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ABSTRACT MECP2 protein binds preferentially to methylated CpGs and regulates gene ex-
pression by causing changes in chromatin structure. The mechanism by which impaired
MECP2 activity can induce pathological abnormalities in the nervous system of patients with
Rett syndrome (RTT) is not clearly understood. To gain further insight into the role of MECP2
in human neurogenesis, we compared the neural differentiation process in mesenchymal
stem cells (MSCs) obtained from a RTT patient and from healthy donors. We further analyzed
neural differentiation in a human neuroblastoma cell line carrying a partially silenced MECP2
gene. Senescence and reduced expression of neural markers were observed in proliferating
and differentiating MSCs from the RTT patient, which suggests that impaired activity of
MECP2 protein may impair neural differentiation, as observed in RTT patients. Next, we used
an inducible expression system to silence MECP2 in neuroblastoma cells before and after the
induction of neural differentiation via retinoic acid treatment. This approach was used to test
whether MECP2 inactivation affected the cell fate of neural progenitors and/or neuronal dif-
ferentiation and maintenance. Overall, our data suggest that neural cell fate and neuronal
maintenance may be perturbed by senescence triggered by impaired MECP2 activity either
before or after neural differentiation.
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INTRODUCTION

Rett syndrome (RTT) is one of the most common genetic causes of
mental retardation in young females. In 1999, mutations in the
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MECP2 gene were identified in up to 90% of RTT patients (Weaving
et al., 2005).

The MECP2 protein binds to methylated CpG dinucleotides
and mediates gene silencing by causing changes in chromatin
structure through interactions with corepressors such as histone
deacetylases (Jones et al., 1998). MECP2 may also interact with
other chromatin-modifying enzymes, such as histone methyltrans-
ferases, BRM, SWI/SNF, and ATRX (Fuks et al., 2003; Harikrishnan
et al., 2005; Giorgio et al., 2007). Of interest, MECP2 also interacts
with the DNA methyltransferase DNMT1, and thus it could be in-
volved in the regulation of DNA methylation (Kimura and Shiota,
2003). Recent studies showed that the function of MECP2 extends
beyond gene silencing, which demonstrates that MECP2 may act
as a transcriptional modulator rather than a transcriptional repres-
sor (Yasui et al., 2007).
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The MECP2 protein is found in most tissues and cell types, but
the highest expression levels of this protein are detected in the
brain (Tudor et al., 2002; Luikenhuis et al., 2004). MECP2 is present
in different regions of developing rat brains beginning at late em-
bryonic stages. The protein levels of MECP2 correlate with neural
maturation and synapse formation because MECP2 expression in-
creases as cells acquire a mature neural phenotype (Jung et al.,
2003; Mullaney et al., 2004). Several MECP2-knockout models
have been generated (Chen et al., 2001; Guy et al., 20071,
Shahbazian et al., 2002). One of these models demonstrated that
deletion of this gene in postmitotic neurons resulted in a RTT-like
phenotype, which suggested that MECP2 might be important for
neural maturation and maintenance rather than early cell fate deci-
sions or neuronal development (Chen et al., 2001; Tudor et al.,
2002; Luikenhuis et al., 2004). Despite the existence of a large
amount of data on the role of MECP2 as the causative gene in RTT
syndrome, several questions remain unanswered. In fact, it is diffi-
cult to reconcile the relatively restricted pathology of RTT with the
widespread expression pattern of MECP2 and its promiscuous
binding to chromosomes.

However, the general role of MECP2 as a transcriptional regula-
tor cannot be excluded from analysis because assessment of the
phenotype of patients with RTT and analysis of MECP2-deficient
mice has been performed primarily with respect to neuronal func-
tion. Furthermore, more subtle deficiencies outside and inside the
CNS might have been overlooked (Shahbazian et al., 2002).

Therefore, in the present study, we investigated the biology of
bone marrow—-derived mesenchymal stem cells (MSCs) in RTT pa-
tients to determine whether mutations in the MECP2 gene can re-
sult in an alteration of stem cell biology (Squillaro et al., 2008a,
2008b, 2008c).

