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The identification of mutations in the transcriptional repressor methyl-CpG-binding protein 2 (MECP2)
gene in Rett Syndrome (RTT) suggests that an inappropriate release of transcriptional silencing may
give rise to RTT neuropathology. Despite this progress, the molecular basis of RTT neuropathogen-
esis remains unclear. Using multiple cDNA microarray technologies, subtractive hybridization, and
conventional biochemistry, we generated comprehensive gene expression profiles of postmortem
brain tissue from RTT patients and matched controls. Many glial transcripts involved in known
neuropathological mechanisms were found to have increased expression in RTT brain, while de-
creases were observed in the expression of multiple neuron-specific mMRNAs. Dramatic and consistent
decreases in transcripts encoding presynaptic markers indicated a specific deficit in presynaptic
development. Employing multiple clustering algorithms, it was possible to accurately segregate RTT
from control brain tissue samples based solely on gene expression profile. Although previously
achieved in cancers, our results constitute the first report of human disease classification using gene

expression profiling in a complex tissue source such as brain.

INTRODUCTION

Rett Syndrome (OMIM No. 312750: RTT) is a devel-
opmental neurological syndrome that occurs almost ex-
clusively in females (Hagberg et al., 1983; Armstrong,
1997; Naidu, 1997). Affected females are apparently nor-
mal through pre- and perinatal development, following
which there is a developmental arrest. This is accompa-
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nied by decelerated head and brain growth, loss of
speech and social skills, severe mental retardation, trun-
cal ataxia, and characteristic hand-wringing motions.
Prominent neuropathological features include reduc-
tions in cortical thickness in multiple cerebral cortical
regions, decreased neuronal soma size, reduced number
of identifiable synapses, and dramatically decreased
dendritic arborization with increased neuronal cell pack-
ing density, but without a gross reduction in neuronal
cell numbers (Jellinger et al., 1988; Belichenko et al., 1994;
Bauman et al., 1995a,b; Belichenko et al., 1997; Kaufmann

et al., 1997).
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Mutations in the coding region of the X-linked
methyl-CpG-binding protein 2 (MECP2) gene have
been identified in 60-80% of clinically defined RTT
cases (Amir et al., 1999; Wan et al., 1999; Amano et al.,
2000; Bienvenu et al., 2000; Buysc et al., 2000; Cheadle
et al., 2000; De Bona et al., 2000; Hampson et al., 2000;
Huppke et al., 2000; Kim and Cook, 2000; Obata et al.,
2000; Xiang et al., 2000; Nielsen et al., 2001; VVacca et al.,
2001). MeCP2 binds to methylated CpG dinucleotides
and is involved in methylation-dependent repression
of gene expression via the recruitment of corepressors,
including mSin3A and the chromatin remodeling his-
tone deacetylases HDAC1 and HDAC2 (Nan et al.,
1998a,1998b; Ng and Bird, 1999). The expression of
MeCP2 mRNA in many tissues and its interaction
with regulatory DNA elements in multiple chromo-
somes suggest that MeCP2 is a global repressor of
gene expression (Nan et al., 1997). DNA methylation-
dependent repression of gene expression has been
associated with genetic imprinting, X chromosome
inactivation, carcinogenesis, and tissue-specific gene
expression (Cedar, 1988; Allaman-Pillet et al., 1998;
Constancia et al., 1998; Razin, 1998; Cameron et al.,
1999; Ng and Bird, 1999).

The large number of distinct mutations in the
MECP2 gene that have been associated with RTT
strongly suggests that RTT is the result of a loss of
MeCP2 function. However, several other findings
indicate that the identified mutations do not all
simply lead to a complete loss of function (Amir et
al., 2000; Amir and Zoghbi, 2000; Dragich et al., 2000;
Van den Veyver and Zoghbi, 2000; Nielsen et al.,
2001; Shahbazian and Zoghbi, 2001). Several muta-
tions in the MECP2 gene have been determined to
cause neurological phenotypes distinct from RTT
(Couvert et al., 2001; Watson et al., 2001). In addi-
tion, a number of MECP2 mutations have been iden-
tified in males displaying a range of neurological
phenotypes (Clayton-Smith et al., 2000; Meloni et al.,
2000; Orrico et al., 2000; Imessaoudene et al., 2001;
Watson et al., 2001). If the MECP2 mutations iden-
tified in RTT represent a heterogeneous spectrum of
distinct loss-of-function mutations, these mutations
might be expected to have a global impact on gene
expression through a release of transcriptional si-
lencing.

Although MeCP2 mRNA is expressed in cells
throughout the body, MECP2 mutations in RTT lead
to a primarily neurological phenotype. For this reason
we have selected brain tissue to begin the investiga-
tion of gene expression changes in RTT. We have
characterized mRNA expression in postmortem brain
tissue from six RTT patients and six matched control
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subjects. In order to generate comprehensive gene ex-
pression profiles we have used four independent
cDNA microarray technologies in addition to subtrac-
tive cDNA hybridization techniques and RT-PCR. Us-
ing these techniques, we have identified a large num-
ber of genes whose expression is consistently differ-
entially regulated in RTT. In addition, clustering
algorithms were successfully employed to distinguish
RTT from control brain tissue samples based only on
gene expression information derived from the mi-
croarray analysis.

METHODS

Sample Acquisition

We obtained 0.5 to 1 g of cerebral cortex from 6
female RTT brains and 6 age- and gender-matched
controls. Tissue was dissected by a pediatric neuropa-
thologist (W.E.K.) from the junction of frontal and
parietal cortices corresponding to Brodmann’s areas
1-5. Clinical details for RTT cases and controls are in
Table 1. At varying times prior to death, the majority
of these RTT patients received medications including
benzodiazapines and antiepileptic drugs.

Methods used in the dissection of brain tissue were
identical in all cases. Identical regions were dissected
from all disease-control matched brains and care was
taken to dissect primarily gray matter in all cases.
Depending on amount of tissue available, more or less
tissue was dissected from any one brain sample, re-
sulting in a range of different values for the total
amount of tissue dissected.

Total RNA was purified using TRIzol (GIBCO/
BRL). For CLONTECH arrays RNA was additionally
extracted with phenol-chloroform and mRNA was
isolated with poly-d(T) magnetic beads (Boehringer
Mannheim). mRNA isolation for UniGEM V arrays
was performed with RNeasy mRNA isolation kits
(Qiagen) following TRIzol extraction. RNA purity was
confirmed by monitoring the ratio of absorbance
(A260/A280) in a spectrophotometer (Spectronic
GeneSys 5). Integrity of RNA samples (absence of
degradation of ribosomal RNAs) was confirmed by
electrophoresis of the RNA on agarose gels (data not
shown). The integrity of the RNA was adequate to
reliably allow reverse transcription of specific cDNAs.
For immunoblotting and genomic DNA sequencing
experiments, protein and DNA were extracted from
remaining TRIzol phases according to the manufac-
turer’s protocol.



Gene Expression Profiling In Rett Syndrome Brain

TABLE 1
Clinical Information on Brain Specimens Used
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Case Diagnosis Sex Age PMI Cause of death Brain region
R1 RTT F 2 20 RTT complications in sleep Brodmann’s 1-5
R2 RTT F 10 5 Prolonged fever, cardiac arrest Brodmann’s 1-5
R3 RTT F 25 11 Heart attack Brodmann’s 1-5
R4 RTT F 29 35 Seizures; respiratory obstruction Brodmann’s 1-5
R5 RTT F 19 <24 Heart attack Brodmann’s 1-5
R6 RTT F 19 15 Seizure—died in sleep Brodmann’s 1-5
C1l Control F 2 11 Meningitis—fever, seizures Brodmann’s 1-5
C2 Control F 5 36 Cardiac arrhythmia Brodmann’s 1-5
C3 Control, MR F 15 16 Bowel disease Brodmann’s 1-5
C4 Control F 18 29 Accident; multiple injuries Brodmann’s 1-5
C5 Control F 19 17 Accident; multiple injuries Brodmann’s 1-5
C6 Control F 18 16 Accident; multiple injuries Brodmann’s 1-5

Note. Explanations and abbreviations: F, female; Age, age in years at time of death; PMI, postmortem interval in hours; MR, mental

retardation.

