
Abstract Rett syndrome (RTT) is an X-linked domi-
nant neurodevelopmental disorder caused by mutations in
MECP2, encoding methyl-CpG-binding protein 2 (MeCP2).
As female somatic cells are mosaic for expression of mu-
tant MECP2, we performed single cell cloning of T lym-
phocytes from four RTT patients with MECP2 mutations
to isolate cells expressing mutant MECP2. Mutant-ex-
pressing clones were present at a significantly lower fre-
quency (P<0.0001) than wild-type clones. These results
demonstrate that although MECP2 is not essential for
lymphocyte growth, expression of the MECP2 mutation
causes a growth disadvantage in cultured clonal T cells by
reducing the response to mitogenic stimulation. Mutant
MECP2 was expressed at normal transcript and protein
levels, and exhibited no significant effect on acetylated hi-
stones or methyl-binding protein 3 (MBD3) levels. Since
MeCP2 was predicted to silence transcription of methyl-
ated genes, we hypothesized that MeCP2 may be required
for silencing imprinted or methylated gene expression.
The allelic expression of three different imprinted genes
(SNRPN, IPW and IGF2) was examined by RT-PCR and
RFLP analysis, and demonstrated normal monoallelic ex-
pression of all RTT clones. We also examined the expres-
sion of five imprinted genes (SNRPN, IPW, NECDIN, H19
and IGF2) in RTT brain samples and observed exclusive
monoallelic expression. Expression levels were also nor-
mal in MECP2 mutant-expressing T cells for IFNG, a non-
imprinted, but methylated gene differentially expressed in
T cells, and LINE-1 retrotransposons hypothesized to be

silenced by MeCP2. The histone deacetylase inhibitor
Trichostatin A did not alter SNRPN expression, but did
reverse silencing of IFNG in a MECP2-mutant-expressing
clone. In conclusion, our results do not support an essen-
tial role for either MeCP2 or HDAC in the silencing of
several imprinted genes.

Introduction

Rett syndrome (RTT) is an X-linked dominant neurode-
velopmental disorder caused by mutations in MECP2
(Amir et al. 1999), encoding methyl-CpG-binding protein
2 (MeCP2) (D’Esposito et al. 1996; Lewis et al. 1992;
Meehan et al. 1992). Clinical features do not develop un-
til 6–18 months of age and include deceleration of head
growth, loss of purposeful hand movements, ataxia, loss
of vocalization skills, autistic features, seizures, and respi-
ratory dysfunction (Armstrong 1997; Ellaway and Christo-
doulou 1999). MeCP2 is predicted to be a transcriptional
repressor for methylated genes, as it associates with both
Sin3A transcriptional repressor and histone deacetylase
(HDAC) and represses the transcription of methylated
genes in vitro (Jones et al. 1998; Kaludov and Wolffe
2000; Nan et al. 1997; Yu et al. 2000, 2001). The role for
MeCP2 in repression of endogenous methylated genes has
not been currently tested.

Parental imprinting results in allele-specific differences
in gene transcription, methylation, and replication timing
between parental homologues. The absence of biparental
contributions to human chromosomal regions 15q11–13
and 11p15 result in Prader-Willi/Angelman syndromes and
Beckwith-Weidemann syndrome, respectively (Lalande
1996). Allele-specific methylation is an essential regula-
tor of imprinted gene expression (Li et al. 1993), even
though methylation patterns acquired in the gametes are
not always maintained in somatic cells (Razin and Cedar
1994). In addition to regulation of imprinted gene expres-
sion, tissue-specific methylation patterns have been impli-
cated in the silencing of specific genes during develop-
ment and tissue differentiation (Tate and Bird 1993).
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In order to directly test the role of MeCP2 and HDAC
in the silencing of parentally imprinted and tissue-specific
genes, we isolated T-cell clones from RTT blood. Due to
X-inactivation in females, clonally derived cells exclu-
sively express either the mutant (mt) or wild-type (wt) al-
lele of MECP2 (Amir et al. 2000). Although MECP2 mt-
expressing cells were represented in all cloning experi-
ments, the frequency of mt-expressing cells was signifi-
cantly lower than expected, suggesting that MeCP2 is im-
portant, but not essential, for cell growth. We examined the
allele-specific expression patterns of three imprinted genes
expressed in lymphocytes and found a strict maintenance
of imprinted expression in MECP2 mt- and wt-expressing
clones. In addition, to determine if MeCP2 may regulate
imprinted gene expression exclusively in brain, we tested
four RTT brain samples for allelic expression of five im-
printed genes and found complete maintenance of im-
printed expression. These results demonstrate that MeCP2
is not essential for silencing of imprinted gene expression.