We hypothesized that the study of MSCs in RTT patients would
be of interest for the following reasons: 1) MSCs play a key role in
the homeostasis of many organs and tissues, and 2) in neurodevel-
opmental disorders such as RTT, neural stem cells should be ana-
lyzed to detect possible alterations in neuronal/glial commitment
and differentiation. Clearly, neural stem cells cannot be obtained
from RTT patients. Therefore MSCs represent a valid alternative in
which to study neurogenesis because they can differentiate into
neurons and glia. In our previous studies, we demonstrated that
MSCs from RTT patients display early signs of senescence (Squillaro
et al., 2008a, 2008b, 2008c).

Data obtained using MSCs from RTT patients correlated with
those obtained using control MSCs in which MECP2 was silenced.
Partial silencing of MECP2 in human MSCs induced a significant re-
duction of S-phase cells and an increase in Gy cells. These changes
were accompanied by reduction in apoptosis, triggering of senes-
cence, decrease in telomerase activity, and down-regulation of the
genes involved in maintaining stem cell properties (Squillaro et al.,
2010).

In the present study, we compared the neural differentiation pro-
cess in MSCs obtained from a RTT patient and from healthy donors.
We also analyzed neural differentiation in a human neuroblastoma
cell line carrying a partially silenced MECP2 gene. Using both mod-
els, we demonstrate that the senescence phenomena may impair
neural maturation processes.

RESULTS

MECP2 mutation affects MSC biology

An enrolled RTT patient presented the clinical manifestations of
classic Rett syndrome. She carried a de novo mutation (R270X) in
the MECP2 gene (Supplemental File 1). We obtained MSCs from
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this patient and from two healthy controls as described in Materials
and Methods. Following an initial expansion for 7-10 d, the MSCs
reached confluence and were grown for an additional 10 d. At the
end of this period, the MSCs were collected for biological assays or
were further cultivated for neural differentiation.

Proliferating MSCs from the RTT patient and controls were deter-
mined by fluorescence-activated cell sorting (FACS) analysis. In sev-
eral experiments, we observed a significant reduction (p < 0.05) in
S-phase cells and an increase in G1/Gg (p < 0.05) and G,/M cells in
the RTT sample compared with controls (Figure 1A).

The MSCs were obtained from a RTT patient who had a mosaic
expression of mutated and wild-type MECP2 due to X chromo-
some inactivation. Because the patient had a mutation that pro-
duced C-terminal-truncated proteins, we used a C-terminal-
specific anti-MeCP2 antibody, combined with biological assays, to
specifically analyze the MECP2-mutated cells (MECP2 negative by
immunofluorescence). The analysis of somatic mosaicism in MSCs
from the RTT patient evidenced 61.5% (£5.0%) of MECP2-positive
cells (wild-type cells) and 38.5% (+5.9%) of MECP2-negative cells
(mutated cells).

The bromodeoxyuridine (BrdU) assay showed that reduction in
proliferation, as detected with FACS analysis, affected only cells
with inactivated MECP2, as evidenced by the double-staining assay
(Figure 1B).

The annexin assays showed a significant reduction (p < 0.05) of
apoptotic cells in MECP2 cultures obtained from the RTT sample as
compared with those from controls (Figure 1C). Moreover, signs of
senescence were detected more in cells from the RTT patient than
in those from healthy donors, as found by the in situ acid B-
galactosidase assay (Figure 1D). In addition, in this case, the impair-
ment of cell function occurred in cells with the mutated form of
MECP2 and was statistically significant (p < 0.05).

Senescent cells show several changes in gene expression, in-
cluding changes in known cell-cycle inhibitors or activators. Two
cell-cycle inhibitors that are often expressed by senescent cells
are the cyclin-dependent kinase inhibitors (CDKls) p21¢P! and
p16NK4a (Campisi and d’Adda di Fagagna, 2007). These CDKls are
components of tumor-suppressor pathways that are governed by
the p53 and retinoblastoma family proteins, respectively (Kapic
et al., 2006; Campisi and d'Adda di Fagagna, 2007; Helmbold
et al., 2009).

