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Abstract In order to provide an alternative approach for
understanding the biology and genetics of autism, we
performed statistical analysis of gene expression profiles of
lymphoblastoid cell lines derived from children with aut-
ism and their families. The goal was to assess the feasi-
bility of using this model in identifying autism-associated
genes. Replicate microarray experiments demonstrated that
expression data from the cell lines were consistent and
highly reproducible. Further analyses identified differen-
tially expressed genes between cell lines derived from
children with autism and those derived from their normally
developing siblings. These genes were then used to identify
biochemical pathways potentially involved in autism. This
study suggests that lymphoblastoid cell lines may be a
viable tool for identifying genes associated with autism.
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Introduction

Autism is a complex neurodevelopmental disorder charac-
terized by deficits in communication, social reciprocity, and
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a pattern of repetitive or stereotypic behaviors and interests
(American Psychiatric Association, 1994; World Health
Organization, 1993). Autism presents significant diagnostic
and therapeutic challenges due to its clinical heterogeneity,
lack of diagnostic markers, inadequate understanding of the
underlying pathophysiology, and its complex genetic
architecture (Bailey et al., 1995; Lord et al., 2000).

Until recently, identification of genes associated with
autism has been based on linkage analysis using micro-
satellite markers to identify potential susceptibility regions
in the genome (Buxbaum et al., 2001; Liu et al., 2001;
Philippe et al., 2002; Risch et al., 1999). The systematic
search for linked loci has not yielded definitively associ-
ated genes, in part due to the heterogeneity of the clinical
spectrum of the disease, and it has become quite clear that
autism is a complex disease resulting from collective
actions of many genes (Buxbaum et al., 2001; Pickles
et al., 1995; Purcell et al., 2001; Risch et al., 1999). Con-
sequently, genetic dissection of autism needs to be carried
out in a global context.

Genomics, the comprehensive study of genes and their
functions, offers a unique approach to the genetics of
autism because it lends the ability to study the disorder in a
systematically global fashion. Gene expression microarray
technology has been one of the foundations of genomics,
and it provides a tool that can capture the expression of
essentially all genes simultaneously, yielding whole-gen-
ome molecular profiles of cells (Geschwind & Gregg, MIT
Press, 2002). Oligonucleotide microarrays consist of
thousands of individual DNA sequences (25-60 bp frag-
ments) representing individual genes placed onto a silicon
wafer to form a microarray chip. RNA from cells (i.e.
cultured cells, tissue, or blood) is processed, labeled, and
hybridized onto the microarray chip. Because the RNA
sample is labeled with a fluorescent tag, the amount of
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fluorescence at each oligonucleotide corresponds with the
abundance of the specific mRNA (gene) in the sample.
Such analysis yields the gene expression ‘‘fingerprints’’ of
all the RNA transcripts (transcriptome), which reflect the
state of the cell or tissue at the time of RNA harvest.
Microarrays, therefore, offer a unique and alternative
approach for identifying and determining functions of
genes associated with complex neurodevelopmental dis-
eases (reviewed in (Luo & Geschwind, 2001)). Further,
data from gene expression microarrays can also be used to
map complex quantitative traits (Cheung et al., 2003;
Schadt et al., 2003), another significant contribution to the
study of a complex spectrum disorder such as autism.

To date, the application of microarray technology to
autism research has been limited. Purcell et al. (Purcell
et al., 2001) have used cDNA microarrays to study gene
expression in postmortem brain tissues from individuals
with autism. However, the number of postmortem brain
tissues from individuals with autism is limited, which
potentially erodes this avenue of analysis. An alternative
that has emerged is the field of blood genomics, where
peripheral lymphocytes are used to represent the tran-
scriptome. Blood genomics is beginning to be applied to
the study of central nervous system (CNS) disorders;
studies have demonstrated that genes expressed in the
peripheral blood can classify CNS disorders and may be
able to identify and predict the genes and pathobiologies
involved in these disorders (Lu et al., 2003; Tang et al.,
2004; Tang, Nee, Lu, & Sharp, 2003).