Materials and methods

RTT blood and brain samples

Samples of 3–5 ml of peripheral blood were drawn from nine dif-
ferent RTT patients with known MECP2 mutations at Baylor Col-
lege of Medicine. Peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll-Hypaque (Pharmacia) and split into three
aliquots for DNA isolation, mixed PHA culture for RNA isolation,
and freezing in liquid nitrogen for later cloning. Frozen RTT brain
samples and normal controls were obtained from the Harvard
Brain Tissue Resource Center. DNA was isolated by Puregene kit
(Gentra) for all blood and brain samples and screened for het-
erozygosity at SNRPN and IPW by PCR and RFLP analysis as de-
scribed previously. Four patients were selected for T-cell cloning,
based on heterozygosity at SNRPN. Normal control T-cell clones
have been described previously (Balmer and LaSalle 2001).

T-lymphocyte single-cell cloning

Isolation of T-lymphocyte clones has been described previously
(Balmer and LaSalle 2001; LaSalle et al. 1998). Briefly, PBMCs
from selected RTT patients were thawed from liquid nitrogen and
plated at limiting dilution in 96-well plates in the presence of irra-
diated allogeneic PBMCs in RPMI media containing 20% pooled
human sera (Sigma), 2 µg/ml PHA.P (Murex diagnostics) and 5%
Human T-stim (Collaborative Research). Nine to ten days follow-
ing original culture, wells showing clonal positive growth were
restimulated and cultured for an additional 7–14 days. All clones
containing at least 2×105 cells were harvested for DNA and RNA
isolation. Several clones were restimulated to obtain greater than
106 cells for Western blot analysis or treated with 10 ng/ml Tricho-
statin A (TSA, Sigma) for 24 h prior to DNA and RNA isolation.

RNA isolation and RT-PCR

Total RNA was isolated from bulk cells, T-cell clones, and frozen
brain samples using Trizol reagent (Gibco Life Technologies).
RNA was treated with 1 U of RNase-free DNase I (Ambion). For
samples containing less than 106 cells, the Ambion total RNA iso-
lation kit was used. Reverse transcription was performed with the
Superscript pre-amplification system (Gibco Life Technologies)
according to manufacturer’s instructions. Samples were treated

