life Technologies], 10%certified fetal bovine serum [cat-
alog no. 16000; Life Technologies], 13 nonessential amino acids
[HyClone], and 10 mM Primocin [InvivoGen]). The biopsies were
minced intosmall 1-mmpiecesusing2Bard-Parkerno.11protected
disposable stainless steel blade scalpels (catalogno.372611;BDBio-
sciences). The HDFM containing biopsy pieces was taken up into
a 10-ml serological pipette and transferred onto the fibronectin-
precoated T25 tissue culture flask. Then, 6 ml of medium was used
to wash any remaining tissue from the scalpel blades and the glass
Petri plate. Thiswas combined into the T25 to give a total volumeof
10ml. Explant fibroblast cultures were established from the skin bi-
opsiesafterapproximately2–3weeks.Theexplantswerefedweekly
with a complete medium change of HDFM. Nonadherent material
was recovered by centrifugation (200g for 5 minutes), gently tritu-
rated in HDFM, and added back to the flask. As fibroblasts grew out
from the explants and expanded to 50%+ confluence of the T25 sur-
facearea, theyweredetached from the flaskusing prewarmed37°C
TrypLE Express (catalog no. 12604; Gibco, Grand Island, NY, http://
www.invitrogen.com) and split 1:3 to 1:4 into larger T75 culture
flasks for expansion.Master stocks of the fibroblastswere prepared
at passage 3 (P3) with further expansion (typically P4-P8) for bank-
ing, distribution, or use. The cells were typically frozen at a density
of 1.03 106 cells per milliliter per cryovial (see below).

Isolation of ASD Patient Plasma, Peripheral Blood
Mononuclear Cells and Serum

Detailed protocols for isolation of ASD patient plasma, periph-
eral blood mononuclear cells, and serum are provided in the
supplemental online data.

Nomenclature

In order to accurately define and successfully keep trackof the cell
phenotypes and genotypes derived from our ASD patients’ fibro-
blasts, we developed a robust nomenclature system that was
chronological, adaptable, easy to follow, and provided a brief his-
tory of each cell line and/or labeled cryovial [25]. This was critical,
because multiple clones were often derived from any given pa-
tient, and these were subsequently transduced, passaged, and
cultured using a number of different methods.

In our ASD resource, each cell line starts with the SC indicator
(NationalHumanNeural StemCell Resource) andauniquepatient
identifiernumberanddiseasecategorynumber, followedbya list-
ingof the tissue fromwhich thebiopsywas taken (S = skin) and the
particular cells grown from that biopsy (F = fibroblasts). Each sin-
gle dash divides the cellular phenotypes through which a particu-
lar line has transitioned or progressed (e.g., fibroblasts [F], iPSCs
[I], NSCs [N], to neurons [Nn] and/or astrocytes [A]).Within these
divisions, the specific culture history was also documented (cul-
ture condition, passagenumber, lengthofdifferentiation indays).
Using this system, any unique manipulation of the cells, such as
green fluorescent protein transduction, is indicated using paren-
theses at the phenotype at which it took place. Finally, because
subculture has a propensity to result in a line with slightly differ-
ent properties [30, 31], we designated this occurrence by the in-
troduction of a double dash in that part of the sequence at which
the subculture occurred.

iPSC Generation and Characterization

Fibroblasts were reprogrammed to iPSCs using both traditional
integrative (Lentivirus; 1IX) [32] and nonintegrative (Sendai virus;
2IX) methods [25].

FMR1 CGG Repeat Length

Genomic DNA was isolated from patient fibroblasts using stan-
dard methods. The CGG repeat length was determined using
Southern blot analysis and polymerase chain reaction amplifica-
tion of genomic DNA, as previously described [26, 33]. The meth-
ylation status was determined by densitometry, as previously
described [34]. The FMR1 mRNA expression levels were mea-
sured as detailed previously [35].