In proliferating cells from the RTT patient, we detected a signifi-
cant up-regulation (p < 0.05) of the p53 protein level as compared
with the control sample (Figure 1E). On the contrary, however, we
did not find significant modifications of p21¢PT, pRb, and p16MNKa
protein expression (Figure 1E). Note that Western blots were carried
out on the whole population of MSCs from the RTT patient contain-
ing mutated and wild-type MECP2 cells; hence, subtle changes in
gene expression may might been overlooked.

Overall, these data confirm our previous results obtained in pa-
tients showing the clinical manifestations of classic and “fruste” Rett
syndrome (Squillaro et al., 2008a, 2008b, 2008c).

In vitro neural differentiation of MSCs from patient

with classic RTT syndrome

A complete study of neural cell commitment and differentiation
should be carried out with neural stem cells. Obviously, it is not pos-
sible to obtain neural stem cells from living RTT patients. We de-
cided to use an alternative experimental model to study in vitro
neurogenesis with biological samples obtained from RTT patients.
In our opinion, MSCs could be a good alternative. Indeed, several
groups demonstrated that MSCs can be induced to differentiate
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Biological properties of MSCs from a RTT patient. (A) Flow cytometry analysis. Representative FACS profiles

are shown of MSCs from a RTT patient (RTT-MSC) and from healthy controls (CTRL-MSC). Mean expression values are
shown in the figure. The asterisk indicates statistically significant differences (p < 0.05) between RTT-MSC and control.
(B) BrdU assay. The micrograph shows a representative field of BrdU (brown) and MECP2 (purple) staining in RTT-MSC
and in CTRL-MSC. Double-labeled cells appear black. The arrows indicate double-labeled cells. The table shows the
mean expression values and SDs (n = 3). The asterisk indicates statistically significant differences (p < 0.05) among
mutated-MECP2 and wild-type cells in the RTT patient with respect to control MSCs. Right, are examples of brown-,
purple-, and black-stained cells. (C) Annexin assay. The fluorescence photomicrograph shows cells stained with annexin
V (green) and MECP2 (red) in RTT-MSC and in CTRL-MSC. Nuclei were counterstained with Hoechst 33342 (blue). The
table shows the mean expression values of apoptotic cells (SD, n = 3). The asterisk indicates statistically significant
differences (p < 0.05) among mutated-MECP2 and wild-type cells in the RTT patient with respect to control MSCs.
Arrows indicate double-labeled (annexin-MECP2) cells. (D) Senescence assay. A representative microscopic field of acid
B-galactosidase (blue) and MECP2 (brown) staining in RTT-MSCs and in CTRL-MSCs. Arrows indicate MECP2-mutated
cells that were B-galactosidase positive. The table shows the percentage of senescent cells (£SD, n = 3). The asterisk
indicates statistically significant differences (p < 0.05) among mutated-MECP2 and wild-type cells in RTT patient with
respect to control MSCs. (E) Western blot analysis of RB- and P53-related pathways in proliferating and differentiated
MSCs from RTT patient and controls. Proliferating cells are named RTT-MSC Pro and CTRL-MSC Pro, and differentiated
cells are RTT-MSC Neu and CTRL MSC Neu. Protein levels were normalized against a-tubulin, the loading control. The
table shows the mean protein expression values (+SD, n = 3; *p < 0.05; **p < 0.01).

into neurons (Pittenger et al., 1999; Woodbury et al., 2000; Jori
et al., 2004, 2005a, 2005b).

Neural differentiation of MSCs occurred mainly in vitro, and their
in vivo contribution to neurogenesis is negligible. Nevertheless,
they might represent a tool with which to study the early phases of
neural commitment and differentiation.
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We investigated the process of in vitro neural differentiation by
defining the expression patterns of genes representing “generic”
neural differentiation and those associated with specific neurotrans-
mission. To achieve this goal, we induced neural differentiation
in MSCs using an advanced neural differentiation medium (see
Materials and Methods) that contains a proprietary formulation of
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growth factors. Morphological and molecular analyses of MSCs from
the RTT patient and controls that displayed a neuron-like phenotype
were performed.