with 2 U of RNase H at 37°C for 20 min. One tenth of the reaction
was used in the subsequent PCR amplification. Standard PCR re-
actions were performed using 30 cycles and the following primers
and annealing temperatures, as well as subsequent digestion with
the following restriction enzymes: MECP2 for RT208 Pr 41 (5′-T-
GGTGAAGCCCCTGCTGGT-3′) and Pr 42 (5′-CTCCCTCCCC-
TCGGTGTTTG-3′) at 62°C, 413-bp product digested with HinfI;
MECP2 for RT211 and RT109 Pr 54 (5′-TCCATCATCCGTG-
ACCG-3′) and Pr 55 (5′-AGGTGGTTTCTGCTCTCG-3′) at 57°C,
264-bp product digested with NlaIII; MECP2 RT213 Pr 45 (5′-C-
TAAAGTGGAGTTGATTGCGTACT-3′) and Pr 46 (5′-GGCCT-
CAGCTTTTCGC-3′), at 58°C, 373-bp product digested with HphI.
Allelic expression of SNRPN and IPW were performed as described
previously (Balmer and LaSalle 2001). Allelic expression of addi-
tional imprinted genes was performed with the following condi-
tions: NECDIN with Pr 79 (5′-GCCCGAATACGAGTTCTTTT-3′)
and Pr 80 (5′-CACACATCATCAGTCCCATA-3′) at 55°C anneal-
ing, and digested with MboI (MacDonald and Wevrick 1997); H19
with Pr 35 (5′-GGAGTTGTGGAGACGGCCTTGAGT-3′) and 
Pr 36 (5′-CCAGTCACCCGGCCCAGATGGAG-3′) at 68°C an-
nealing, and digested with RsaI (Wang et al. 1996); IGF2 with Pr 59
(5′-TTGAGGAGTGCTGTTTCCGC-3′) and Pr 60 (5′-GGTCGT-
GCCAATTACATTTCA-3′) at 56°C for DNA and primary PCR,
Pr 61 (5′-TCCTGGAGACGTACTGTGCTA-3′) and Pr 62 (5′-GG-
GTTGTTGCTATTTTCGGAT-3′) at 57°C for secondary PCR, then
digested with AvaII (Morison et al. 2000); IFNG with Pr IGRT1
(5′-GCAGGTCATTCAGATGTAGCG-3′) and Pr IGRT2 (5′-GC-
ATCTGACTCCTTTTTCGC-3′) at 58°C. Digested PCR products
were separated by PAGE Gel with appropriate concentration (6–
16%). LINE-1 primers ORF1f (5′-GGAGCTGATGGAGCTGAA-
ACC-3′) and ORF1r (5′-GGGCTTTCCTTTGAGGGTAACC-3′);
ORF2f (5′-TGGAAACTGGGGATCGGTGG-3′) and ORF2r 
(5′-TGTATTTCTGTGGGATCGGTGG-3′); and GAPDH (Fulmer-
Smentek and Francke 2001) were used to amplify RNA samples
for 25 cycles at 60°C annealing. Negative controls without RT for
each PCR reaction were performed and showed no expression (data
not shown). DNA was visualized by SYBR Gold staining (Molec-
ular Probes) and analyzed on an imaging system with the GelEx-
pert Software (Nucleotech).

Western blots

Total protein was isolated using 2×106 cultured cells for each T-cell
clone. The whole cell lysates were dissolved in sample application
buffer: 200 µl of 0.5 M Tris-HCl (pH 6.8), 1.9 g ultra pure urea
and 10% SDS (Fisher Scientific, Tustin, Calif.). Samples of 50–
100 µg protein were separated in 4–15% SDS-PAGE, electroblot-
ted onto an 0.2 µm nitrocellulose membrane (Bio-Rad, Hercules,
Calif.), and blocked overnight at 4 °C in blocking buffer consisting
of 5% non-fat dried milk in 0.1% (v/v) Tween 20 (Sigma), 25 mM
Tris-HCl (pH 8), 125 mM NaCl and 0.05% sodium azide. The pri-
mary antibodies were obtained commercially [anti-MeCP2 C-ter-
minal, anti-acetylated histones H3 and H4, multiple lysine sites
(Upstate Biotechnology, Lake Placid, N.Y.); anti-MeCP2 N-termi-
nal (Affinity Bioreagents, Golden, Colo.); MBD3 (Imgenex, San
Diego, Calif.)], diluted at manufacturer’s recommended concentra-
tions in blocking buffer, and incubated for 1 h at room tempera-
ture. The secondary antibodies [sheep anti-mouse or donkey anti-
rabbit Ig conjugated with HRP (Amersham Pharmacia Biotech,
Piscataway, N.J.)] were diluted 1:3000 in the blocking buffer lack-
ing sodium azide and applied to the membrane for 1 h at room
temperature. The membranes were developed using the ECL + Plus
chemiluminescent detection system (Amersham Pharmacia Biotech).
To visualize antibody binding, the membranes were scanned with
FluorImager/Storm (Molecular Dynamics, Mountain View, Calif.),
band intensities were determined by area integration. The data rep-
resent typical results obtained in a series of at least three indepen-
dent experiments were analyzed using the ImageQuant software
(Molecular Dynamics).
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Results