Karyotyping and Mycoplasma Detection

Karyotype analysis and mycoplasma detection were performed
by Cell Line Genetics (Madison, WI, http://www.clgenetics.com).

Cryopreservation of ASD Fibroblast and iPSC Lines

Detailed protocols for the cryopreservation of the ASD fibroblast
and iPSC lines are provided in the supplemental online data.

Generation of ASD-Specific NSCs

ASD iPSCs cultured using traditionalmouse embryonic fibroblasts
(MEFs)were transitioned for long-term, feeder-free culture using
Accutase passaging and defined StemPro medium (Life Technol-
ogies), as previously described [24, 25]. Differentiation of iPSCs to
NSCs was performed using DMH1 and SB431454, as previously
described [25]. Immunocytochemistry characterization of pluri-
potency and neural differentiation was performed as previously
described [25, 36].
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Lentivirus Generation and Fluorescent Labeling of NSCs
and Neurons

Detailed protocols of Lentivirus generation and fluorescent label-
ing of NSCs and neurons are provided in the supplemental online
data.

Terminal Differentiation and Electrophysiology of
ASD-Specific Neurons

Terminal differentiation and electrophysiology of ASD-specific
neuronswas performed as previously described [25],with the fol-
lowing modification. The NSCs were plated onto mouse cortical
astrocytes on coverslips at a density of 13 105 cells per centime-
ter squared. Glial differentiation was also performed as previ-
ously described [25].

RESULTS

ASD Fibroblast and iPSC Resource at CHOC Children’s

The overall purpose of this undertakingwas to overcome a critical
barrier in the fieldofASD research (i.e., accessibility to statistically
relevant numbers of patient-derived neural tissues for analysis).
Our overall strategy (Fig. 1)was to obtain fibroblasts from specific
ASD, FXS, and unaffected control patients, to derive iPSCs from
the fibroblasts, and then to differentiate NSCs from the iPSCs,
thus facilitating characterization and comparison of neural deriv-
atives using a variety of next generation sequencing and bioinfor-
matics approaches. We have successfully generated a resource
bank of more than 200 different patient-specific lines. Plasma, se-
rum, and peripheral blood mononuclear cells were also banked
fromeachof thepatients for follow-up study,whenand if required.
The patient lines were given a unique indicator and identifier that
was notderived from informationabout thedonor, denotedSCXXX
(SC for National Human Neural Stem Cell Resource) and starting at
SC101 [25]. Most ASD patient samples and unaffected controls
were male (as described in Materials and Methods).

Many of the patients had a clinical diagnosis of mutations
that are linked with ASD, such as FXS and premutation involve-
ment, and were assigned to specific patient groups (.1–.7)
(Table 1). Also included were patients with ASD who had been
diagnosed with autistic disorder (autism; idiopathic), PDD-
NOS, Asperger syndrome, or Williams syndrome. The unaf-
fected control lines were taken from neurologically normal
volunteers who were not family members of the patients with
ASD. All the clinical diagnoses were performed at one center,
the UC Davis MIND Institute, by one group of clinical specialists,
providing uniformity and confidence in the assigned ASD diag-
noses of the patient cell lines. The detailed patient histories
included race and ethnicity, age at biopsy, occipital-frontal cir-
cumference (OFC) percentile, seizure history (supplemental
online Table 1), and the psychometric test scores for the Autism
Diagnostic Observation Schedule–General (supplemental online
Table 1), Autism Diagnostic Interview–Revised, and Wechsler
Abbreviated Scale of Intelligence (supplemental online Table 1).
The patient sampleswere also screened for CGGrepeat size length,
FMR1 expression, and methylation status (supplemental online
Table 1).