Genomic DNA Sequencing

Genomic DNA corresponding to the entire coding
region of MeCP2 was sequenced from 6 RTT brains.
Oligonucleotide primers were used to amplify 10 dis-
tinct portions of the MECP2 gene by PCR for sequencing.
For all but one of these 10 PCR products, nested PCR
primers were used to ensure specificity. The forward (F)
and reverse (R) oligonucleotide primer pairs for exon 1
were the following: (F) 5'-TGTGTTTATCTTCAAA-
ATG-3" and (R) 5'-GTTATGTCTTTAGTCTTTGG-3'
with nested primers (F) 5'-GCAGCTCAATGGGG-
GCTTTC-3' and (R) 5'-AGATGGCCAAACCAGGA-
CAT-3'. For exon 2, the first primer pairs used were (F)
5-AGCCCGTGCAGCCATCAGCC-3'" and (R) 5'-CCT-
GCACAGATCGGATAGAAG-3" with nested primers
(F) 5'-AGCCCGTGCAGCCATCAGCC-3" and (R) 5'-
CCCTGGGCACATACATTTTC-3'. A second fragment
of exon 2 was amplified with primers (F) 5-CTGCA-
GACTGGCATGTTCTC-3" and (R) 5'-GGGGTCAT-
CATACATGGGTCC-3' without any nested primers.
Exon 3 was sequenced in seven fragments. Two were
derived from the primer pairs (F) 5'-AGCCCGTG-
CAGCCATCAGCC-3" and (R) 5'-CCTGCACAGATCG-
GATAGAAG-3'" with the two pairs of nested primers (F)
5-TTTGTCAGAGCGTTGTCACC-3' and (R) 5'-CTTC-
CCAGGACTTTTCTCCA-3’; and then (F) 5'-AACCAC-
CTAAGAAGCCCAAA-3" and (R) 5’-CCTGCACA-
GATCGGATAGAAG-3'. The remaining five fragments
of exon 3 were amplified using primers (F) 5'-
GGCAGGAAGCGAAAAGCTGA-3" and (R) 5'-GCT-
TTGTCAGAGCCCTACCC-3" with the five nest-
ed primer pairs (F) 5'-GGCAGGAAGCGAAAA-

GCTGA-3' and (R) 5'-CTCCCTCCCCTCGGTG-
TTTG-3'; (F) 5'-TGAGCCCGAGAGCTCCGA-
GG-3’ and (R) 5'-GGTTTGCTTTGCAATCCGC-
TC-3'; (F) 5"-GGAGAAGATGCCCAGAGGAG-3’
and (R) 5'-GCTTTGTCAGAGCCCTACCC-3’; (F)
5'-TGGTGAAGCCCCTGCTGGT-3' and (R) 5'-
CTCCCTCCCCTCGGTGTTTG-3'; (F) 5-GGCAG-
GAAGCGAAAAGCTGA-3' and (R) 5'-TGAGTG-
GTGGTGATGGTGGTGG-3'. To confirm detected
mutations, each mutation was observed in at least
four independent PCR reactions from genomic
DNA. Sequencing was performed on both strands.

cDNA Sequencing

Mutations found in genomic DNA were further con-
firmed by sequencing cDNA derived from poly-d(T)
primed reverse transcription of RNA extracted from
postmortem brain samples. Sequence from only one
strand was used for this confirmation. cDNA samples
were PCR amplified for sequencing using the follow-
ing primers: For subject R1 (F) 5-CTGCCTGAAG-
GCTGGACACGG-3' and (R) 5'-CTTCCCAG-
GACTTTTCTCCA-3'; for subjects R3 and R5 (F)
5'-GGCAGGAAGCGAAAAGCTGA-3' and (R) 5'-
CCTCGGAGCTCTCGGGCTCA-3'.

X Inactivation Studies

Genomic DNA isolated from the cerebellum was
used to determine the X chromosome inactivation pat-
terns in RTT patients R1-R6. A polymorphic CAG
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repeat in the 5’ coding region of the human androgen
receptor was used to differentiate the two X chromo-
somes in each individual. The PCR primers used to
amplify this repeat are described elsewhere (Pegoraro
et al.,, 1994). This trinucleotide repeat is consistently
methylated on the inactive X chromosome and un-
methylated on the active X chromosome. Using the
Cfol and Hpall methylation-sensitive enzymes
(Boehringer-Mannheim) prior to PCR amplification,
the unmethylated (active) allele is digested and hence
not amplified. Quantification and comparison of PCR
products obtained from digested and undigested
genomic DNA samples yields a measure of percent of
total activity for each allele; and hence for each X
chromosome. This figure was determined by replicate
trials.

Microarray Data Acquisition and Analysis

MRNA extracted from postmortem brains R1-R4
and C1-C4 was reverse transcribed with 597 gene-
specific primers to generate radiolabeled cDNA
probes for use with the Human Atlas and Human
Atlas Neurobiology microarrays (CLONTECH Labo-
ratories, Inc.; www.clontech.com). Each of these ar-
rays consists of 597 cDNAs spotted in duplicate onto
nylon filters. Radiolabeled probes were individually
hybridized to arrays, washed, and levels of expressed
genes were quantified by phosphorimaging. Using the
MICOMAX microarray system (NEN Life Science
Products, Inc.; www.nen.com) total RNA samples (4
ng) from cases R2-R4 and C2-C4 were also reverse
transcribed to generate haptenated probes, hybridized
to MICROMAX arrays, and detected by Tyramide
Signal Ampilification (TSA) using Cyanine 5 Tyramide
deposition (for each RTT case) or Cyanine 3 Tyramide
deposition (for each control case). These microarrays
on glass slides consist of PCR products derived from
inserts in bacterial plasmids corresponding to 2400
characterized mRNA sequences. Pairwise compari-
sons were made for C2 and R2, C3 and R3, and C4 and
R4.

mMRNA derived from an independent sampling of
postmortem tissue was used to generate fluorescently
labeled probes for use with Incyte Genomics UniGEM
V 1.0 microarrays (www.incyte.com) representing
7075 human genes. Poly(A) + RNA (600 ng) was
reverse transcribed to generate cDNA probes labeled
with Cyanine 5 (for cases R2-R6) or Cyanine 3 (for a
pool of control cases C1-C6). Each of these five indi-
vidual RTT samples R2-R6 was hybridized simulta-
neously with the control pool to five UniGEM V mi-
croarrays at GenomeSystems.
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Quantification of expression data from all array
technologies included the subtraction of background
signal followed by global normalization, i.e., all indi-
vidual gene expression values were normalized to the
global mean of all arrayed elements for that single
array experiment. The normalization of array data to a
subset of gene expression values was not performed
because of the dramatic gene expression changes ob-
served in RTT brain, including the differential expres-
sion of several genes usually considered to be “house-
keeping” genes. Quantification of fluorescence data
(UniGEM V and MICROMAX) entails the calculation
of ratios and hence only one value per matched pair is
depicted in Figs. 3 and 4. Extreme expression ratios
resulting from near undetectable signal in one of the
two fluorescence channels were limited to a maximum
absolute value of 10 in their contribution to mean
expression ratio values reported here.

Microarray data from CLONTECH were analyzed
initially using Atlasimage software. Subsequently all
microarray data were analyzed in Microsoft Excel as
well as S-PLUS 2000 Professional (MathSoft, Inc.).
Clustering algorithms in S-PLUS, PARTEK Pro 2000,
and Michael Eisen’s (Stanford University) Cluster and
TreeView programs were used in the analysis of the
Human Atlas Neurobiology Array dataset. Principal
components analysis and multidimensional scaling al-
gorithms within the PARTEK package were also used.