Mutation detection and frequency analysis of RTT clones

RTT primarily affects females who are mosaic for expres-
sion of the mt allele of MECP2 due to X inactivation. In
order to isolate exclusively MECP2 mt-expressing cell lines
and determine if MECP2 was essential for cell growth, we
performed single-cell T-lymphocyte cloning on peripheral
blood from RTT patients. Four patients with known
MECP2 mutations were selected for cloning because of
heterozygosity for a polymorphism in SNRPN. Following
two rounds of mitogenic stimulation, all clonal cultures
greater than 2×105 cells were harvested for RNA isola-
tion. RT-PCR was performed, followed by RFLP analysis,
to determine the MECP2 expression phenotype of each 
T-cell clone. Figure 1 shows the analysis of a bulk culture
of T lymphocytes (bulk), a representative wt-expressing
clone, and all mt-expressing clones obtained from the four

RTT patients with different MECP2 mutations. For each
patient, the bulk lane shows expected sizes for both wt
(closed arrows) and mt alleles (open arrows). The T-lym-
phocyte clones expressed only one allele, as expected,
since X inactivation is maintained in the blood of RTT pa-
tients (Zoghbi et al. 1990). In addition, both missense and
nonsense MECP2 mt-expressing T-cell clones exhibited
normal levels of mt transcript, demonstrating the absence
of nonsense-mediated mRNA decay.

The total number of T-lymphocyte clones and the num-
ber of MECP2 mt-expressing clones isolated from each
patient are shown in Table 1. For all patients, MECP2 mt-
expressing clones represented less than half of the total
clones, which would be expected based on random X in-
activation. To determine the actual frequency of MECP2
mt allele in the peripheral blood of each patient, we cal-
culated the percentage of the mt allele in the total RT-PCR
product of the T-lymphocyte bulk culture to provide the
expected frequency of mt-expressing clones for each pa-
tient. In each case, the observed frequency of MECP2 mt-
expressing clones was less than the expected frequency,
and this result was highly significant (P<0.0001).

Analysis of MeCP2 protein expression and 
histone acetylation levels in RTT clones

Western blot analysis was performed with two antibodies,
differentially recognizing either N-terminal or C-terminal
epitopes of MeCP2 to determine if mutant MECP2 tran-
scripts were translated. Figure 2 demonstrates the analysis
of three different MECP2 mt- expressing and patient
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Fig.1 Analysis of MECP2 mt- and wt-expressing T-lymphocyte
clones by RT-PCR. Blood samples from four RTT patients with dif-
ferent MECP2 mutations, as indicated, were used for T-cell cloning
and frequency analysis. Total RNA isolated from each T-cell clone
was analyzed for MECP2 allelic expression by RT-PCR with
primers that span each mutation and restriction enzyme digestion
to differentiate mt and wt alleles (as described in Materials and
methods). The first lane (bulk) of each patient shows expression of
both mt (open arrow) and wt (closed arrow) alleles of MECP2. In
contrast, T-cell clones exclusively express either the wt or mt allele.
For each patient, RT-PCR analysis of one representative wt-express-
ing clone and all mt-expressing clones are shown. Numbers be-
neath wt and mt represent T-cell clone identifiers

Table 1 Frequency analysis of MECP2 mutant and wild-type expressing T-cell clones from RTT peripheral blood

RTT patient RT109 RT211 RT213 RT208 Total
MECP2 mutation R106 W T158 M R168X 1308delTC

Total clones 17 31 12 14 74
MECP2 mt-expressing clones 2 3 4 3 12
Observed frequencya,c 0.12 0.10 0.33 0.21 0.17
Expected frequencyb,c 0.30 0.20 0.60 0.44 0.39

aNumber of mt-expressing clones/total number of clones
bIntensity of mt allele/sum total intensity of mt and wt bands from RT-PCR RFLP analysis of bulk lymphocyte culture (PHA lanes in Fig.1)
cP<0.0001 by chi-square analysis



matched wt-expressing T-cell clones and two normal subject
T-cell clones previously described (Balmer and LaSalle
2001). Using the N-terminal reactive antibody, all T-cell
clones showed equal levels of MeCP2 expression when
compared with a β-actin control. In contrast, a T-cell clone
expressing the MECP2 1308delTC mutation showed the
complete absence of the C-terminal epitope, as expected
for exclusive expression of the mutant protein in this clone.
Two MECP2 missense mutation expressing clones exhib-
ited normal levels of C-terminal MeCP2.