The distribution of subtypes in our patient population repre-
sents another of our assets. As can be seen in Table 1, the collec-
tioncontains variousnumbersofASDphenotypes,with idiopathic
autism (autistic disorder) predominating (n = 43), and also

a significant cohort (n = 21) of unaffected controls that will also
be useful for general iPSC disease model studies. The collection
also contains several phenotypes known to be important in the
ASDs. For example, the collection contains autism patient sam-
ples with and without megalencephaly, with and without seizures,
and with high or low functioning (determined by IQ) (supplemental
online Table 1). Furthermore, information on the presence or
absence of seizures and the specific type of seizure previously pre-
sented (convulsions, petit mal, partial motor, temporal lobe, febrile
or vasovagal, staring spells) were also documented (supplemental
onlineTable1)andavailable forstudy.Forall thesephenotypes,ava-
riety of ages and race and ethnic backgrounds exist (supplemental
online Table 1) within individual groups, allowing one to screen for
and eliminate differences between groups that could arise simply
from the age or demographics of the patient.

One of the advantages that this collection of ASD and control
cell lines housed within the NHNSCR has to offer is uniformity. All
skin biopsies were obtained in the same manner and from the
same anatomic location (back of the shoulder) at UC Davis. In or-
der toensureuniformity amongall the fibroblast lines, eachof the
fibroblast cell lines was derived by one group at CHOC Children’s
using documented standard operating procedures for media
preparation (SBM, HDFM), skin biopsy processing, expansion,
and cryopreservation. Additionally, all iPSCs were generated, ex-
panded, and characterized according to published protocols by
the same group of individuals [25, 32]. Multiple iPSC clones were
characterized by pluripotent stem cell (PSC) morphology, unifor-
mity of staining for classic PSC markers such as Tra-1-60, Nanog,
Sox-2, andOct-4 andnormal karyotype (sevenNSCswerealso kar-
yotyped and were shown to be normal similar to the iPSC from
which they were derived; thus, this was not routinely done). All
equipment, media, and reagents associated with the generation
and storage of the ASD fibroblasts, iPSCs, NSCs, and neural deriv-
atives (tissue culture CO2 incubators, 4°C refrigerators, 220°C
and280°C freezers, and automatic-fill liquid nitrogen cryogenic
freezers) at CHOC Children’s are continually monitored by an au-
tomated Centron Monitoring Alarm System (Rees Scientific,
Trenton, NJ, http://www.reesscientific.com); thus, critical envi-
ronmental parameters such as temperature and carbon dioxide
levels remained constant and within range.

Furthermore, to provide quality control over the identity and
history of the lines, we developed a standardized nomenclature
to accurately define the multiple cell phenotypes and genotypes
that could possibly be derived [25]. This robust nomenclature
reflects that fact that we were deriving several different cellular
phenotypes, as well as different clones, from any given patient
with any given ASD and manipulating these cells (passage, trans-
duction, culture, differentiation) in any number of differentways.
This nomenclature gives a reasonable, but not exhaustive, picture
of the cell culture history of any given line; thus, it would be rel-
atively straightforward to determine whether one was actually
working with two equivalent cell lines or, if they were from the
same patient, that theywere either the same or different in some
definable way.

Access to these ASD fibroblast and iPSC lines is open to the
scientific community, and they are available to all researchers
(either nonprofit or commercial) worldwide for use in basic
research. This collection will be continually expanded and will
be a valuable resource for research into the basic neurobiology
of the ASDs. An up-to-date list of cell lines available for request
from the National Human Neural Stem Cell Resource at CHOC
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Children’s is available from http://www.nhnscr.org. Users wish-
ing to request cells are asked to provide their curriculum vitae
and complete both a statement of research intent and a CHOC
Children’s materials transfer agreement. Researchers wishing
to use the ASD-specific iPSCs and ASD-specific neural derivatives
for study, but lacking sufficient expertise, can also request to re-
ceive hands-on training through the NHNSCR.