The objective of our pilot study was to provide proof of
principle experiments showing that cell lines derived from
peripheral lymphocytes—from children with autism and
from age-matched normally developing siblings—can be
used to dissect autism on a whole-genome basis. In order to
validate this approach, we identified genes that are differ-
entially expressed between the cell lines derived from
children with autism and the cell lines derived from age-
matched normally developing siblings, and we clustered
the two groups into their respective phenotypes. In addi-
tion, we investigated the reproducibility of the lympho-
blastoid cell line data used to identify differentially
expressed genes. These experiments suggest that gene
expression profiling of cell lines may provide a valuable
link to identifying genes associated with autism.

Materials and Methods
Cell Lines
The cell lines used in this study were human EBV-trans-

formed lymphoblastoid cell lines derived from blood
samples from children with autism and from age-matched
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normally developing siblings. The cell lines were obtained
from the Autism Genetic Resource Exchange (AGRE), an
internationally recognized central repository and family
registry for autism, created by Cure Autism Now (CAN)
and the Human Biological Data Interchange for autism
studies. Family recruitment and diagnostic assessments
were based on the procedures established by CAN and are
fully described by (Geschwind et al., 2001). A complete
description of each sample used in this study is available
through AGRE at http://www.agre.org.

The selection criteria for cell lines used in this study
required that one of at least two siblings be clinically
diagnosed with autism using clinical diagnostic procedures
as described by Lord et al. (Lord et al., 1997; Lord, Rutter
& Le Couteur, 1994). The cell lines used in this study
included HI-0128 (AU002905), HI-0158 (AU010904), and
HI-0489 (AUO014505), which are derived from blood
samples drawn from children with autism. Cell lines
HI-0130, HI-0157, and HI-0487 were derived from blood
samples of age-matched normally developing siblings and
were used as controls in the analysis. In particular, the cell
line HI-0128 was derived from a female with autism
(verbal with regressive autism), while HI-0130 was
derived from her normally developing sister. In addition,
this family has a son with autism that was not used in this
study. The sibling pair HI-0157 and HI-0158 was from a
set of fraternal triplets. The HI-0158 cell line was derived
from a male with autism who is verbal, while HI-0157 was
derived from his normally developing brother. The sibling
pair HI-0487 and HI-0489 was also from a set of fraternal
triplets. The cell line HI-0489 was derived from a non-
verbal boy with regressive autism, while HI-0487 was
derived from his normally developing fraternal brother.
Table 1 summarizes the samples and provides information
regarding the scores used to classify the patients as
autistic.

Cell Culture

The cell lines were grown in suspension in RPMI-1640,
15% fetal bovine serum (FBS), 50 units/ml penicillin,
50 pg/pl streptomycin, in 5% CO,-humidified tissue cul-
ture incubator. Cells were harvested during the logarithmic
growth phase, taking particular care to minimize experi-
mental variability that might lead to differences in gene
expression.

To evaluate the reproducibility of data, we replicated
cell line HI-0489 four times by culturing it simultaneously
in four separate flasks and performing gene expression
profiling on each replicate sample. The use of replicate
material from the same cell line eliminated genetic heter-
ogeneity and variability, thereby providing material for
studying reproducibility and any systematic variation.
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Table 1 Phenotypic description of the patients with autism from whom the cell lines were derived

Sample/patient ID  Gender

Sibling ID  ADI-R component scores

Non-verbal 1Q

Behavior  Verbal communication  Non-verbal communication  Social
HI-0128 Female  HI-0130 8 17 n/a 27 90
HI-0158 Male HI-0157 4 19 n/a 12 134
HI-0489 Male HI-0487 7 n/a 14 27 35

The Autism Diagnostic Interview-Revised (ADI-R) scores were broken down into four categories, and the child was classified as having autism if
all of the following criteria were met: behavior 23, verbal communication =8, non-verbal communication =7, and social 210. Non-verbal 1Q was
obtained using the Raven’s Coloured Progressive Matrices. Neither ADI-R data nor non-verbal IQ data was available for the siblings used in our
study. All patient evaluation data was obtained from AGRE at www.agre.org.