Subtractive Hybridization and cDNA Southern
Blotting

Pools of total RNA from six RTT brains (R1-R6) and
six control brains (C1-C6) were reverse transcribed to
cDNA, digested with Rsal, and subtracted using the
PCR-Select cDNA Subtraction protocol (CLONTECH
Laboratories, Inc.; www.clontech.com). Pools of differ-
entially expressed cDNAs were subcloned into a TA-
cloning vector (Invitrogen), and sequenced. The iden-
tity of clones was determined by BLAST searching
with =99% nucleotide identity per 100 nucleotides
used as a criterion. Five clones from each subtracted
pool were sequenced. For Southern blot analysis, spe-
cific oligonucleotides corresponding to B-actin, « B-
crystallin, and GFAP were used to PCR amplify tran-
scripts from human brain cDNA (OriGene Technolo-
gies, Inc.). PCR products were sequenced, labeled with
[«**P]dCTP by random priming (RediPrime 1l, Amer-
sham Pharmacia), and hybridized to nylon mem-
branes containing pools of up- and down-regulated
cDNAs generated by subtractive hybridization. For
microarray analyses, pools of subtracted cDNAs were
random prime labeled with [«*P]dCTP and hybrid-
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ized to Human GeneFilters (GF200 and GF202) from
Research Genetics according to the manufacturer’s
protocol (www.resgen.com).

PCR, Immunoblotting, and Immunohistochemical
Analyses

cDNA microarray results were independently con-
firmed by semiquantitative PCR to amplify specific
products. Touchdown PCR conditions were used with
a model PTC200 or a MiniCycler PCR machine (MJ
Research). For each PCR, amplified product was eval-
uated by electrophoresis on agarose gels every three
cycles from 24 through 36 to establish a linear range of
amplification. Amplification of GAPDH was per-
formed as a control. In all cases, quantification of
RT-PCR results entailed subtraction of background
signal and normalization to GAPDH levels.

Immunoblotting was performed using 10 or 20 ng
of brain homogenate. Equal protein loading was con-
firmed by Ponceau S staining. Quantification of im-
munoblotting results entailed subtraction of back-
ground signal. Antibodies used for immunoblotting
were directed against syntaxin 1A (monoclonal
HPC-1, Sigma Chemical Co.), annexin VI (polyclonal,
Santa Cruz Biotechnology, Inc.), or glial fibrillary
acidic protein (GFAP; polyclonal, Chemicon).

Immunohistochemistry was performed on forma-
lin-fixed, paraffin-embedded tissue (R1, R3, R6, 7 ad-
ditional RTT cases, and 5 controls), using a polyclonal
antibody against GFAP (DAKO) and the VEC-
TASTAIN avidin-biotin complex kit (Vector Labora-
tories, Inc.).

RESULTS

Brain Tissue, MECP2 Mutations, and X
Chromosome Inactivation Patterns

As animal models of RTT have only recently be-
come available (Chen et al., 2001; Guy et al., 2001), the
study of postmortem human brain tissue has been the
primary method for the investigation of the molecular
basis of neurological defects in RTT. In this report we
study postmortem brain tissue exclusively. Postmor-
tem female RTT brain samples were used for mRNA
and protein expression studies (Methods; Table 1).
Controls were age-, gender-, and brain region-
matched. Dorsomedial cerebral cortex at the junction
of the frontal and parietal cortices (Brodmann’s areas
1-5) was dissected from each postmortem brain. The
majority of cortical regions in RTT cerebral cortex
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show comparable neuropathology (Belichenko et al.,
1997; Kaufmann et al., 1998).

We sequenced the MECP2 coding region of genomic
DNA derived from six RTT postmortem brains and
identified mutations in four of the six individuals. All
four mutations are single nucleotide substitutions con-
sisting of C to T transitions and are predicted to result
in a premature stop codon and truncation of the pre-
dicted MeCP2 protein in RTT cases R1, R2, R3, R5 (Fig.
1A). Two of these four mutations were identical to one
another (Fig. 1A, cases R3 and R5). The three distinct
mutations in the MECP2 gene identified here have all
been identified in other individuals in previous re-
ports of MECP2 mutations in RTT (Cheadle et al.,
2000). Our identification of MECP2 coding region mu-
tations in ~70% of RTT cases studied here is consistent
with the percentage identified in larger patient popu-
lations (see Introduction). It is unclear whether the
remaining patients harbor mutations elsewhere in the
MECP2 gene (promoter region, intronic sequence, or
UTRs). The six RTT cases studied here represent a
unified diagnostic group based both on clinical symp-
tomology (S. Naidu) and transcriptional profiles (see
Molecular Classification of Rett Syndrome Patients be-
low).

Additional sequencing of cDNA reverse transcribed
from brain mRNA revealed that both the intact and
mutated copies of MeCP2 mRNA are transcribed in all
RTT cases having identified mutations (Fig. 1B). This
demonstrates for the first time that in RTT brain,
MECP2 is transcribed from both the intact and mu-
tated X chromosomes in a mixture of brain cells.
Hence, due to X inactivation patterns, each RTT case is
a mosaic of wild-type and mutant MeCP2-expressing
cells. In order to investigate the nature of this mosaic
in each RTT case, we performed X chromosome inac-
tivation studies on RTT brains samples (Fig. 1C). It is
important to note that without analysis of parental
DNA it is not possible to determine which of the
alleles is paternal and which is maternal. Additionally,
this analysis does not reveal which of the alleles is
associated with the mutant MeCP2 allele (see Meth-
ods). Random pattern of X chromosome inactivation
were observed in all cases studied. Although gene
expression profiling was carried out on cerebral corti-
cal samples, X inactivation was assessed in cerebellar
tissue. For one of the RTT cases we assessed X chro-
mosome inactivation in a second region of the CNS
(spinal cord) and obtained identical results, consistent
with the conclusion that X chromosome inactivation
patterns in the CNS do not vary widely.
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A Genomic DNA Sequence
O — 502 C>T - R168X
R2 | I . h 808 C>T - R270X
R3 | I T 1 880 C>T- R294X

R4 No coding region mutation detected.
R5 [ I [ B 1 880 C>T-R294X
R6 Mo coding region mutation detected.

wr | | [ W ]
Methyl CpG Transcriptional Nuclear
binding repression localization
domain domain signal
B Brain cDNA Sequence

A A A
NT502:C>T NT808:C>T NT880:C>T NT880:C>T

B X Chromosome Inactivation

% active allele

A B
R1 25 75
R2 55 45
R3 50 50
R4 70 30
R5 35 65
R6 65 35

FIG. 1. MECP2 mutations identified in postmortem brain tissue.
Mutations in the coding region of the MECP2 gene were identified
in genomic DNA derived from brain in four of the six RTT patients
studied here. All four of the identified mutations were nonsense
mutations resulting in a premature stop codon in the predicted
mMRNA sequence. Each of these four mutations and their predicted
truncated protein products are detailed in A. In all of the four cases
where MECP2 mutations were found in genomic DNA, it was
determined that both wild-type and mutant transcripts are ex-
pressed in brain via sequencing of cONA derived from brain mMRNA
samples (B). X chromosome inactivation patterns were determined
using genomic DNA derived from RTT cerebellar tissue (C).