We identified differentiating neurons by anti-NeuN immunos-
taining. In the proliferation medium, cells from healthy donors
showed a lack of NeuN expression, but after 4 d of incubation in the
neural induction medium, 41.7% (£ 6.1%) of cells became positive
for NeuN. In the RTT patient, this percentage did not change signifi-
cantly in cells expressing wild-type MECP2. Conversely, the percent-
age of NeuN-positive cells was lower (p < 0.05) in the population
bearing mutated MECP2 (Figure 2B and magnification of Figure 2B
in Supplemental File 5). These data suggest that the mutation of
MeCP2 results in a cell autonomous effect, in agreement with other
reports showing that MeCP2 functions are largely cell autonomous
in neuronal maturation (Kishi and Macklis, 2010).

As expected, differentiating cells were mainly in the G1/Gq cell
cycle phase, and no significant differences were detected between
neuron-like cultures from controls and those from the RTT patient
(Figure 2A). FACS analysis was carried out on the whole population
of MSCs from the RTT patient, and this would not us allow to detect
minimal differences in cell cycle profile between wild-type and mu-
tated-MECP2 subpopulations.

In progenitor cells (NeuN negative) from RTT patients, the per-
centage of apoptosis did not change significantly in cells expressing
wild-type MECP2 as compared with the control (Figure 2C and mag-
nification of Figure 2C in Supplemental File 6). In contrast, the per-
centage of apoptosis was lower (p < 0.05) in the population with
mutated MECP2 (Figure 2C).

In neuron-like (NeuN-positive) cells from RTT patients, irrespec-
tive of MECP2 status, the apoptosis level was similar to that ob-
served in the control sample (Figure 2C).

Differentiating MSCs from mutated MECP2s showed an in-
creased percentage (p < 0.05) of senescent cells as compared with
those from controls (Figure 2D). Increased senescence was observed
both in the undifferentiated (NeuN-negative) and the differentiated
(neuron-like) cell populations (Figure 2D).

In neuron-like cells from RTT patients, we detected a highly sig-
nificant up-regulation (p < 0.01) of the pRb protein level as com-
pared with the control sample (Figure 1E). In contrast, we did not
find a significant modification of p21P1, p53, and p16N42 protein
expression (Figure 1E).

Reverse transcription (RT)-PCR was used to analyze the expres-
sion of generic neuron differentiation markers such as neuron-spe-
cific enolase (NSE) and microtubule-associated protein 2 (MAP2;
Pittenger et al., 1999, Woodbury et al., 2000; Jori et al., 2004,
2005a, 2005b). MSC differentiation in neuron-like cells was associ-
ated with increased expression levels of both markers. MSCs differ-
entiated from the RTT patient displayed a significant reduction (p <
0.05) of the expression of NSE and MAP2 compared with those dif-
ferentiated from controls (Figure 2E). The observed decrease should
be considered to be highly significant because RNA analysis was
carried out on the whole population of MSCs from the RTT patient
containing wild-type MECP2 cells, which differentiated normally.

Differentiated MSCs acquired a generic neuronal phenotype; we
did not detect the expression of markers specific for cholinergic
(acetylcholinesterase [ACHE]), dopaminergic (dopamine transporter
[DAT]), noradrenergic (dopamine B-hydroxylase [DBH]), or seroton-
ergic (tryptophan hydroxylase [TH]) neurons.

The senescence and reduced expression levels of neural markers
in proliferating and differentiating MSCs from the RTT patient sug-
gest that reduced activity of MECP2 protein, as observed in RTT
patients, might impair neural commitment and differentiation.
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In vitro neural differentiation of MSCs from patient

with “fruste” RTT syndrome

To confirm and extend our data, we analyzed neural differentiation
of MSCs obtained from a patient with the clinical manifestations of
“fruste” Rett syndrome. She carried a de novo mutation (c. 1164-
1207del) in the MECPZ2 gene (Supplemental File 1).