Gene Expression Analysis

Total RNA was isolated immediately upon cell harvest, as
described by the TRIzol Reagent (Invitrogen, Carlsbad,
CA) RNA isolation procedure, and further purified using
the RNeasy kit (Qiagen, Chatsworth, CA). RNA quality
was assessed using the Agilent 2100 Bioanalyzer (Agilent
Technologies Inc.). The RNA samples were then processed
and hybridized to Human Genome GeneChip U95Av2
(HG-U95Av2, Affymetrix Inc., Santa Clara, CA) according
to the manufacturer’s protocol and as previously described
(Rea, Gregg, Qin, Phillips, & Rice, 2003). The U95Av2
GeneChip represents 12,600 well-annotated genes and
expressed sequence tags (ESTs) from UniGene Build 95.

Microarray Data Processing and Analysis

Gene expression values were calculated from the scanned
image obtained from the U95Av2 Human Genome Gene-
Chip using Microarray Analysis Suite (MAS) 5.0 from
Affymetrix, giving a single average scaled difference value
across 16-20 probe pairs as well as a detection reliability
score [Absent (A), Present (P), or Marginal (M), based on
the variability of hybridization within each probe set],
detection P-value, and comparison P-value. Expression
values were adjusted for background and noise level
(experimental and other unknown sources of variation),
globally normalized, and scaled to a mean value of 125 to
allow for interchip comparisons using MAS 5.0.

Reproducibility

Preliminary analysis was conducted using SAS (SAS, Inc.,
Cary, NC) statistical packages on the four replicates of the
same cell lines to assess the reproducibility of data. We
then performed pair-wise comparisons using the Pearson
correlation coefficient, and used analysis of variance
(ANOVA) for simultaneous comparison of the four repli-
cates to determine if the difference in gene expression
values among the four replicates was significant. We
assessed the measurement error using the coefficient of
variation for each gene using expression values of the four

replicates. In addition, we assessed reproducibility at the
probe level by ranking genes based on detection P-values
obtained from each replicate. To insure that the correlation
was not obtained simply by chance, we performed a #-test
on the identified genes using replicate data, treating repli-
cates 1 and 2 as Group 1, and replicates 3 and 4 as Group 2
using the criteria for identifying genes. Furthermore, we
calculated the Pearson correlation for identified genes
using mean expression values of replicates for individual
genes from the two replicate groups, and we compared the
resulting correlation to the correlation obtained between
mean expression values from children with autism and
their normally developing siblings.

Differential Gene Expression

In order to identify differentially expressed genes between
cell lines derived from children with autism and cell lines
derived from normally developing siblings, we filtered
MAS 5.0 generated expression values using the following
conditions: a particular transcript was considered not
expressed if it was marked absent across the six arrays (i.e.,
not detected) and was not considered for further analysis.
In addition, we filtered out the spiked-in control genes.
This filtering left 6,563 (56%) of the genes for further
analysis.

The gene expression values were log transformed (log
base 2) so that the expression of genes emulated a normally
distributed dataset. To test the hypothesis that the gene
expression in cell lines from children with autism may be
different from expression in cell lines from normally
developing siblings, we performed a r-test on the log
transformed data using the bootstrap method (Kerr &
Churchill, 2001) to determine the significance level of the
differences in expression between the two groups. The fold
difference was determined by the mean-difference of the
log-transformed data between the groups. Genes were
ranked on f-test scores, P-values (P < 0.05), and fold
changes.

Selection of the differentially expressed genes was
based on the following criteria: a particular transcript was
considered significantly differentially expressed between
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the two groups if the P-value was less than 0.05, its
expression was greater than 60 intensity units (greater than
the average background), and had a fold change (0) of
0 = 1.30 as measured based on the actual expression val-
ues. These parameters permit identification of differentially
expressed genes with biological meaning while limiting the
number of false positives and ensuring reliability of
detection. We computed the Euclidean distances between
genes and between cell lines, and used hierarchical clus-
tering via a method of complete linkage (Herrero et al.,
2003) to cluster genes into autism and normal phenotypic
classes.

Statistical computing was done using MATLAB (Math-
Works, Inc., Natick, MA) and SAS statistical packages.