Validation of Postmortem Samples and Gene
Expression Analysis Methods

In order to ensure the highest quality of data would
be acquired from the many expression analysis tech-
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niques used here, we first investigated the quality of
RNA samples derived from the postmortem brain tis-
sues. RNA purity was determined by monitoring the
ratio of absorbance (A,/A) in a spectrophotometer.

syntaxin 1A
C1 C2 C3 C4 R1 R2 R3 R4

[98]onnnlonfsa] |ie[es]

[111 Pl

C2 C3 C4 R2 R3 R4

annexin Vi
C1 C2 C3 C4 R1 R2 R3 R4

48] 6a[00jo8]0s] | Jae]

C1C2C3C4 R1I RZR3 R4

Atlas Neuro >
Atlas Neuro [0

g 0 o | .
: Illﬁajjjjﬂﬂﬂﬂw
Control Pool R2 R3 R4 R5 R6 %‘! _____ = -_‘_“___]

=
=
w
Q

£
=

soapsc 0§

C5bCS5aCB C3 C2 C1 R3I R4 R2 Ré RS R1

C1C2C3C4 R1 R2 R3 R4

I s LS | Al
Vesicular Genes

Genes \
) \
140

I wonnnsl, "=t

C1C2CICAC5C8  Ri RZ A3 RS A4 RS Differential Expression Ratio

E "l[ln pomiflL,
C

g

--h-l- CEEE 1~ T .-o| di

Proportion of Genes

tmmunoblotting

FIG. 3. Decreased expression of selected genes encoding presynaptic
proteins in RTT brain. Decreased expression of syntaxin 1A was de-
tected with the Human Atlas Array (A, first panel) and MICROMAX
array (A, second panel). The UniGEM V array confirmed this result
from an independent tissue sample and RNA extraction in samples
R2-R4 and extended this finding to two additional cases R5 and R6 (A,
third panel). These array findings were further validated by RT-PCR
(A, fourth panel). Immunoblotting revealed a similar decrement in
syntaxin 1A protein levels (A, fifth panel). Annexin VI expression was
also shown to be decreased with the Human Atlas Array technology
(B, first panel) and confirmed via RT-PCR (B, second panel). Immuno-
blotting demonstrated a similar decrease in annexin VI protein levels in
all cases studied (B, third panel). The distribution of differential gene
expression ratios associated with a subset of 35 genes identified as
being localized to intracellular vesicles by the Swiss-Prot database (red,
C) was compared to the distribution of differential gene expression
ratios for all genes on the UniGEM V microarray (black, C). N = 35
genes (175 datapoints), P < 2* 10~° as assessed by x* analysis. Axes for
CLONTECH, RT-PCR, and immunoblotting panels indicate arbitrary
expression values after quantification of signal, subtraction of back-
ground, and normalization. Global normalization to the mean of all
gene expression values was used for all CLONTECH data. Axes for
UniGEM and MICROMAX fluorescent technologies indicate single
expression ratios for each simultaneous hybridization (one value for
each of the two images of the identical spot read through different
fluorescent channels) after quantification of signal and global nor-
malization.
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Integrity of RNA samples was confirmed by the iden-
tification of distinct ribosomal RNA bands and the
absence of low molecular weight breakdown products
using agarose gel electrophoresis. RNA quality was
adequate to reliably allow reverse transcription and
PCR ampilification of control cDNAs including actin
and tubulin. Only RNA samples which met all of these
requirements were included in this study.

To confirm that array technologies could produce
reliable results when applied to RNA samples derived
from postmortem brain we first performed multiple
array experiments using RNA derived from control
brains. Gene expression profiles were generated for
control brain tissue samples C1-C4 using Clontech
Atlas Neurobiology Arrays. A mean Pearson’s corre-
lation coefficient, r, of greater than 0.97 was calculated
for these expression profiles. This high level of corre-
lation between datasets demonstrates the reproduc-
ibility of gene expression values across multiple (1)
array experiments, (2) RNA preparations and label-
ings, and (3) control brain tissue samples. Similar
cDNA microarray analyses have recently been suc-
cessfully completed using postmortem brain tissue
derived from subjects diagnosed with schizophrenia
(Mirnics et al., 2000; Hakak et al., 2001; Mirnics et al.,
2001).

Differential Gene Expression: cDNA Microarray
Analysis

We assessed gene expression in RTT and control
brains using four independent cDNA microarray tech-
nologies: the Atlas Human cDNA array and the Atlas
Human Neurobiology array (CLONTECH Laborato-
ries, Inc.), the MICROMAX array (NEN Life Science
Products, Inc.), and the UniGEM V 1.0 array (Incyte
Genomics, Inc.). In addition to increasing the number
of genes being investigated, the purpose of using mul-
tiple microarrays was to more reliably identify
changes in gene expression and to cross-validate the

Colantuoni et al.

results of the microarray technologies. Both CLON-
TECH arrays consist of 597 custom designed cDNAs
spotted in duplicate on a nylon filter. mMRNA from
samples R1-R4 and C1-C4 was used to generate ra-
diolabeled cDNA probes for individual hybridization
to replicate Atlas arrays. MICROMAX arrays contain
2400 cDNA elements corresponding to known human
genes. Total RNA from RTT samples R2-R4 and
matched controls C2-C4 was reverse transcribed and
haptenated probes generated for simultaneous hy-
bridization of individual RTT-control pairs to MICRO-
MAX arrays followed by sequential deposition of Cya-
nine 3 and Cyanine 5 Tyramide fluorescence. A single
tissue sampling and RNA preparation was used for all
CLONTECH, MICROMAX, and subsequent RT-PCR
analyses. UniGEM V array analysis was conducted on
a distinct mRNA preparation from an independent
tissue sampling of RTT samples R2-R6 and controls
C1-C6. mRNAs from controls C1-C6 were pooled and
compared to individual RTT samples R2-R6 in five
independent simultaneous fluorescent hybridization
experiments employing the UniGEM V microarray
technology representing ~7000 human genes. In this
report we have used the UniGEM V expression data
primarily to confirm changes identified with the other
technologies (a more complete analysis of this dataset
is underway by Colantuoni et al., in preparation).
Background subtraction and global normalization
procedures were applied to all datasets in order to
make results as accurate and comparable across the
multiple technologies as possible (see Methods for
details).

To identify genes consistently differentially ex-
pressed in RTT brain, several criteria were applied in
the analysis of cONA microarray data: (1) Clear and
reliable image acquisition suitable for quantification
(determined by manual image inspection and auto-
mated image quantification). (2) Minimum expression
level required for reliable quantification of signal
(CLONTECH: 75% of mean array element signal in-

FIG. 2. Genes most consistently and most differentially expressed in RTT brain. Genes with increased expression in RTT are depicted in A,
and genes with decreased expression in RTT are depicted in B. Genes fulfilling criteria described in the text are listed by UniGene number and
gene name at the left of each panel and are ordered by magnitude of differential expression. Expression ratios as assessed by the various cDNA
array technologies (UGEM, MMX, CLN-N, CLN-A), reverse-transcription polymerase chain reaction (PCR), and cDNA subtraction (SUB) are
listed in columns to the right. All gene expression values are expressed in ratios relative to matched controls (see Table 1 for subject details)
and are color coded to reflect magnitude of differential gene expression. Gene expression changes of magnitude less than 1.5-fold are not
colored as they do not represent reliable and significant expression changes. An asterisk indicates that expression ranges were not nonover-
lapping. Blank cells indicate the gene of interest was not assessed by a particular technology. Abbreviations: UGEM, UniGEM V microarray;
MMX, MICROMAX; CLN-A, CLONTECH Human Atlas array; CLN-N, CLONTECH Atlas Neurobiology array; PCR, results of PCR
experiments; SUB, results of subtractive hybridization experiments; Abbreviations for techniques used to identify cDNAs from subtracted
cDNA pools: s, sequencing; b, cDNA southern blot; a, probing of Human GeneFilter arrays with subtracted cDNA pools.
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tensity; MICROMAX: 50% of mean array element sig-
nal intensity). (3) Consistent differential expression
across all samples studied: (3A) Nonoverlapping ex-
pression value ranges for the RTT and control groups.
In a non-overlapping expression pattern for a given
gene, all disease cases have expression values greater
than all or less than all control cases. (3B) A Student’s
t test with a P value of less than 0.10. This less strin-
gent p value was used because it is only one of three
consistency criteria applied to the data. (3C) A mini-
mum differential expression ratio for each of the indi-
vidual subject comparisons: CLONTECH: = 1.0; MI-
CROMAX: £2.0. (4) Magnitude of differential expres-
sion. CLONTECH: mean expression ratios with an
absolute value of 1.5 or greater. MICROMAX: mean
expression ratios with an absolute value of 3.0 or
greater. These ratio values represent greater than 2.0
standard deviations from the mean expression ratio in
all three of the microarray datasets.