As a previous description of RTT lymphoblast clones
demonstrated an increase in the levels of acetylated his-
tone H4, but not H3, in MECP2 mt-expressing clones
compared with wt (Wan et al. 2001), we also investigated
the global levels of acetylated histones in the same panel
of RTT T-cell clones (Fig.2). All T-cell clones exhibited
equal levels of acetylation at both histone H3 and H4.
Analysis of histone H4 was repeated with different pro-
tein concentrations and different membranes with identi-
cal results. Altered histone acetylation is, therefore, an un-
likely explanation for the growth defects observed in
MECP2-mt expressing lymphocytes from RTT blood.

Since MeCP2 is one member of a family of proteins
with MBD motifs (Hendrich et al. 1999), we hypothesized
that the in vitro growth of MECP2 mt-expressing lympho-
cytes could be selecting for over-expression of homologous
proteins. Of the five known MBD proteins, only MBD3
and MeCP2 are expressed in human lymphocytes (Lor-
incz et al. 2001). As shown in Fig.2, however, no signifi-
cant differences were observed in the level of MBD3 in
three different MECP2 mt-expressing T clones.

Analysis of imprinted and methylated gene expression 
in RTT clones

MeCP2 has been hypothesized to be a transcriptional re-
pressor for methylated genes, including imprinted and tis-
sue-specific genes. Each clone was, therefore, analyzed for
allelic expression of parentally imprinted genes by RT-PCR
and RFLP. The results in Fig.3 show a control PCR from
genomic DNA (gDNA) showing heterozygosity for poly-
morphisms in SNRPN, IPW, and IGF2. The remaining
lanes show the RT-PCR results from one representative
wt-expressing and all mt-expressing clones from each pa-
tient. In every case, imprinted genes were exclusively
monoallelically expressed independent of MECP2 pheno-
type.

To determine if another non-imprinted, but differen-
tially silenced gene was affected by MECP2 mutation, we
tested the expression of IFNG by RT-PCR. IFNG encodes
interferon-gamma, a cytokine specific to the immune sys-
tem, whose expression is tightly regulated by methylation
and is differentially expressed in T-lymphocyte clones
(Fitzpatrick et al. 1998; Penix et al. 1996; Young et al.
1994). Since methylation of IFNG is associated with gene
silencing, mutations in MECP2 were hypothesized to in-
hibit the silencing of IFNG in T lymphocytes. Table 2
shows the results from the screen for IFNG in all RTT 
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Fig.2 Western blot analysis of MeCP2, MBD3, and acetylated hi-
stones. Two T-cell clones from a normal subject (NS3) and repre-
sentative MECP2 wt- and mt-expressing T clones were restimulated
and expanded for Western blot analysis. Blots were probed with
antibodies listed on the left side of each panel. Values below each
lane represent the ratio of band intensity to actin control for each
sample. Values below the actin control represent the ratio of band
intensity to the first lane (NS3.3). The only significant difference
observed in the level of protein expression between wt- and mt-ex-
pressing cells was the complete lack of reactivity with the C-termi-
nal reactive anti-MeCP2 antibody in the mt-expressing clone from
RT108 containing a C-terminal frameshift mutation (1308delTC).
A normal level of MeCP2 was observed with the N-terminal anti-
MeCP2 antibody for this and other mt-expressing clones, demon-
strating that the mutant protein is expressed. No significant differ-
ences were observed between mt- and wt-expressing clones in lev-
els of MBD3 or acetylated histones



T-cell clones. No significant difference was observed between
the frequencies of IFNG non-expressing T-cell clones be-
tween MECP2 mt- and wt-expressing populations, suggest-
ing that MECP2 mutations do not affect methylation-de-
pendent silencing of this tissue-specific, differentially ex-
pressed gene.