Pathway Identification

In an effort to understand the potential relationships
between the differentially expressed genes, we utilized the
PathwayAssist software package (Stratagene, La Jolla,
CA), which is a visualization tool that represents functional
relationships between genes in a graphical front-end. The
software relies upon a collection of databases, including:
Kyoto Encyclopedia of Genes and Genomes (KEGG),
Database of Interacting Proteins (DIP), and Biomolecular
Interaction Network Database (BIND), in addition to the
proprietary database, ResNet.

ResNet is compiled quarterly using proprietary Natural
Language Processing algorithms to extract information
from the entire PubMed library. Current versions of the
ResNet database contain over 100,000 events of regulation,
interaction, and modification of gene products. Pathway-
Assist enables the user to query genes of interest and gen-
erate potential pathways of interaction based on a wealth of
published data. User-directed pathways can be constructed
through pathway-generating actions, querying the ResNet
database for a host of interactions among selected genes,
including direct interactions and intermediary interactions.
Synopses of the software-generated interactions can be
reviewed by the user to enable user-directed curation. All
visualizations generated by PathwayAssist can be readily
exported into standard image formats for easy integration
into presentation or publication formats.

In order to identify inter-relationships between the dif-
ferentially expressed genes, the list of Affymetix probe IDs
passing the selection criteria described in the Microarray
Data Processing and Analysis section above was entered
into the PathwayAssist program. The probes recognized by
the software’s database were mapped to proteins which
were made available for querying and analysis. The ResNet
database was then queried using the ‘‘Shortest Path
between Probes’’ function to generate a network of inter-
actions. In an effort to reduce the number of irrelevant
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interactions, those proteins with excessive numbers of
connections were excluded from the above step.

All proteins in the resulting workspace, including those
that were excluded for having excessive numbers of con-
nections, were selected and queried for ‘‘Direct Interac-
tions’’, to elucidate any potential connections that may
have been overlooked. The entire network of nodes gen-
erated by the program was manually inspected and curated
for dubious or redundant interactions. All ‘‘Unlinked
Nodes’’ were removed from the network. Those proteins in
the final pathway that were derived from the list of dif-
ferentially expressed genes were overlaid in color to rep-
resent changes in gene expression.

Results

Our goal was to evaluate reproducibility of gene expression
data, to identify a set of differentially expressed genes
between the cell lines derived from the children with aut-
ism and their normally developing siblings, and to deter-
mine if identified differentially expressed genes could
distinguish the two groups into their clinical phenotypes.

Reproducibility

As a first step toward determining the sensitivity at which
we could identify differentially expressed genes, we eval-
uvated reproducibility of gene expression data using
expression values obtained from four replicates. Pair-wise
comparison using the Pearson correlation showed that the
expression values were consistent and highly reproducible.
The average pair-wise Pearson correlation was 0.99, with a
range of 0.98-0.99. Simultaneous comparison of expres-
sion values from all four replicates using ANOVA showed
no significant difference (P > 0.05) among the four repli-
cates. These data suggest that GeneChip microarray gene
expression data from cell lines is consistent and highly
reproducible, and that genes identified as differentially
expressed represent true variation rather than experimental
effect.