In addition, in this patient, neural differentiation of MSCs was
impaired as compared with the control. The percentage of neuron-
like cells (NeuN-positive) was lower (p < 0.05) in the population
bearing the mutated MECP2 (Supplemental File 2A).

This result was in agreement with RT-PCR experiments. MSCs
differentiated from the RTT patient displayed a highly significant
reduction (p < 0.01) of the expression of NSE as compared with
those differentiated from controls (Supplemental File 2B).

MSCs with a mutated MECP2 showed an increased percentage
of senescent cells (p < 0.05) as compared with those from controls
(Supplemental File 2C). Increased senescence was observed both in
the undifferentiated (NeuN-negative) and the differentiated (neu-
ron-like) cell populations (Supplemental File 2C).

MECP2 silencing

The paucity of biological samples available from RTT patients per-
mits limited analyses. To extend our findings, we studied neural dif-
ferentiation in a human SK-N-BE(2)-C neuroblastoma cell line in
which MECP2 was silenced. This model is convenient for studies
investigating neural progenitor cells. The neuroblastoma cell line
was derived from human malignant neural crest cells (de Bernardi
et al., 1987) and shows an intermediate (I) phenotype that has been
demonstrated to represent a multipotent embryonic stem cell of the
peripheral nervous system. Therefore neuroblastoma cells can be
induced to differentiate toward the committed neuronal N-type and
glial S-type cells (Ciccarone et al., 1989; Ross et al., 1995; Jori et al.,
2001). To assess whether MECPZ inactivation affected cell fate deci-
sions of neural progenitors and/or neuronal differentiation and
maintenance, to study different cell populations, we used the Rheo-
Switch Mammalian Inducible Expression System to silence MECP2
in neuroblastoma cells before and after the induction of neural dif-
ferentiation via retinoic acid treatment. In the first case, we evalu-
ated the effects on multipotent embryonic precursor cells, and in
the latter case, we performed the analysis using committed and
neuronal-like cells.

The MECP2 gene is composed of four exons. Two alternatively
spliced transcripts have been characterized: MECP2A (also called
MECP2_E2) and MECP2B (also called MECP2_E1). The E1 isoform
is composed of exons 1, 3, and 4, whereas the E2 isoform is com-
posed of exons 1-4 (Singh et al., 2008). To design hairpin small in-
terfering RNAs (siRNAs), we selected several target regions that
were present in both isoforms. All experiments were carried out with
pPNEBR-X1-MECP2-1706, which targets nucleotides (nt) 1706-1724
of MECP2 mRNA (GenBank accession number NM_004992.3). In a
previous study, we demonstrated the effectiveness of such hairpin
siRNA, which we transduced in cell cultures by adenoviral vectors
(Squillaro et al., 2010). Confirmatory experiments were carried out
with pNEBR-X1-MECP2-4398 and pNEBR-X1-MECP2-1229, which
target nt 4398-4416 and 1229-1247, respectively (see later
discussion).

Proliferating neuroblastoma cells were cotransfected with
pNEBR-R1 (regulator plasmid) and either pNEBR-X1-MECP2-1706
or pNEBR-X1-CTRL carrying short hairpin RNAs (shRNAs). The R1
plasmids contained the hygromycin B gene, whereas the X1 plas-
mid had the G418 gene. These antibiotic resistance genes were
used for generation of stable cell lines.

Molecular Biology of the Cell
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On addition of the synthetic RSL1 ligand to the culture medium,
the RheoReceptor and the RheoActivator proteins stably dimerized
and bound to the response element of the pNEBR-R1 plasmids. This
process, in turn, activated shRNA transcription and silenced MECP2
expression, as detected by RT-PCR using a primer pair that identi-
fied both isoforms (Figure 3A). The specific down-regulation of each
isoform was evaluated with a semiquantitative RT-PCR, since primer
pairs that distinguish the two isoforms were not suitable for real-
time RT-PCR (Figure 3A). The silencing of MECP2 was observed in
almost all cells in the culture because the antibiotic treatment se-
lected only cells stably expressing the hairpin siRNAs (unpublished
data).