As MeCP2 has been recently demonstrated to repress
the expression of exogenously methylated LINE-1 (L1)
promoter-driven reporter constructs (Yu et al. 2001), we
further tested the effect of MECP2 mutation on the re-
pression of endogenous L1 transcription. Figure 4 demon-
strates the RT-PCR results performed with primers de-
signed to conserved sequences within the ORF1 and ORF2
domains of the active L1 retrotransposable elements (Sas-
saman et al. 1997). Amplification of these abundant tran-
scripts was performed in the linear range to determine the
relative level of expression between MECP2 mt- and wt-
expressing T-cell clones. Although subtle variations in the
level of expression of L1 elements was observed between
different T-cell clones, no significant difference was ob-

served between MECP2 mt- and wt-expressing T-cell
clones. The lack of increased expression of L1 retrotrans-
posons in MECP2 mt-expressing cells demonstrates that
MeCP2 is not essential for the endogenous silencing of
these genes.

Analysis of imprinted genes in RTT brains

As MeCP2 shows significantly higher expression in CNS
compared with non-CNS tissues (LaSalle et al. 2001), we
hypothesized that MeCP2 may have a role in regulating
imprinted gene expression exclusively in brain. We, there-
fore, isolated and tested DNA and RNA from four RTT
and four female control cerebellum samples to determine
allelic expression patterns of five imprinted genes ex-
pressed in brain. In Table 3, the phenotyping results from
genomic DNA identified at least one individual heterozy-
gous for each imprinted gene. Heterozygous individuals
were tested for allelic expression by RT-PCR and the re-
sults are shown as the allele expressed. All brain samples
showed exclusive monoallelic expression for all five im-
printed genes. Two of the RTT brains have the R168X mu-
tation in MECP2, while no mutation was detected in the
other two RTT samples by direct sequencing. Both brain
samples with R168X mutations have 20–60% MECP2 mt-
expressing cells previously determined by both RT-PCR
and laser scanning cytometric analyses (LaSalle et al. 2001).
Therefore, the MECP2 mt-expressing cells are represented
in a significantly high enough frequency to be detected in
the RNA samples derived from non-clonal tissue. These
results confirm that MECP2 mutation does not affect im-
printed gene expression in blood or brain.
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Fig.3 Analysis of allelic expression of imprinted genes in RTT 
T-cell clones. Total RNA isolated from each T-cell clone was ana-
lyzed for allelic expression of SNRPN, IPW, and IGF2 by RT-PCR
with primers that span each polymorphism and restriction enzyme
digestion to differentiate maternal and paternal alleles (as described
in Materials and methods). Only patients that were heterozygous
for polymorphisms at these loci were analyzed. For each gene, the
first lane demonstrates heterozygosity for the polymorphism by
analysis of the genomic DNA (gDNA). For each patient, RT-PCR
analysis of one representative wt-expressing clone and all mt-ex-
pressing clones are shown. All wt-expressing T-cell clones show
exclusive monoallelic expression, demonstrating that MECP2 is
not essential for silencing these imprinted genes

Table 2 IFNG expression in
MECP2 mt- and wt-expressing
T-cell clones

RTT patient RT109 RT211 RT213 RT208 Total
MECP2 mutation R106 W T158 M R168X 1308delTC

MECP2 phenotype wt mt wt mt wt mt wt mt wt mt

Total clones 15 2 28 3 8 4 11 13 62 12
IFNG-expressing 11 2 19 2 6 4 2 0 38 8
IFNG-non-expressing 4 0 9 1 2 0 9 3 24 4
IFNG-non-expressing frequency 0.3 0 0.3 0.3 0.3 0 0.8 1.0 0.4 0.3



The effect of histone deactylase inhibitor, 
Trichostatin A, on the expression of SNRPN and 
IFNG in MECP2 mt- and wt-expressing T-cell clones

To determine if two hits to the MeCP2/Sin3A/HDAC
complex would reverse silencing of methylated genes,
MECP2 mt-expressing cells were treated with the histone
deactylase inhibitor, Trichostatin A (TSA). Following a
24 h treatment with 10 ng/ml TSA or control (DMSO),
RNA was isolated and tested for allelic expression of
SNRPN and expression of IFNG. Figure 5 demonstrates
that TSA treatment failed to reverse the silencing of the
maternal allele (upper band from gDNA) in MECP2 wt-
or mt-expressing T-cell clones. In contrast, the same cells
showed gain of expression of IFNG in both normal (NS3.3)
and MECP2 mt-expressing (RT208.18) T-cell clones that
were previously IFNG-negative. An increase in IFNG ex-
pression was also observed in an IFNG-positive and MECP2
wt-expressing clone (RT208.38). These results demonstrate

that TSA selectively reversed silencing of a methylated
non-imprinted gene, but not the methylated allele of an
imprinted gene, in a manner independent of MECP2 ex-
pression phenotype.