Differentially Expressed Genes

Using #-test analysis on the cell lines derived from children
with autism and the cell lines derived from their normally
developing siblings, we identified 48 significantly
(P £ 0.05) differentially expressed up- or down-regulated
genes between cell lines derived from children with autism
and their normally developing siblings. Table 2 shows a
list of these 48 genes along with their P-value and fold
change. The identified genes had fold changes ranging
from —6.32 for IGHG3 to 3.92 for IGL3. We identified
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Tab.le 2 Li.st of genes identified Probe ID Gene name o FC
as differentially expressed
bereen ce.ll hne§ derived from (A) Genes up-regulated in autism
children with autism and cell 2036_s_at CD44 antigen 0.04 1.98
lines from normally developing 3315 4 HS immunoglobulin lambda light chain (IGL3) 0.03 3.92
siblings: (A) 30 genes were 31800_at Homo sapiens mRNA; cDNA DKFZp586L141 0.02 1.40
found to be up-regulated; (B) 18 35443 Glucan, branching enzyme 1 (GBE1) 0.02 1.69
genes were found to be down- 32786_at Jun B proto-oncogene (JUNB) 0.01 1.69
regulated 32673_at Butyrophilin, subfamily 2, member Al (BTN2AI) 0.02 1.56
34830_at Hypothetical protein DKFZp564K0822 0.04 1.32
34892 _at Tumor necrosis factor receptor (TNFRSF10B) 0.04 1.34
34934 _at MHC class I mRNA fragment 3.8-1 0.01 1.36
35313_at KIAAO0310 gene product 0.01 1.68
36139_at Chromosome 6 open reading frame 4 (C6orf4) 0.03 1.34
36145_at Fuse-binding protein-interacting repressor (SIAHBP1) 0.02 1.32
36672_at prolylcarboxypeptidase (PRCP) 0.03 1.84
36845 _at Nuclear matrix protein (NXP2) 0.02 1.30
37355_at START domain containing 3 (STARD3) 0.03 1.33
37676_at Phosphodiesterase 8A (PDESA) 0.01 1.39
38613_at Zinc finger, HIT domain containing 1 (ZNHIT1) 0.01 1.36
38687_at DKFZP566D193 protein 0.02 1.52
39411_at DKFZP434J214 protein 0.04 1.55
39441 _at LanC lantibiotic synthetase (LANCL1) 0.02 1.30
39649_at Rho GTPase activating protein 4 (ARHGAP4) 0.03 1.32
39767 _at Chaperonin containing TCP1, subunit 8 (CCT8) 0.03 1.67
39785_at Translokin (KIAA0092) 0.04 1.68
40365_at Guanine nucleotide binding protein (GNA1S5) 0.04 1.65
40419_at Stomatin (STOM) 0.03 1.32
40514 _at Serologically defined breast cancer antigen 84 (SDBCAG84) 0.01 1.48
40723_at SHP2 interacting transmembrane adaptor (SIT) 0.03 1.33
40866_at Nipsnap homolog 1 (NIPSNAP1) 0.03 1.64
41106_at Potassium intermediate (KCNN4) 0.02 1.72
41759 _at S-phase kinase-associated protein 1A (SKPIA) 0.02 1.60
(B) Genes down-regulated in autism
37864 _s_at Immunoglobulin heavy constant gamma 3 IGHG3) 0.02 -6.32
32272 _at Tubulin, alpha, ubiquitous (K-ALPHA-1) 0.03 -1.54
33932_at G1 to S phase transition 1 (GSPT1) 0.02 -1.35
1558_g_at p21/Cdc42/Racl-activated kinase 1 (PAKI) 0.02 —1.44
172_at Inositol polyphosphate-5-phosphatase (INPP5D) 0.02 -1.37
1772_s_at Farnesyltransferase (FNTA) 0.04 -1.49
2019_s_at Integrin, beta 7 (ITGB7) 0.04 -1.56
40730_at Prepronociceptin (PNOC) 0.01 -1.30
31317_r_at Ig mu-chain mRNA (IGM-mRNA) 0.05 -2.60
31861_at Immunoglobulin mu binding protein 2 (IGHMBP2) 0.03 -1.48
32181 _at Flotillin 2 (FLOT2) 0.02 -1.59
32219_at Tousled-like kinase 1 (TLK1) 0.05 -1.37
32808_at Integrin, beta 1 (ITGB1) 0.05 -2.32
33866_at Tropomyosin 4 (TPM4) 0.04 -1.70
35016_at CD74 antigen 0.04 -1.54
38831_f at Guanine nucleotide binding protein (GNB2) 0.05 -1.33
810_at Rho guanine nucleotide exchange factor] (ARHGEF1) 0.04 1.39
35505_at SWI/SNF related, matrix associated, actin dependent 0.02 -1.79

o = P-value, FC = Fold change

regulator of chromatin, subfamily f, member 1 (SMARCF1)

genes with diverse molecular functions, including genes
involved in signal transduction, metabolism, cell growth
and maintenance, genes involved in response to external
stimuli, and genes involved in development. Genes
involved in signal transduction and regulation of signaling
pathways included PAKI, INPP5D, FNTA, Cé6orf4,
PDESA, GNB2, LANCL1, ARCHGAP4, GNA1S5, SIT,
ARHGEF1 and PNOC. Also identified in this functional