Figure 2 depicts the most consistently and dramat-
ically differentially expressed genes in RTT brain as
determined by each microarray technology ordered
by magnitude of differential expression (increases,
Fig. 2A; decreases, Fig. 2B). Each data point in Fig. 2
fulfills each of the criteria listed above. Hence, the
reported changes in gene expression were consistent
across multiple independent RTT patients, tissue sam-
plings, and RNA preparations. The genes listed in Fig.
2 account for 4.9% of the genes contained on the Atlas
Neurobiology array, 3.4% of the genes contained in
the Human Atlas array, and 3.6% of the genes on the
MICROMAX array. Gene expression results were
highly consistent across multiple microarray technol-
ogies, as shown in Fig. 2. In several cases, differences
in gene expression between RTT and control samples
were confirmed using RT-PCR with primers identical
to those used to generate the cDNAs spotted on the
Atlas arrays. In 12 of 14 cases, semiquantitative RT-
PCR analyses independently confirmed the microar-
ray results (Fig. 2, PCR columns). Results obtained
from subtractive hybridization are also consistent with
microarray results and are included in Fig. 2, SUB
columns (see Differential Gene Expression: Subtractive
Hybridization below).

When these uniform criteria were applied to data-
sets derived from all four microarray technologies
used here, a greater number of genes were found to be
consistently down-regulated than were found to be
consistently up-regulated in RTT brain. It is unlikely
that this finding is due to the preferential identifica-
tion of down-regulated genes as global normalization
processes in the analysis of the expression data ensure
that for each RTT: Control comparison an equal num-
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ber of genes are identified as up- and down-regulated.
The identification in Fig. 2 of a greater number of
genes with decreased expression in RTT brain appears
to stem from the greater consistency of genes found to
be down-regulated than those found to be up-regu-
lated. That is, the genes found to have decreased ex-
pression in individual RTT cases are more often the
same genes across multiple cases, while the set of
genes with increased expression varies more greatly
across RTT cases. We are currently assessing the sta-
tistical validity and biological significance of this find-
ing (Colantuoni et al., in preparation).

Differential Gene Expression: Neuronal
Transcripts

Inspection of this list of most consistently and dif-
ferentially regulated genes (Fig. 2) reveals several
genes that are of particular interest as they appear to
delineate cellular pathways and components that may
be involved in RTT neuropathology. Consistent with
the previously documented disruption of neuronal
maturation is the finding that many transcripts that
are specific to or enriched in neurons show decreased
expression in RTT brain tissue: neuronal pentraxin 1,
calcineurin, GABA and glutamate receptors, CAM Kki-
nase Il B, neuronal olfactomedin-related ER localized
protein (NOEL), two Ca** ATPases, neuronatin « and
B, neuron specific enolase, and PCP4 (Fig. 2B). Al-
though not listed in Fig. 2, several other neuronal
cDNAs were found to be down-regulated in RTT
brain by 50% or more: AMPA receptors 1 and 2,
GABA A B3 receptor, neurofilament proteins of 66 and
200 kDa, MAP-2, MAP-1B, tau, and tau kinase Il (Uni-
Gene identifiers: Hs.7117, Hs.89582, Hs.1440,
Hs.76888, Hs.198760, Hs.167, Hs.103042, Hs.101174,
Hs.2869; MICROMAX and UniGEM V data not
shown). Despite this apparent global down-regulation
of neuronal transcripts, a number of such cDNASs were
found to be enriched by at least 50% in RTT brain:
NR1, AMPA receptor 3, mGluR1, mGIuR8, and GABA
A receptor 7 (UniGene identifiers: Hs.105, Hs.100014,
Hs.32945, Hs.86204, Hs.70725; MICROMAX and Uni-
GEM V data not shown).

Further inspection of gene expression changes in
RTT brain indicates that in addition to a general re-
duction in neuronal maturation and structural tran-
scripts, the expression of genes encoding presynaptic
markers are impacted in particular: annexin VI, syn-
taxin 1A, DOC2A, and synaptosomal-associated pro-
tein of 25 kDa (SNAP-25; Fig. 2B). Four different mem-
bers of the 14-3-3 gene family were demonstrated to
be consistently under-expressed in all RTT cases stud-
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FIG. 4. Increased expression of selected glial genes in RTT brain. Elevated mRNA expression of «a B-crystallin was detected with the Human Atlas
Neurobiology Array (A, top panel) and the MICROMAX array technologies (A, middle panel). This finding was confirmed using RT-PCR (B, bottom
panel). Increased GFAP expression was detected with the Human Atlas Array (B, top panel) and confirmed via RT-PCR (B, bottom panel). From
experiments using an independent tissue sampling and RNA extraction, the UniGEM V array confirmed increased expression in cases R2-R4 and
reveled increased expression in case R5, but a slight decrease in case R6 (B, middle panel). 52-kDa protein stained with Coomassie brilliant blue that
remained in polyacrylamide gels after electrophoretic transfer of RTT brain proteins to membranes for immunoblotting (C, top panel). Protein
microsequencing determined this protein to be 97% identical to the amino acid sequence of human GFAP (GenBank Accession No. NP_002046).
Immunoblotting confirmed that this band was the heaviest migrating form of GFAP (C, middle panel). Both immunoblotting and immunohisto-
chemistry revealed varying levels of GFAP protein expression in the RTT cases (C, middle and bottom panels). High levels of GFAP immunore-
activity were often observed near brain microvasculature and within gray matter (C, bottom panel; case R1 shown). Axes for CLONTECH, RT-PCR,
and immunoblotting panels indicate arbitrary expression values after quantification of signal, subtraction of background, and normalization. Global
normalization to the mean of all gene expression values was used for all CLONTECH data. Axes for UniGEM and MICROMAX fluorescent
technologies indicate single expression ratios for each simultaneous hybridization (one value for each of the two images of the identical spot read
through different fluorescent channels) after quantification of signal and global normalization.

FIG.5. cDNA subtraction. RNA samples from RTT cases R1-R6 were pooled as were control cases C1-C6. cDNA subtraction was performed
to generate pools of subtracted cDNAs up-regulated in RTT (right lanes/spots in A, B, and C) and transcripts expressed at low levels in RTT
(left lanes/spots in A, B, and C). Ethidium bromide staining of cDNA from both pools after electrophoresis through an agarose gel confirmed
the presence of intact, heterogeneous populations of cDNAs. Differential abundance of B-actin, « B crystallin, and GFAP cDNAs was
demonstrated by cDNA southern blotting (A). This was primarily a validation of the cDNA subtraction, as increased expression of these
transcripts had already been determined using cDNA microarrays (C, Figs. 2B, 4A, and 4B). Subtracted cDNA pools were used for the
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FIG. 6. Multiple cluster analyses of gene expression profiles. Divisive hierarchical clustering of control (C1-C4) and Rett Syndrome (R1-R4)
samples using CLONTECH Atlas Neurobiology Array data in S-PLUS analysis software (A). K-means clustering using CLONTECH Atlas
Neurobiology data in PARTEK analysis software. Axes are derived from principal components analysis (B). By comparing each individual gene
expression value between pairs of subjects, a matrix of Pearson correlation coefficients was generated (C). An asterisk indicates no mutation
within the coding region of the MECP2 gene was identified in this subject. Two asterisks indicate severe agonal state of subject R2. Percentages
associated with the PC axes indicate the percentage of variance accounted for by that PC axis.