Functional Derivation of ASD-Specific Neurons and Glia

Reprogramming of somatic cells into iPSCs provides a unique
opportunity to gain insight into the molecular and cellular basis
of disease. Specifically, development of disease in dishmodels us-
ing previously inaccessible cell types affected in a tissue such as
brain holds immense interest for the study and treatment of neu-
rological disease such as the ASDs. At the pluripotent stage, cells
multiply indefinitely; thus, large numbers of cells can be gener-
ated for studies designed to link unique aspects of patients’

diseasemanifestations anddrug responseswith their complex ge-
netic causes.

However, efficient neuronal differentiation of functional neu-
ronal subtypes from iPSCs must be achieved to delineate differen-
ces between unaffected controls and ASD states and facilitate the
promise of iPSC technologies for effective screening of drug candi-
dates to help restore normal phenotype and function.

We developed a process-based system to ensure uniformity
across all fibroblasts, iPSCs, andNSCsproduced. Explant fibroblast
cultures (Fig. 2A) developed usually within 2–3weeks after dicing
of the skin biopsy and plating on fibronectin-coated flasks. Fibro-
blasts were expanded, banked, and transduced to produce iPSCs
(Fig. 2B, 2C). Live cell staining of iPSCs with Alexa Fluor Tra-1-60-
labeled antibody (BD Biosciences) proved useful in distinguishing
bona fide iPSC colonies for picking and expansion (Fig. 2C) [37].
Previously, we have found that iPSCs grown under traditional cul-
ture conditionsusingMEFs canbeeasily transitioned to single-cell
passaging conditions using Accutase passaging and defined

Figure 1. Creating brain cells from skin cells to study the impact of autism on the living brain. Shown is an overview of the autism spectrum
disorders (ASDs) fibroblast and induced pluripotent stem cell (iPSC) resource at the Children’s Hospital of Orange County. Skin biopsies from
clinically well-defined patients with ASD were obtained, explant fibroblast cultures were established, expanded, and banked, and iPSCs were
generated and characterized. After differentiation to the neural lineage, the ASD-specific cells can be compared with normal unaffected con-
trols, allowing a myriad of biochemical, next-generation sequencing, and bioinformatics approaches.
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StemPromedium(LifeTechnologies) [24].StemPro-adaptedcultures
show uniformity of staining for classic PSC markers such as Nanog
and Sox-2 (Fig. 2D) while maintaining the normal karyotype [25].

Critically, this feeder-free and defined culture systemallowed
for the efficient, highly reproducible scale up of ASD-specific iPSC
cultures for NSC differentiation and more robust, cleaner, down-
stream evaluation. This is critical for high throughput iPSC or NSC
screens formarker discovery and/or drug screening. Using a com-
pletely defined chemical neural induction protocol (SB431452
and DMH1), we were able to effectively differentiate adherent
feeder-free ASD iPSCs enmasse into Pax-6-, Sox-1-, neural cell ad-
hesion molecule-expressing NSCs. These NSCs can be effectively
labeled for cell tracking purposes (Fig. 2E), and terminal differen-
tiation of these ASD-specific iPSC-derived NSCs into glia (Fig. 2F)
and bona fide action-potential-firing neurons has also been
achieved [25]. These ASD neurons not only fire trains of action
potentials on depolarization [25] but are now found to also form
functional synaptic connections and fire spontaneous bursts of ac-
tion potentials (Fig. 3). Blocking K+ and Ca2+ currents, using an inter-
nal solutionwithCs+ insteadof K+ andanexternal solutionwithCo2+

instead of Ca2+, with the addition of 2.5 mM tetraethylammonium
chloride and 1 mM 4-aminopyridine, reveals isolated sodium cur-
rents with a large transient (INaT) component and a small persistent
component (INaP) typical of mammalian neurons (Fig. 3B).