Next, in cells with silenced MECP2 and in controls, we induced
neural differentiation by incubating cultures for 7 d with retinoic acid.
Of note, the percentage of neurons was greatly reduced (p < 0.05)
in cells that demonstrated decreased MECP2 expression compared
with control cultures, as detected by NeuN immunostaining (18.6 vs.
37.9%,; Figure 3B). This reduction was associated with a decreased
number of BrdU-positive cells (Figure 3C). Moreover, MECP2 down-
regulation augmented (p < 0.05) the percentage of senescent cells
both in uncommitted/undifferentiated (NeuN-negative) and neu-
ronal-like (NeuN-positive) populations (Figure 3D).

Senescence was associated with a decrease in the percentage
(p < 0.05) of apoptotic cells in uncommitted/undifferentiated cells
(Figure 3E). This finding suggests that the reduced percentage of
neuronal-like cells observed in MECP2-silenced cultures may be
attributed to the senescence of neural precursors rather than
to cell death either in uncommitted cells or in neuronal-like cells
(Figure 3E).

In a second group of experiments, we induced neural differen-
tiation in neuroblastoma cells that were stably cotransfected with
pNEBR-R1 (regulator plasmid) and either pNEBR-X1-MECP2-1706
or pNEBR-X1-CTRL carrying shRNAs. Three days after retinoic
acid treatment, RSL1 ligand was added to the cultures, and the
cultures were incubated for an additional 4 d in differentiation
medium.

At the end of this period, we assessed MECP2 mRNA levels and
found that they were decreased (p < 0.01) in cells treated with
PNEBR-X1-MECP2-1706 compared with those treated with the con-
trol plasmid, as expected (Figure 4A). Partial silencing of MECP2 in
cells following the induction of neural differentiation did not affect
the percentage of NeuN-positive cells (Figure 4B). These results in-
dicate that MECP2 silencing after cell commitment does not modify
the number of neurons.

MECP2 silencing enhanced the cell proliferation arrest observed
in neural differentiation medium. MECP2 down-regulation induced
an increase (p < 0.05) in senescent cells (Figure 4C). Of great inter-
est, the percentage of senescent differentiated neurons more than
doubled (38 vs. 16%) in cells that carried partially silenced MECP2
compared with control cells (Figure 4C). The down-regulation of
MECP2 following neural induction also increased (p < 0.05) senes-
cence in uncommitted/undifferentiated cells (Figure 4C). These data
are consistent with results obtained when MECP2 was silenced be-
fore the induction of neural differentiation.

Senescence was associated with a decrease (p < 0.05) in the
percentage of apoptotic cells in uncommitted/undifferentiated cells
and in neuronal-like cells (Figure 4D).

The biological effects we detected in neuroblastoma cells with a
silenced MECP2 through treatment with hairpin siRNA MECP2-1706
might be not specifically related to MECP2 down-regulation.

To rule out the off-target effects of hairpin siRNA-1706, we also
transfected neuroblastoma cells with pNEBR-X1-MECP2-4398 and
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pNEBR-X1-MECP2-1229. Both hairpin siRNAs induced silencing of
the MECP2 gene (Supplemental File 3A).

We selected pNEBR-X1-MECP2-4398 for further experiments. In
cells with a silenced MECP2 through pNEBR-X1-MECP2-4398 and
in controls, we induced neural differentiation by incubating cultures
for 7 d with retinoic acid. It is worth noting that as detected with
hairpin siRNA MECP2-1706, the percentage of neurons was greatly
reduced (p < 0.05) in cells with decreased MECP2 expression as
compared with control cultures (Supplemental File 3B).

In addition, siRNA-4398 augmented the percentage of senescent
cells both in uncommitted/undifferentiated (p < 0.05) and neuronal-
like cell populations and decreased the percentage of apoptotic
cells in uncommitted/undifferentiated cells (Supplemental File 3C).