Discussion

Although mutations in MECP2 can explain the molecular
basis of RTT in the majority of patients, the role of MeCP2
in the pathogenesis of this paradoxical developmental dis-
order is still unclear. We have, therefore, isolated clonal 
T-cell populations from RTT blood in order to directly
compare MECP2 mt- to wt-expressing cells from the same
patient. Although MECP2 mt-expressing clonal lym-
phoblast cell lines from one RTT female have been previ-
ously isolated and described (Wan et al. 2001), our study
is the first to perform a frequency analysis on the growth
of MECP2 mt versus wt-expressing cells in vitro. We
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Fig.4 RT-PCR analysis of
LINE-1 transcription in RTT
T-cell clones. RNA isolated
from each T-cell clone was an-
alyzed for relative level of ex-
pression of LINE-1 retrotrans-
positional elements with
primers that recognized con-
served sequences in the ORF1
and ORF2 regions of LINE-1
family members. Values below
each lane represent the ratio of
band intensity to GAPDH con-
trol for each sample. Although
subtle variations were observed
in the level of expression be-
tween different T-cell clones,
no significant difference in
LINE-1 expression level was
observed between MECP2
mt-expressing (left panel) and
wt-expressing (right panel)

Table 3 Monoallelic expression of imprinted genes in RTT brains

Brain samples MECP2 Genomic DNA analysis RT-PCR analysis

SNRPN IPW NEC IGF2 H19 SNRPN IPW NEC IGF2 H19

B4163 Control wt C/C C/T C/C C/C C/T – – – – T
B4174 Control wt C/T C/T C/C C/C T/T T T – – –
B4725 Control wt C/C C/T C/C T/T T/T – – – – –
B4266 Control wt C/T C/T C/C C/T T/T – – – T –
B3381 RTT ND T/T T/T C/C C/T C/T – – – T T
B4321 RTT ND C/C C/T C/C T/T C/T – C – – T
B3393 RTT R168X C/T C/C C/T C/T C/T T – C T C
B4312 RTT R168X T/T C/T C/C C/T T/T – T – C –



demonstrate a significantly lower frequency of MECP2
mt versus wt-expressing clones from RTT patients with
four different MECP2 mutations. As PHA stimulation non-
specifically crosslinks T-cell receptors, all T cells should
be capable of a response, but the single-cell cloning ap-
proach only isolates T-cell clones that have grown in vitro
to at least 2×105 cells. The lower frequency of MECP2
mt-expressing T-cell clones could reflect a reduced sig-
naling response of these cells to PHA, a reduced ability to
divide following stimulation, or increased cell death in re-
sponse to stress of culture conditions. These results demon-
strate that although MECP2 is not essential for lympho-
cyte stimulation or growth, expression of the MECP2 mu-
tation causes a growth disadvantage in vitro.

The negative growth phenotype associated with MECP2
mt-expression was not explained by changes in the level
of expression of MBD3 or acetylated histones H3 or H4
between MECP2 mt- and wt-expressing clones. Our re-
sults are in contrast to the previous report that demon-
strated a twofold increase in acetylated histone H4 levels
in MECP2 R168X expressing lymphoblasts (Wan et al.
2001). The discrepancy could be due to the different mu-
tation types investigated, as all MECP2 mt alleles investi-
gated in our study by Western blot analysis contained the
TRD domain that is truncated in the R168X mutation and
interacts with Sin3A for HDAC recruitment. Alternatively,
histone H4 acetylation levels may vary in lymphoblast
lines due to differences in cell cycle or cellular transfor-
mation by Epstein Barr virus.