Thus, one can traverse from a skin biopsy ASD fibroblast cell
line (Fig. 2A) to a defined NSC population that immunologically
stains positive for NSC markers such as Pax-6, nestin, and Sox-1
[25], morphologically resembles brain derived NSCs [16] to ulti-
mately ASD-specific neurons and glia. Our overall strategy using
iPSC technology to model the functional ASD brain could well
be very powerful and effective because terminal differentiation
of these cells has consistently produced glia and has resulted in
thegenerationofbona fideaction-potential-firing, synaptic (synap-
sin+, MAP2ab+, PSD-95+ staining) neurons [25]. Furthermore,
colabeling of tandem dimer tomato ASD-specific neurons after in-
fection with a lentivirus (pHIV7/Syn-EGFP) encoding enhanced
green fluorescent protein under control of theneuron-specific syn-
apsin promoter is also possible (Fig. 2G, 2H), adding additional con-
firmation to their functional synaptic identity [38, 39].

DISCUSSION

The Autism Spectrum Disorders Fibroblast and iPSC Resource at
CHOC Children’s was developed with funding from the NIH to
meet the scientific need for a comprehensive collection of ASD-
specific cell lines for study.Most of the ASDs are still rather poorly
understood at themolecular, cellular, andgenetic levels, and they
remain a substantially unmet medical need. Successful iPSC-
basedmodeling of genetically complex diseases such as the ASDs
requires a population-based approach to create a comprehensive
collection of cell lines for statistically valid investigation.We have
generated an ASD fibroblast and iPSC resource that we believe
has significant potential to affect our understanding of ASD dis-
ease mechanisms and improve treatment options through ASD-
specific disease modeling, target discovery, and drug discovery
and development.

The NHNSCR has currently received more than 100 patient
skin biopsy samples that have been expanded and banked for dis-
tribution. Many have also been reprogrammed to iPSCs, charac-
terized for quality and banked, and are available for distribution
to interested investigators. Critically, the ASD donor-specific

demographic, medical, and complete ASD diagnostic information
(ADOS-G, ADR-I, WASI) associated with each ASD patient cell line
and informationonheadcircumference (OFC)percentiles and sei-
zure status are also available, allowing for additional phenotypic
comparative studies.

Successful disease modeling, in particular, for the ASDs, will
rely on the development of reliable, reproducible, cell-based
assays and models that effectively reflects patient phenotypes
[40]. The establishment of iPSC-based models is a complex pro-
cess withmultiple steps, including tissue biopsy collection, estab-
lishment of explant fibroblast cultures, clonal iPSC derivations
and culture, and expansion and differentiation into relevant cell
types. Because each of these steps is prone to introduce experi-
mental variation that can skew and confound disease phenotype
analyses, we have chosen to create a bank of ASD fibroblasts and
iPSCs in-house using one clinical institute’s ASD patient diagno-
ses, one site of skin biopsy, and one laboratory site of fibroblast
and iPSC derivation. We sought to establish rigorous quality con-
trol protocols for the establishment of the ASD cell lines using
written standard operating procedures, the development of a ro-
bust systemof cellularnomenclature thatdescribesanaccuratege-
notype and phenotype of the cells at any point, and automated
environmental monitoring of all equipment used to culture and
bank the cells for distribution. This overall strategy should mini-
mize variation in both clinical ASD diagnoses among centers and
fibroblast and iPSC generation between different laboratories
and reduce thenoise indownstreamanalysis,which canbecritical
in modeling the ASDs owing to their phenotypic variability.

It is currently thought that ASDs result from disruptions in
early brain development involving, variably or concomitantly,
changes in cortical growth or patterning or changes in synaptic
signaling, perhaps in the context of sexual dimorphism [41, 42].
We initially focused the patient recruitment on those with idio-
pathic autism and those with FXS, the most-common known,
single-gene associated with ASD, which is caused by the absence
of the FMR1 gene encoded protein, FMRP. FMRP is an RNA bind-
ing protein that controls the translation of several other genes
that regulate synaptic development and plasticity, glutamate
and g aminobutyric acid neurotransmission, andmammalian tar-
get of rapamycin and phosphatase and tensin homolog pathways
(reviewed in [43]). ASD occurs in approximately 60%of cases [44].
Premutation repeat expansions (55–200CGGrepeats) canalso re-
sult inASDs, throughamolecularmechanismthat involvesadirect
toxic effect of the expanded CGG-repeat FMR1 mRNA [45].