group were genes involved in cell signaling and cell
adhesion, ITGB7, FLOT?2, ITGB1, and the cell adhesion
molecule antigen, CD44, suggesting that cell signaling may
be an important aspect of the pathogenesis of autism.
Among the identified genes involved in metabolism and
regulating metabolic pathways were PAKI1, INPP5, IG-
HMB2, GBEI, BTN2A1l, PRCP, STARD3, PDESA,
GNA15 and JUNB. The other prominent group among the
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identified genes were genes involved in cell growth and
maintenance, which included a gene involved in biogenesis
(ARHGAP4) and genes involved in cell proliferation (IG-
HMBP2 and ARHGEF1). Other genes within this func-
tional group included STARD3, ARHGAP4, and KCNN4,
as well as genes involved in development, which included
ITGB7, FLOT2, and TPM4. In addition, we identified
genes that respond to exogenous stimuli ITGB1, CD74,
IGHG3, KCNN4, and IGL3) and a gene that responds to
endogenous stimuli (IGHMBP2), indicating that the
immune system may be playing an important role in the
pathogenesis of autism.

To evaluate whether the dichotomy of the two groups
could be corroborated using an alternate approach, the data
from 48 significant differentially expressed genes were
analyzed using hierarchical clustering. Figure 1 shows a
dendrogram of two-way hierarchical clustering of genes
and cell lines. The colors red and green indicate up-regu-
lation and down-regulation, respectively. Our subset of
genes generated two distinct types of gene expression
profiles that could potentially be used as phenotype
predictors of future analyses of cell lines derived from
children with autism and cell lines derived from their
age-matched normally developing siblings. It must be
stated that this initial analysis was made with three subjects
in each class and therefore larger studies will be needed to
verify these findings and approach.

As a step towards understanding the relationship
between reproducibility and differential expression and
testing the reliability of the results of our differential gene
identification, we performed further tests on the identified
genes using the replicate and experimental data sets as de-
scribed in the data analysis section. Figure 2 shows linear
scatter plots of mean expression values for the 48 identified
genes for the 2 data sets as determined by the -test and
correlation. The two panels contrast the degree of correla-
tion between the replicates with the degree of correlation
between the autistic and non-autistic cell lines. There were
no significant differences in gene expression among the
replicates—with a correlation of r* = 0.994 (Fig. 2A) and a
coefficient of variation of 0.0007. There were significant
(P £ 0.05) differences in gene expression between cell lines
derived from children with autism and cell lines from their
normally developing siblings—with a correlation of
= 0.801 (Fig. 2B) and a coefficient of variation of 0.8.
These results suggest that, in this pilot study, the genes
identified as important in distinguishing the autistic samples
were differentially expressed and not identified by chance.

Pathway Identification

With gene expression profiling, large lists of differentially
expressed genes are generated, and the relationships
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Fig. 1 Two-way hierarchical clustering distinguishing gene expres-
sion in cell lines derived from children with autism from expression in
cell lines derived from normally developing siblings. Sample n = 6;
gene n =48. The red and green colors indicate up and down
regulation, respectively. HI-0128, HI-0158, HI-0489 are cell lines
derived from children with autism, HI-0130, HI-0157, HI-0487 are
cell lines derived from their normally developing siblings

between these genes can be difficult to visualize and
interpret. PathwayAssist was utilized in order to identify
potential pathways that may be involved in autism. Path-
wayAssist was queried with the list of 48 differentially
expressed genes; it recognized 43 genes, which it used to
generate networks of molecular interactions. All of the
genes—except CD44, CD74, JUNB, and SDB-
CAG84—were used by the software to query multiple
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Fig. 2 Linear scatter plot of mean expression values in log scale (log
base 2) for technical replicates and biological replicates. (A) is a plot
of mean expression values for replicate Group! (using the mean of
replicate 1 and replicate 2) against Group 2 (using the mean of
replicate 3 and replicate 4) of the same cell line (HI-0489). (B) is a
plot of mean expression values from children with autism (Group 1;
n = 3) against values from normal developing siblings (Group 2;
n = 3). r* indicates the correlation and red color indicates differential
expression of each gene (gene n = 48)

databases and generate a network of connections based on
the shortest path between molecules. CD44, CD74, JUNB,
and SDBCAG84 have been extensively reported to be
associated with cancer and not currently with autism—as a
result, there is abundant literature on these genes that
creates a highly complex and overwhelming set of con-
nections that obscure the connections between the majority
of the genes in the list. Inclusion of these four genes in the
query produced a pathway that contained 39 nodes and 284
referenced interactions. For this reason, these four genes
were removed from the initial analysis.