Although recent descriptions of MeCP2 repressing the
transcription of exogenous LINE-1 and proviral transpos-
able elements (Lorincz et al. 2001; Yu et al. 2001) have
suggested that one important role of MeCP2 in lymphoid
cells may be to repress methylated endogenous retrotrans-
posons, our results in Fig.4 showing normal levels of
LINE-1 transcription in MECP2 mt-expressing cells are
not consistent with an essential role for MeCP2 in the
global suppression of retrotransposition. A genome-wide
search for gene expression differences in MECP2 mt and
wt-expressing cells is underway and expected to reveal
additional potential explanations for the adverse effect of
MECP2 mutations on lymphocyte growth. The possibility
remains that the lower frequency of MECP2 mt-express-
ing T-cell clones may be due to selection for gain of func-
tion mutations that complement for the loss of MECP2 in
trans.

Because allele-specific methylation is a hallmark of
many imprinted genes (Razin and Cedar 1994), MeCP2
was hypothesized to play a role in repressing the methyl-
ated parental allele of imprinted genes. Our results demon-
strate that MeCP2 is not an essential protein in the repres-
sion of the maternal or paternal alleles of 5 different im-
printed genes from both 15q11–13 and 11p15. Further-
more, although the expression of MeCP2 protein levels is
higher in brain than lymphocytes (LaSalle et al. 2001), ef-
fects of MECP2 mutation on allele-specific expression of
imprinted genes were not observed in either tissue.

The conditionally expressed, tissue-specific gene, IFNG,
was also examined because of the previously demonstrated
clear link between methylation and transcriptional silenc-
ing in T cells (Fitzpatrick et al. 1998; Penix et al. 1996;
Young et al. 1994). Our results demonstrate that HDAC,
but not MeCP2, is essential for transcriptional repression
of IFNG, as TSA restored IFNG in a MECP2 mt-express-
ing clone. Interestingly, TSA treatment in the same cells
did not restore maternal SNRPN expression, suggesting
another level of repression for imprinted genes, perhaps
involving allele-specific DNA replication. The inability of
TSA treatment alone to restore SNRPN expression has been
observed previously (Fulmer-Smentek and Francke 2001).

In conclusion, this study provides the first description
of the effect of MECP2 mutations on lymphocyte growth
and expression of endogenous methylated genes. These
and other studies are expected to be important in resolving
the paradoxical role of MeCP2 in the pathogenesis of Rett
syndrome. As abnormalities in the immune system are not
apparent in RTT patients (Plioplys et al. 1994), the ad-
verse effect of MECP2 mutations on the in vitro growth of
lymphocytes are not expected to significantly impact the
immune response in vivo. Although the phenotype of RTT
is primarily CNS-specific, the ability to isolate and cul-
ture MECP2 mt-expressing cells from RTT patient blood
is expected to be useful in diagnosis and cDNA amplifi-
cation of MECP2 mt alleles from mosaic RTT females.

Acknowledgements The authors thank H. Zoghbi for critical read-
ing of this manuscript and providing RTT blood samples. This work
was supported by grants from the Rett Syndrome Research Foun-
dation and the U.C. Davis M.I.N.D. Institute. Brain tissue was ob-

551

Fig.5 The effect of TSA on the expression of SNRPN and IFNG
in MECP2 mt- and wt-expressing T-cell clones. MECP2 mt-ex-
pressing (RT208.18) and wt-expressing (RT208.38 and NS3.3) T-cell
clones were cultured in the presence of 10 ng/ml TSA (or DMSO
control) for 24 h prior to isolation of RNA. RT-PCR and allelic
expression analysis was performed as described previously for
SNRPN and IFNG. Exclusive monoallelic expression of SNRPN
was observed in the MECP2 mt-expressing cells treated with TSA,
as well as all controls, demonstrating that combinatorial defects in
MECP2 and HDAC are not sufficient to overcome the maternal re-
pression. In contrast, TSA treatment reversed the silencing of IFNG
in the same cell culture for two IFNG non-expressing T-cell clones
(RT208.18 and NS3.3) and increased the level of IFNG expression
in a previously expressing clone (RT208.38). The TSA-induced re-
version of IFNG silencing occurred in both MECP2 mt- and wt-ex-
pressing T-cell clones
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