We envisage that using the shared and unshared neurobiol-
ogy of ASD and FXS [8] as a comparative framework for studies
that focus on genetics, brain mechanisms, and pharmacological
and biological interactions will be revolutionary for the under-
standing of the ASDs and the development of novel therapeutic
agents. This approach, however, requires sufficient numbers of
patient samples that satisfy power analysis considerations of
large multivariable studies in next-generation sequencing bioin-
formatics approaches. Thus, we have created this ASD-specific
cell resource to satisfy this need for access to ASD-specific lines
within the ASD research community. This ASD resource and anal-
ysis thereof can also draw on existing ASD and FXS clinical, basic
science, and Gene Expression Omnibus databases.

The conversion of ASD fibroblasts to ASD-specific NSCs and
ASD-specific neural derivatives is a major breakthrough in re-
search aimed at delineating the differences between those with
ASDs and the unaffected controls. It is now well accepted that
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iPSC-derived disease-in-a-dish models faithfully reproduce the
phenotype [20]. Disease-specific phenotypes in iPSC cell-
derived neurons generated from patients with spinal muscular
atrophy [46], familial dysautonomia [47], Rett and Timothy syn-
dromes [48], schizophrenia [49], and Parkinson disease [50],
among others, have been reported.

A challenge in using iPSC disease models is to efficiently pro-
duce relevant differentiated and functional cell types for analysis.
We have developed a reliable method for long-term, single-cell
passaging of iPSCs using a feeder-free, defined culture system
that facilitates scale up and expansion of iPSCs and allows for
the efficient, highly reproducible, fully defined, en masse neural
differentiation of confluent, adherent iPSC cultures. For down-
stream analysis, this eliminates traditional coculture and ineffi-
cient embryoid body neural differentiation methods. We have
applied this process-based approach to several of the ASDpatient
samples in our collection. Terminal differentiation of ASD, iPSC-
derived, NSCs produced large numbers of b-III-tubulin-positive
immature neuronal cells that can be matured into bona fide

repetitive action-potential-firing neurons. Thus, we are confident
that the iPSCs and neural cells so produced for analysis are func-
tionally relevant andwill be extremely useful and facilitate the in-
duction of amultitude of ASD neuronal cell types for study. This is
important for large-scale comparative studies of iPSC-derived
models, because previous studies, using NSCs derived from
fmr1-mouse brain or from the brain of a fragile X fetus, have sug-
gested that FMRP-deficient cells result in a higher proportion of
b-III-tubulin-positive cells (immature neurons) than unaffected
cell populations and that these cells had fewer and shorter neu-
rites [51–53].These cells also had alterations in intracellular Ca2+

after neurotransmitter exposure [54]. Furthermore, evidence of
a larger population of early progenitors in the neurogenic zone
suggested changes in early maturation. Remarkably, similar
changes were seen in the fragile X permutation, in which, in ad-
dition to the presence of intranuclear inclusions in both neurons
and glia, alterations in cell migration and differentiation were
seen, along with less complex dendritic arborization and a higher
frequencyof spikebursting [55–58]. The iPSC-basedneuralmodel