Building on the shortest path network generated above,
we re-integrated the four excluded proteins into the

pathway by querying for direct interactions between all of
the molecules. After removing redundant interactions and
unlinked nodes, we resolved a molecular network which
included 15 of the differentially expressed proteins, as well
as interactions with 2 small molecules (Fig. 3).

Discussion

The use of peripheral blood in the study of autism has
obvious benefits in that samples can be collected easily and
non-invasively. In contrast, the use of postmortem brain
(Purcell et al., 2001), where the pathobiology of autism is
likely occurring, has merits—however, it is often not
possible to obtain CNS tissue in the rapid fashion which is
required for high fidelity RNA. Therefore, we believe the
alternative approach of using peripheral lymphocytes has
strong merits. This new paradigm of ‘‘blood genomics’’ in
CNS disorders has already been demonstrated to be feasi-
ble. Gene expression profiles obtained from blood mRNA
of mice have been used to identify neuronal injury (Tang
et al., 2003). In addition, using gene expression of RNA
from blood, a pediatric epilepsy group was differentiated
from healthy volunteers, chronic daily headache pediatric
patients, migraine pediatric patients, and adult patients with
bipolar disorder or schizophrenia (Tang et al., 2004). These
studies demonstrate that variations in the state of the CNS
are reflected in the mRNA of the peripheral blood and are
detectable by gene expression microarray.

As we postulate that the pathology of autism has a
strong genetic component, it is tenable that cell lines
derived from peripheral blood will carry a genetic sig-
nature that reflects the genetic aberrations associated with
autism. This approach has already been applied to bipolar
disorder, where XBP1 was identified as a genetic risk
factor using gene expression profiling of lymphoblastoid
cell lines from two sets of discordant twins (Kakiuchi
et al., 2003). In our proof-of-principle study, we demon-
strated that lymphoblastoid cell lines derived from the
peripheral blood of children with autism can potentially
be utilized to identify molecules that are associated with
the disorder.

Although the initial dataset from our experiments is
small, it is compelling that we were able to identify a set of
genes that could then be used to distinguish the children
with autism from the normally developing children. In our
experience, the set of genes identified as differentially
expressed via one method (in this case, through filtering
criteria, t-test, and significance analysis) does not always
segregate samples into the appropriate classification when
used as the gene list for hierarchical clustering. We
therefore used this approach as a test of the significance of
these genes and their role in autism.
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Fig. 3 PathwayAssist was queried using the list of 48 differentially
expressed genes; it recognized 43 genes, which it used to generate a
network of molecular interactions. The shapes of the nodes represent
different structures and functions, as indicated by the legend.
Relationships between the nodes are indicated by various types of

In addition by using replicate cell lines, our data show that
the gene expression profiles are highly reproducible. Our
average Pearson correlation of 0.99 (range of 0.98-0.99)
obtained from pair-wise analysis of four replicates of the
same cell line is consistent with correlations of 0.98-0.99
reported by Bakay et al. (Bakay et al.,2002) and Ungeret al.
(Unger et al., 2001) using the same microarray platform.
These data suggest that the gene expression changes that we
have identified are reproducible.

In the set of the genes that our study identified as
differentially expressed in autism, we did not directly
identify any genes that have been previously associated with
autism. However, by applying pathway analysis methods to
our gene list, we were able to detect known relationships
between these genes and biological processes. As one
example, we identified norepinephrine as a small molecule
interacting with our set of differentially expressed genes.
The metabolism of norepinephrine from dopamine is cata-
lyzed by serum dopamine beta hydroxylase (DbetaH), and
studies have found that low serum maternal DbetaH and
genotypic susceptibility of this gene in the fetus is associated