generation of ®P-labeled probes and hybridized to Research Genetics’ Human Gene Filters (GF200 and GF202). The differential expression of
two genes already identified via sequencing of subcloned cDNAs from subtracted pools was confirmed (NOEL and neuroserpin; B, top two
panels). The abnormal expression of two genes involved in transcriptional control was revealed (regulators of chromatin d2 and al; B, bottom
two panels). Four other genes displaying differential abundance in the subtracted pools were discovered by probing Human GeneFilters with
labeled cDNA derived from subtracted cDNA pools: B-actin, y-enolase, cytosolic malate dehydrogenase, and transmembrane protein AF1q (C).
The differential expression of these four genes was validated by data acquired via the simultaneous hybridization of individual control and
RTT cDNA probes performed independently with the MICROMAX array system (D). Abbreviations: Rett Syndrome (RTT); Control (CN).
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ied (Fig. 2B). This is of particular interest as several
14-3-3 proteins have key roles in neural development
(Skoulakis and Davis, 1998). Moreover, multiple mem-
bers of the 14-3-3 family, including several of those
listed in Fig. 2B, have been demonstrated to localize to
presynaptic membranes (Martin et al., 1994; Jones et
al., 1995) and regulate learning and presynaptic func-
tion (Broadie et al., 1997; Zhou et al., 1999). Also inter-
esting is the decreased expression of protein kinase C
(Fig. 2B), which has extensive interactions with several
of the 14-3-3 proteins (Hausser et al., 1999; Van Der
Hoeven et al., 2000).

The differential expression of two presynaptic
markers, the synapsin binding protein annexin VI
(Inui et al., 1994) and syntaxin 1A, was investigated in
further detail (Fig. 3). Decreased mRNA expression of
both genes was confirmed using the multiple cDNA
array technologies in addition to semi-quantitative
RT-PCR. Decreased protein expression of both of these
genes was discovered using standard western blotting
techniques. Additional presynaptic markers showing
reduced expression of at least 50% included the fol-
lowing: synaptophysin, synapsin Il, synaptogyrins 1
and 3, synaptotagmins 1 and 5, synaptobrevin 2, and
NSF (UniGene identifiers: Hs.75667, Hs.6439, Hs.6139,
Hs.6467, Hs.154679, Hs.23179, Hs.194534, Hs.108802;
MICROMAX and UniGEM V data not shown).

Additional evidence for the disruption of presynap-
tic development in RTT brain was discovered through
the investigation of the distribution of differential ex-
pression ratios associated with genes that encode ve-
sicular proteins (Fig. 3C). Using the DRAGON data-
base (Bouton and Pevsner, 2000); (http://pevsnerlab.
kennedykrieger.org/dragon.htm), we identified every
gene in our UniGEM V dataset defined in the Swiss-
Prot database as being localized to intracellular vesi-
cles. 35 of the 7075 genes included in the UniGEM V
dataset were included in this classification, resulting
in a total of 175 datapoints: 35 genes * 5 RTT cases
investigated with the UniGEM V system = 175 differ-
ential gene expression ratios. The distribution of dif-
ferential gene expression ratios associated with this
subset of 35 genes was compared to the distribution of
all differential expression ratios (5 RTT cases * 7075
genes in the UniGEM V array = 35375 datapoints)
using standard x* analysis. The expression of genes
encoding vesicular proteins was found to be signifi-
cantly decreased relative to the expression of other
genes on the array (Fig. 3C). We believe that this
reflects a general decrease in the expression of genes
required for presynaptic neurotransmitter release as-
sociated with the decreased number of synapses pre-
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viously described in RTT brain (Jellinger et al., 1988;
Bauman et al., 1995a; Belichenko et al., 1997).

Differential Gene Expression: Glial Transcripts

Several genes encoding glia-specific proteins
showed increased expression in RTT brain, including
« B-crystallin, glial fibrillary acidic protein (GFAP),
glial exictatory amino acid transporter 1 (EAAT1), and
S100 A13 (Fig. 2A). The increased expression of both «
B-crystallin and GFAP was confirmed by multiple
array technologies, RT-PCR, and cDNA subtraction
(Figs. 2A, 4A, 4B, and 5A).

GFAP protein levels were also found to be dramat-
ically increased in RTT cases (Fig. 4C). In independent
biochemical studies of RTT brains, we observed a
prominent protein of 52 kDa stained with Coomassie
brilliant blue that remained in polyacrylamide gels
after electrophoretic transfer of RTT brain proteins to
membranes for immunoblotting (Fig. 4C, top panel).
We subjected the 52-kDa protein to tryptic digestion,
mass spectrometry using matrix assisted laser desorp-
tion/ionization time of flight (MALDI-TOF), reverse
phase high pressure liquid chromatography, and
automated microsequencing of tryptic fragments.
BLAST searches revealed that the obtained sequences
for the two major peptides (QQVHVELDVAKPDLTA-
ALK and TGYEAMASSNMHEAEEWY) shared 97%
sequence identity with human GFAP (GenBank Ac-
cession No. NP_002046). Immunoblotting confirmed
that this band was the heaviest migrating form of
GFAP (Fig. 4C, middle panel). The levels of this heavi-
est form of GFAP were highest in RTT cases in which
the highest mRNA levels were detected (R2 and R3).
Both immunoblotting and immunohistochemistry re-
vealed varying levels of GFAP protein expression in
the RTT cases (Fig. 4C, middle and bottom panels).
High levels of GFAP immunoreactivity were often
observed within the gray matter of RTT brain tissue
(Fig. 4C, bottom panel). Gray matter gliosis of this
nature is highly uncommon in control individuals.

Previously, overexpression of GFAP and gliosis
have been reported in some RTT cases (Jellinger and
Seitelberger, 1986; Jellinger et al., 1988; Oldfors et al.,
1988, 1990; Ahlsen et al., 1993; Bauman et al., 1995a;
Kaufmann et al., 1995; Deguchi et al., 2000). In addi-
tion, an increase in astrocyte-associated gangliosides
has been described in RTT cerebral cortex (Lekman et
al., 1991). Several other genes implicated in neurode-
generation and astroglial reactivity were also found to
have increased expression in RTT brain, including
HSP27(UniGene Identifier: Hs.76067, data not shown),
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apolipoprotein-E (Fig. 2A), and apolipoprotein-J (Uni-
Gene identifier: Hs.75106, data not shown).

Differential Gene Expression: Subtractive
Hybridization

To measure changes in gene expression in RTT
brains using an independent technique, we performed
cDNA subtraction. Pools of total RNA from RTT
brains R1-R6 and control brains C1-C6 were reverse
transcribed, differentially subtracted, and amplified
using the CLONTECH PCR-Select cDNA Subtraction
protocol. Five clones from each subtracted pool were
sequenced (Fig. 2, bottom panel). Among the clones
sequenced from the pool of cDNAs with increased
expression in RTT brain was the glial gene GFAP (Fig.
2A). Several neuronal transcripts were sequenced
from the pool of cDNAs with decreased expression in
RTT brain, including neuroserpin, NOEL, and
SNAP-25 (Fig. 2B). Both GFAP and SNAP-25 had been
previously identified as differentially expressed with
microarray analysis (Fig. 2 and 4B). The identification
of the non-human hepatitis C virus cDNA (Fig. 2A) is
thought to be the result of an undiagnosed hepatitis
infection in one of the six RTT subjects included in the
pool of cDNAs used for subtraction.