Figure 2. Process-based expansion of human autism spectrum disorder (ASD) explant fibroblast cultures to neural stem cells (NSCs) and ter-
minal differentiation to glia and synaptic neurons. (A): Phase contrast image of SC234.7-SF0 explant fibroblast culture formation on a fibronec-
tin-coated T25 flask. (B): Phase contrast of SC157.7-SF4-2I4.M5 induced pluripotent stem cell (iPSC) colonies. (C): Live Tra-1-60 surface
immunofluorescence staining of the same field in (B), illustrating discrimination of “true” iPSC colonies. (D): Immunofluorescence staining
of StemPro-adapted SC105.9-SF5-1I6.M8S7 showing nuclear counterstaining by 496-diamidino-2-phenylindole (DAPI) (D1) and maintenance
of the pluripotency markers Nanog (D2), Oct4 (D3), and Sox-2 (D4). (E): Fluorescent-labeled NSCs [SC105.9-SF5-1I6/M8S7—S2-N2G8 (Tdt)].
(F): Terminal differentiation to glia [SC176.1-SF6-2I2.M5S3—S2-N2G5-A127]—composite image showing expression of the glial-specificmarker
glial fibrillary acidic protein (green) with nuclear counterstaining by DAPI. (G, H): Labeling of synaptic neurons [SC176.1-SF6-2I2-M5S3—
S3S2N2G5(Tdt)-4Nn85 (green fluorescent protein)-20]. Tdt-labeled NSCs [SC176.1-SF6-2I2-M5S3—S3S2N2G5(Tdt)] were plated onmouse glia
and terminally differentiated to neurons for 85 days before transduction with pHIV7/Syn-EGFP lentivirus. The cells were stained and observed
for colabelingof red (neurons derived from iPSC-derivedNSCs) and synapsin expressing neurons (green) at 20days after transduction. Scale bars
= 100 mm (A–F) (3100), 20 mm (G, H).
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platform we have developed allows for additional confirmation
and exploration of these earlier seminal findings.

Terminal differentiation of these ASD-specific iPSCs to cells of
the glial lineage has also been possible using recently devised
methods, and these resulted in the production of a large number
of S-100 b-positive glial cells [25]. The latter are particularly im-
portant to consider [59], because it has recently been shown in
two disease states (Parkinson disease and amyotrophic lateral
sclerosis) that these diseases, long thought to be cell autonomous
diseases of neurons, might be, in fact, cell nonautonomous
glial diseases [60]. Separate examination of glia versus neurons
will address the hypothesis that neuronal dysfunction is cell au-
tonomous. Furthermore, each cellular phenotype can also be dif-
ferentiated on human glia of contrasting ASD and control
phenotypes to elucidate the participation of glia in the neuronal
phenotypes seen. Alterations in the pathways involved in prolif-
eration, migration, differentiation, and maintenance of synaptic
homeostasis can serve to distinguish certain ASD patient

genotypes and phenotypes. Collectively, these results validate
our overall approach in that ASD-specific patient skin fibroblasts
contained in our collection can be effectively reprogrammed to
iPSCs that can be expanded in large numbers to satisfy power
analyses and produce functionally active neurons and glia for
downstreamanalysis and study. Similarly, theASD iPSCs andNSCs
can be differentiated into a myriad of neuronal subtypes [61],
such as interneurons and excitatory and inhibitory neurons, using
the most up-to-date induction protocols available and compared
with unaffected controls.

Because ASD appears to be a primary brain disorder, it seems
clear that cellular neural derivatives aremost likely to yieldmech-
anistic insights and possible therapeutic targets (the in vitro rep-
resentation of the in vivo brain). Critically, all the cellular iPSC
derivatives areproduced fromevery patient; thus, geneticmatch-
ing is not only possible, but this also greatly enhances the statis-
tical analytical power. iPSC models could have many advantages
compared with the traditional transcriptome analysis of ASD