@ Springer
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connections (shown in legend), with + indicating any positive or
negative effect. Red indicates genes that are up-regulated in the cell
lines derived from the group of children with autism, while green
indicates genes that are down-regulated

with autism (Robinson, Schutz, Macciardi, White, & Hol-
den, 2001). It has been shown that abnormalities in serotonin
(5-hydroxytryptamine or 5-HT), a related neurotransmitter,
have been identified in roughly one-third of subjects with
autism spectrum disorder and in first-degree relatives
(Anderson et al., 1987). Linkage studies have found that the
serotonin receptor is linked with autism (Yonan et al.,
2003). In addition, it has been shown that children with
autism and their first-degree relatives have elevated sero-
tonin levels (Gingrich & Hen, 2001). In addition, clomipr-
amine, a serotonin and norepinephrine reuptake inhibitor,
has shown efficacy for certain symptoms of autism (anger,
hyperactivity and repetitive behavior) in children, adoles-
cents, and young adults (Gordon, State, Nelson, Hamburger,
& Rapoport, 1993; Luiselli, Blew, Keane, Thibadeau, &
Holzman, 2000). Other selective serotonin reuptake inhibi-
tors (SSRIs) have shown promising results in ameliorating
symptoms in children with autism (Posey, Litwiller,
Koburn, & McDougle, 1999; Posey & McDougle, 2000).
Another finding potentially relevant to autism is the
identification of several genes related to immune response.
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These genes have not been previously associated with
autism, but their detection in our microarray experiments
may tie in with the long-standing hypothesis of suppression
or dysregulation of the immune system in individuals with
autism (Warren et al., 1986). It is not clear from this study
or from previous studies how the immune system is
genetically regulated or dysregulated in individuals with
autism, so these findings may provide an important starting
point for dissecting the pathways involved in immune
response and autism.

Although the genes identified in our study do not have
roles in autism that have been clearly defined to date, they
may be indicative of a portion of the intricate genetic
network involved in autism. In addition, the identification of
norepinephrine as a small molecule interacting with our
set of differentially expressed genes suggests that we may be
able to gain insight into the complex mechanisms underlying
the patterns of neurotransmitter levels that are already
associated with autism. Taken together, these data under-
score the potential of this approach and that by applying
unique analysis strategies one can identify cellular processes
and pathways. To our knowledge this is the first description
of gene expression microarray data in autism analyzed
with pathway analysis software. Lastly, aside from the
most obvious application, the identification of directly
related genes, gene expression studies can also be used as a
set of focused, hypothesis-generating experiments for the
identification of relevant interacting processes and
pathways.

As stated before, this study was performed as a set of
proof-of-principle experiments, and the present results are
based on a small set of cell lines. While these experiments
produced some potentially promising results and a list of
genes that may be—albeit indirectly—related to autism, a
clear molecular portrait of autism can only be gleaned
through further studies using larger sample sizes. Future
studies will require larger sample sizes in order to allow
reliable identification and characterization of all the dif-
ferentially expressed genes involved in autism, full
molecular classification of the subtypes of autism, and
prediction of the efficacy of pharmacological intervention.
Zien et al. (Zien, Aigner, Zimmer, & Lengauer, 2001) and
recently, Mukherjee et al. (Mukherjee et al., 2003) have
shown that a minimum sample size of 25 in each group will
give statistical confidence in classifying related diseases or
sub-phenotypes, while a sample size of 10 is needed to
identify different groups of unrelated tissue or disease
types. Therefore, the present study will need to be
expanded using more samples to identify the set of genes
that consistently accounts for variation in autism pheno-
types and provides discrimination that allows classification
and prediction of many subtypes of autism. These sub-
sequent experiments are very feasible, as the field of autism

research has generated rich resources of publicly available
cell lines from children with autism and their families
(Geschwind et al., 2001).

In conclusion, this pilot study demonstrates that there is
the potential for the identification of genes that are dif-
ferentially expressed between cell lines derived from
children with autism and cell lines derived from their
normally developing siblings If such genes could identified
and verified in larger datasets, they could be used as
molecular signatures for diagnosing autism, predicting
subtypes of autism, or for the identification of therapeutic
targets. This could provide the ability for families to begin
early behavioral or pharmacological intervention for chil-
dren likely to be at risk for autism.
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