cDNA southern blotting was used to confirm the
differential presence of three transcripts already iden-
tified as differentially expressed in RTT brain: B-actin,
« B-crystallin, and GFAP (Fig. 2A). These three tran-
scripts were detected selectively in the pool of cDNAs
overexpressed in RTT (Fig. 5A), indicating that mi-
croarray and subtractive hybridization approaches
yielded consistent results. Finally, in order to further
cross-validate the microarray and subtractive hybrid-
ization approaches and to identify additional differ-
entially expressed cDNAs present in the subtracted
pools, the subtracted cDNA pools were used to gen-
erate radiolabeled probes for use with Research Ge-
netics Human GeneFilter arrays (Figs. 2, 5B, and 5C).
This resulted in the confirmation of differential ex-
pression of cDNAs we had identified through se-
quencing of clones in the subtracted pools: NOEL and
neuroserpin (down-regulated, Fig. 5B) and pB-actin
(up-regulated, Fig. 5C). Probing of microarrays with
the subtracted pools also revealed the differential ex-
pression of genes not previously identified (Fig. 2A
and 2B, bottom panels indicated with “a”). Two such
examples are pictured in Fig. 5B, showing the de-
creased expression of two genes encoding regulators
of chromatin d2 and al. Additional genes involved in
general chromatin structure regulation were found to
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be differentially expressed with microarray technolo-
gies, including supt5h and suptéh (up-regulated, Fig.
2A) and regulators of chromatin bl, c2 (decreased
expression; UniGene identifiers: Hs.159971 and
Hs.236030; data not shown), d3, and a3 (increased
expression; UniGene identifiers: Hs.77069 and
Hs.3068; data not shown). Several genes identified as
differentially expressed based on analysis of GeneFil-
ters probed with the subtracted cDNA pools (Fig. 5C)
were also observed to be abnormally expressed ac-
cording to independent MICROMAX microarray ex-
periments using individual brain RNA samples (B-
actin, neuron-specific enolase, cytosolic malate dehy-
drogenase, AF1lq; Fig. 5D and Fig. 2).

Differential expression findings with the microarray
technologies cross-validated well with the results ob-
tained from these three different methods of identify-
ing transcripts present in the subtracted cDNA pools
(Fig. 2). The subtractive hybridization findings again
confirm the pattern of increased glial reactivity and
impaired neuronal and presynaptic development in
RTT brain that had been concluded from the microar-
ray analysis. cDNA subtraction revealed the increased
expression of several glial-specific transcripts, includ-
ing GFAP, a B crystallin, and the glial EAATL, and the
decreased expression of many neuronal transcripts
including neuroserpin, NOEL, SNAP-25, and neuron-
specific enolase.

Molecular Classification of Rett Syndrome
Patients

We performed cluster analysis to determine which
postmortem brain cases resemble each other in overall
patterns of gene expression. The goal of this analysis
was to distinguish RTT samples from matched con-
trols based solely on profiles of gene expression in
brain. Several clustering algorithms were applied to
the Atlas Human Neurobiology dataset of 597 gene
expression values. Using the statistical software S-Plus
2000, we employed a divisive hierarchical clustering
algorithm to generate a clustering tree which accu-
rately segregated RTT from control samples based
solely on gene expression profiles in brain (Fig. 6A).
Several other algorithms also yielded virtually identi-
cal clustering trees or cluster assignments, including
the agglomerative clustering algorithm in Cluster
(Micheal Eisen, Stanford University), K-means cluster-
ing, fuzzy partitioning, and partitioning around me-
doids (S-PLUS). The PARTEK Pro 2000 analysis pack-
age was used to apply both minimum variance (data
not shown) and K-means clustering (Fig. 6B) to this
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FIG. 7. Principal components analysis (PCA) of gene expression
profiles within the RTT diagnostic group. PCA within the PARTEK
analysis package was applied the set of 7075 differential gene ex-
pression values generated with the UniGEM V microarray system.
Percentages associated with the PC axes indicate the percent of
variance accounted for by that PC axis.

same dataset and again distinguish RTT from control
samples. Subject R2 was identified as an outlier in
both the clustering trees (Figs. 6A and 6B) and cluster
assignments generated by the various algorithms
(data not shown). Prior to death, this patient experi-
enced cardiac arrest, remained unconscious with an
extreme fever, and was maintained on life-support for
the final 8 days of her life. An individual’s agonal state
can influence gene expression profoundly (Colantuoni
et al., 2000), and this may be reflected in the clustering
tree. When limited to 2 clusters, all these algorithms
assign R2 to its own cluster while all other subjects fall
into a second cluster. When limited to 3 clusters R2 is
again in its own cluster, and the remaining two clus-
ters divide RTT and control individuals accurately. In
general, the clustering algorithms found that three
clusters best minimized within-cluster variance while
maximizing between-cluster variance. In addition to
displaying the results of the K-means clustering,
which is depicted by the white cluster centers and
colored cluster members, Fig. 6B shows the results of
principal components analysis (PCA). The position of
each subject in space is defined by the principal com-
ponents derived from this analysis. This again makes
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clear that subject R2 is an outlier and that the other
RTT subjects cluster tightly together as do the control
subjects.

By pair-wise comparison of all subjects studied with
the CLONTECH Atlas Neurobiology array, we gener-
ated a matrix of Pearson correlation coefficients (Fig.
6C). The mean correlation for all expression profiles
was slightly greater than 0.9, however, mean correla-
tion coefficients within and between the various clus-
ters varied widely. Between cluster comparisons
yielded a mean correlation coefficient of 0.935, while
both within cluster coefficients were greater than
0.950. This indicates that the two clusters show a high
degree of internal similarity. Additionally, correlation
within the control cluster was greater than that within
the RTT cluster, demonstrating that there is less vari-
ance within the control cluster. Each of the seven
lowest correlation coefficients belonged to subject R2,
again confirming this case as an outlier.

Each individual brain sample (R1-R4 and C1-C4)
was hybridized to a single CLONTECH Atlas Human
Neurobiology Array, facilitating the comparison of
expression profiles across both RTT and Control
groups (Fig. 6). A different experimental design was
used in the UniGEM V microarray analysis. In five
distinct simultaneous two-color hybridization experi-
ments, MRNA from each of the five individual RTT
brain samples (R2-R6) was compared to a single con-
trol mMRNA pool (pooled cases C1-C6). As each of the
RTT cases was compared to the identical control pool,
this design is ideal for the examination of variance
across gene expression profiles within the RTT diag-
nostic group. Figure 7 depicts principal components
analysis of the 5 RTT gene expression profiles gener-
ated with the UniGEM v microarrays. Subject R2 is
again a clear outlier in the group, lying distant from
the other four cases along the principal component
(PC) axis, which accounts for the greatest proportion
of variance in these gene expression profiles (PC No. 1
accounts for 45% of the variance in these datasets).
Cases R3 and R5 lie closer to one another than any
other of the RTT cases, demonstrating that their gene
expression profiles share more similarity than do any
of the other cases. Cases R3 and R5 were found to
harbor identical MECP2 mutations (880 C > T, Figs.
1A and 1B). This correlation of genotype with gene
expression profile demonstrates that high throughput
expression analysis in complex tissues may be useful
not only in the diagnosis of human disease, but also in
the subcategorization of individual patients within a
single diagnostic group.
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DISCUSSION

Specific Changes in Gene Expression

In the present study we measured the expression of
thousands of genes in postmortem human brain of
patients with a clinical diagnosis of RTT. These pa-
tients harbored a number of different mutations in the
MECP2 gene, as well as different patterns of X chro-
mosome inactivation. We have demonstrated that
high quality RNA from postmortem brain tissue can
be reliably extracted and assayed. The use of multiple
cDNA microarray technologies, subtractive hybridiza-
tion, RT-PCR, and protein biochemistry, allowed the
cross-validation of biological samples as well as ex-
perimental methods.