Figure 3. Electrical activity in autism spectrum disorder (ASD) neurons differentiated from induced pluripotent stem cell (iPSC)-derived neural
stem cells (NSCs). Whole-cell voltage clamp recording of a neuron derived from SC105.7-SF4-1I1M20S13-N2G2-4Nn21 revealing spontaneous
synaptic currents (A); spontaneous action potential bursts (B); voltage steps under K+ and Ca2+ blockade (C); resulting Na+ currents (D); voltage
steps under Na+ and Ca2+ blockade (E); and resulting K+ currents (F).
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postmortem brain-derived samples [62, 63]. The brain samples,
although clearly neural, are not, however, genetic matches to
any of the iPSC-derived cellular derivatives currently available
for study.Moreover, thebrainparenchyma is predominately glial,
not neuronal; thus, the data derived from it will necessarily be
a complex mixture (not so with the cellular derivatives) of cell
types. It serves the useful purpose, however, of providing an in
vivo correlate that is the only one we presently have. Moreover,
postmortem RNA, although subject to degradation during the
postmortem interval, has proved useful and has been shown to
provide data that are reasonably consistent with our current
theories of the underpinnings of the ASDs (e.g., synaptic
dysfunction).

Analysis of the non-neural ASD cellular derivatives (fibro-
blasts and peripheral bloodmononuclear cells) present in the col-
lection could also serve anentirely different purpose—theymight
provide diagnostic targets in easily obtainable tissues (blood and
skin). If one can find commonalities between the ASD neural and
ASDnon-neural derivatives, which are unaffected in controls, one
might be able to provide the rationale for genetic and/or bio-
chemical tests that can help in the early diagnosis of patientswith
ASD, who currently are diagnosed bywhat are necessarily subjec-
tive behavioral tests.

Importantly, recent next-generation sequencing studies
[64–66] suggest the importance of de nova mutations in the eti-
ology of some cases of ASDs. In this respect, independent of the
well-known RNAs that encode for genes, noncoding RNAs (e.g.,
microRNAs [miRNAs]) have recently also begun to emerge as
key players that alter the expression of genes [67]. miRNAs exist
in the tissues and as circulating miRNAs in several body fluids,
including plasmaor serum, cerebrospinal fluid, urine, and saliva.
Because studies have indicated significant differences between
the circulating miRNA expression profiles of healthy and af-
fected individuals in a variety of neurological diseases [68,
69], circulating miRNAs could also be a novel class of noninva-
sive and sensitive biomarkers to test. Because early behavioral
interventionmechanisms help improve the outcomes of children
affected with ASDs [70], the development of methods for early
screening, detection, and diagnosis of ASD will be of immense
importance.

Collectively, the patient-derived ASD fibroblasts, iPSCs, NSCs,
and neural derivatives contained within our collection represent
a valuable resource to theASD community and provide a powerful,
surrogate, cell-based platform that will enable unprecedented
insights into ASD mechanisms, genetics, and contributing factors.
Critically, this should facilitate the identification and development
of new ASD-specific biomarkers, diagnostics, and/or novel thera-
peutic agents. We have already distributed many of the ASD and
control lines to investigators worldwide, and it is our hope that
the lineswill becomeextensively usedwithin the research commu-
nity. The unaffected control iPSC lines (n = 21)will also be useful to
anyone outside the ASD field interested in well-characterized un-
affected controls for a general iPSC-based diseasemodel and drug
discovery studies. Together,wehopethat theanalysisof these lines
will help unravel the “autisms” that are containedwithin the ASDs.
This will lead to novel interventions developed through high-
throughput screening of ASD patient-specific iPSC-derived cells
and has the potential to rapidly and significantly affect a large
and growing ASD patient population and their families currently
coping with an ASD diagnosis.

CONCLUSION

A critical barrier to ASD research is the limited availability of sta-
tistically relevant numbers of patient-derived tissue samples, es-
pecially those of neural origin. We describe a newly established
ASD-specific fibroblast and stem cell resource.We currently have
more than 200 lines, available for request, derived from clinically
well-defined ASD-specific patients and unaffected volunteers.
We have confirmed, using a subset of the normal and ASD-
specific iPSCs, that these cells canbedifferentiated toward aneural
stem cell phenotype and terminally differentiated into spontane-
ousaction-potential firingneuronsandglia. This representsa signif-
icant resource that will advance the use of ASD-specific patient
stem cells as disease models by the scientific community.
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