The observed reductions in the mRNA expression
and protein levels of many presynaptic markers are
most likely directly linked to the reduced number of
identifiable synapses in RTT brain. This is consistent
with previous neuropathological studies detailing a
reduction in neuronal cell volumes, dramatically de-
creased dendritic arborization, and a reduced number
of identifiable synapses and dendritic spines in RTT
brain (Jellinger et al., 1988; Belichenko et al., 1994;
Bauman et al., 1995a,b; Belichenko et al., 1997; Kauf-
mann et al., 1997). Also consistent with this disruption
of synapse development is the magnetic resonance
spectroscopic finding of reduced regional concentra-
tions of N-acetyl aspartate (NAA) in white and gray
matter of frontal and parietal cortices in RTT patients
(Horska et al., 2000). The extensive reductions in the
expression of presynaptic markers observed here sug-
gest that the disruption of neuronal development in
RTT may be primarily presynaptic. Further evidence
for the specificity of a presynaptic deficit in RTT is the
increased or unchanged expression of several postsyn-
aptic neuroreceptors discussed in the RESULTS above.

Increases in both « B-crystallin (Lowe et al., 1992b,
1992a, 1993) and GFAP (Norton et al., 1992; Laping et
al., 1994, Wu and Schwartz, 1998) expression have
been identified in numerous CNS disease and injury
paradigms other than RTT. « B-crystallin overexpres-
sion has been found in a wide range of neurological
disease involving neuronal degeneration, including
Alzheimer (Renkawek et al., 1994), Parkinson (Ren-
kawek et al., 1999; Jellinger, 2000), and Huntington
(Jackson et al., 1995) diseases. It has been identified as
a component of glial Rosenthal fibers (lwaki et al.,
1989) that are present in the brains of individuals with
Alexander’s disease and other disorders involving
chronic gliosis. Overexpression of GFAP in transgenic
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mouse models causes the formation of Rosenthal fi-
bers in astrocytes (Eng et al., 1998; Messing et al., 1998).
Several genes found to be up-regulated in RTT brain,
including GFAP, « B-crystallin, HSP27, and ubiquitin
have all been detected in Rosenthal fibers (Goldman
and Corbin, 1991; Tomokane et al., 1991; Head et al.,
1993; Iwaki et al., 1993). Several other genes found to
have increased expression in RTT brain have been
implicated in neurodegeneration and astroglial reac-
tivity, including HSP27 (lwaki et al., 1993), apolipopro-
tein-E (Corder et al., 1993; Tomimoto et al., 1997), and
apolipoprotein-J (Matsubara et al., 1995; Oda et al.,
1995; Boggs et al., 1996; Choi-Miura and Oda, 1996;
Matsubara et al., 1996). Given the lack of specificity of
GFAP and « B-crystallin overexpression, the abnormal
expression of this group of genes most likely repre-
sents part of a transcriptional program underlying a
common cellular pathology that is involved in, but not
specific to, RTT neuropathology.

Although a number of the gene expression changes
observed in RTT brain are most likely common to
many neuropathological conditions, additional data
acquired from autistic brain samples indicates that
many expression changes may be specific to RTT. We
compared gene expression patterns in autistic brain
samples to that in matched control samples using the
CLONTECH Atlas Neurobiology Arrays (Purcell et al.,
in press). We used a region of the brain which is
highly affected in RTT for expression analysis in RTT.
Similarly, we selected a brain structure which has
been previously implicated in the pathology of autism
for the study of gene expression in this disorder. Cer-
ebellar tissue samples were acquired from six autistic
brain samples as well as six matched controls. Hence,
both the RTT and autism studies sought to identify
genes differentially expressed in regions of the brain
affected in the respective disorders. Only one of the
>150 genes included in Fig. 2 (i.e., genes differentially
expressed in RTT brain) were found to be differen-
tially expressed in the autistic brain samples:
Hs.75379, the glial glutamate transporter EEATL.
From a global perspective, expression changes in the
brains of individuals diagnosed with autism, a disor-
der sharing several clinical features of RTT, do not
resemble gene expression changes observed in the
brains of individuals with RTT.

In summary, individual changes in gene expression
indicated a clear disruption of presynaptic develop-
ment and increased astroglial reactivity in RTT brain.
The changes in the expression of neuronal- and glial-
specific genes constitute a proof-of-principle experi-
ment, demonstrating the feasibility of high through-
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put gene expression analysis in human postmortem
brain tissue by paralleling previous neuropathological
studies. The gene expression changes we have charac-
terized here are a molecular portrait of the transcrip-
tional programs underlying neuropathology that has
been observed for years.

Molecular Classification of Patients

The ability to distinguish RTT from control cases
using only brain gene expression profiles is a signifi-
cant advance. Accurate molecular classification of dis-
eased biological samples employing gene expression
profiling, although previously achieved in cancers
(DeRisi et al., 1996; Khan et al., 1998; Alizadeh et al.,
1999; Golub et al., 1999; Khan et al., 1999; Perou et al.,
1999; Wang et al., 1999; Bittner et al., 2000; Elek et al.,
2000; Perou et al., 2000; Ross et al., 2000; Xu et al., 2000)
has not been successful in complex human tissues
such as brain. The successful classification of RTT
patients here demonstrates that disease-specific pat-
terns of gene expression can be identified in complex
tissue sources and may be used for the diagnosis of
human diseases. While routine molecular diagnosis of
individuals via gene expression profiling in brain is
unrealistic, the ability to segregate disease samples
from controls will be useful in future applications to
other disorders if a similar process can be applied to
peripheral tissues such as muscle, skin, or blood. If the
acquisition of CNS tissue is required, the collection
olfactory receptor neurons via nasal biopsy may be a
possibility.

The finding that gene expression profiles in brain
can be used to meaningfully segregate individuals
within the RTT diagnostic group with respect to
MECP2 genotype demonstrates that in addition to
being useful in the diagnosis of human disease, such
transcriptional analysis is likely to become useful in
the sub-categorization of patients within a single di-
agnostic group. This information could be imple-
mented in the development and application of more
effective, individualized therapeutic strategies.

Issues in the Study of Rett Syndrome

The majority of clinically diagnosed RTT cases are
caused by mutations in MECP2. A critical issue is to
define specific genes that are differentially expressed
in this disease as a direct consequence of the expres-
sion of a mutant MECP2 gene. It is also particularly
important that this analysis be done in the brain be-
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cause, although MeCP2 mRNA is expressed through-
out the body, the RTT phenotype is primarily neuro-
logical. A number of key genes may be over expressed
in brain at critical times during RTT brain develop-
ment, causing a complex cascade of abnormal gene
expression and neuropathological events. Gene ex-
pression profiling in postmortem RTT brain samples
allows the analysis of gene expression at a time which
is usually long after this initial insult. Hence, many of
the observed changes in gene expression may be re-
flective of gross cellular and histological differences - a
molecular characterization of RTT neuropathology
rather than etiology.

For many brain diseases, including RTT, the pri-
mary genetic defect is known but the secondary con-
sequences of that defect are poorly understood. Al-
though key in beginning to understand disease pro-
cesses, knowledge of the primary genetic defect alone
often does not give insight into the mechanism of
neuropathology, nor does it suggest obvious thera-
peutic strategies. Our results suggest that cDNA mi-
croarrays and other high throughput gene expression
analyses (Colantuoni et al., 2000), are useful in the
identification of differentially expressed genes that are
abnormally regulated as a consequence of a primary
genetic defect. These regulated genes may be reflective
of pathological mechanisms, and may reveal cellular
pathways that have been perturbed in a disease state.
Thus, cDNA microarray approaches will be useful in
the investigation of the molecular pathology of human
disease and the eventual identification of diagnostic
and therapeutic targets. For many other brain disor-
ders, such as autism and neuropsychiatric disorders,
no primary genetic defects have been identified. Ex-
pression profiling techniques may be useful in the
study of these disorders in order to identify biological
substrates of neuropathogenesis independent of the
discovery of primary genetic defects.

Conclusion

Microarrays and other methods of high-throughput
gene expression analysis are changing the focus of
research from findings relevant to the function of sin-
gle genes, to findings encompassing thousands of
genes and the complex interplay of intra- and inter-
cellular transcriptional programs. The challenge now
is to begin to bridge the gaps between genotype, gene
expression changes, functional cell biology, and clini-
cal phenotype.
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