DISCUSSION

Although mutations in the MECP2 gene are associated with RTT
syndrome, the role of MECP2 in this disease remains unknown.
MECP?2 displays complex spatial and temporal distribution patterns.
MECP2 expression is high in the brain—specifically in neurons rather
than glia. Nevertheless, MECP2 expression can be detected in the
majority of the body tissues (Bienvenu and Chelly, 2006; Singh et al.,
2008). Thus it is not clear why MECP2 dysfunctions affect only neural
cells in RTT patients.

Several mouse models have been used to address the role of
MECP2 in brain development and maturation and in the mecha-
nisms that underlie RTT syndrome. These transgenic mice displayed
a RTT-like phenotype, but the researchers did not obtain a clear
pathological or molecular understanding of the abnormalities pres-
ent in the brain.

Other studies attempted to investigate global gene expression
changes in the brain tissues of mice lacking MECP2 and in RTT pa-
tients. These studies documented conflicting results, and only a few
genes were identified as MECP2 targets (Bienvenu and Chelly, 2006).

Finally, some findings were focused strictly on the role of MECP2
during neural cell commitment, differentiation, and maintenance.
Expression studies in a RTT mouse model suggested that MECP2
was involved in the differentiation of neuronal cells rather than in cell
fate decisions (Kishi and Macklis, 2004). In contrast, in a Xenopus
embryo model, the lack of MECP2 affected neural cell fates
(Stancheva et al., 2003). In addition to these discrepancies, it should
be noted that animal models do not completely recapitulate the
pathogenesis of human disease.

Another caveat arises from “restrictive studies” on RTT syn-
drome. RTT is a neurodevelopmental disease, and hence studies
examining the phenotype of RTT patients and animal models have
focused primarily on neuronal functions. Therefore more subtle
deficiencies that are unrelated to neural activities and/or impair-
ment of cell functions outside of the nervous system may have been
overlooked.

In our previous work, we showed that MSCs obtained from RTT
patients are prone to senescence in comparison with wild-type cells.
These data were confirmed in an in vitro model of partial MECP2
silencing (Squillaro et al., 2008c, 2010).

In the present study, we sought to verify whether senescence
induced by reduced MECP2 activity could affect the cell fate deci-
sions of neural progenitors and/or neuronal differentiation and
maintenance.

To achieve this goal, we assessed the neural differentiation pro-
cess in MSCs obtained from a RTT patient and from healthy donors.
We further analyzed neural differentiation in a human neuroblas-
toma cell line carrying a partially silenced MECP2 gene before and
after the induction of in vitro differentiation.
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was assessed by RT-PCR. The mRNA levels of MECP2 were normalized to hypoxanthine phosphoribosyltransferase as
an internal control. The histogram shows the mean expression values (£SD, n = 3; **p < 0.01). The comparative cycle
threshold method was used for the quantitative analysis. Neuroblastoma cells expressing MECP2 shRNA are indicated
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percentage of apoptotic cells for each cell type (£SD, n = 3). The asterisk indicates statistically significant differences
(p < 0.05) between the same cell type in samples with silenced MECP2 and control.

In proliferating and differentiating MSCs from the RTT patient,
senescence and decreased expression levels of neural markers were
observed in cells expressing mutated MECP2, which suggests that
the reduced activity of MECP2 protein, as observed in RTT patients,
may impair neural differentiation via a mechanism that is mediated
by senescence (Figure 2, A-E).

Silencing experiments in a neuroblastoma cell line allowed
us to better determine the role of MECP2 during neural cell
development. MECP2 expression was down-regulated in two
different temporal windows (before and after the induction of
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neural differentiation) to study different cell populations. In the first
case, we evaluated the effects on multipotent embryonic precur-
sor cells, and in the latter case, we performed the analysis using
committed and neuronal-like cells.

Our results suggest that the reduced activity of MECP2 induces
a decrease in cell proliferation and triggers senescence in neural
precursor cells. This process in turn could impair neural cell forma-
tion (Figure 3, A-C).

The diminished MECP2 activity also seemed to affect the func-
tions of committed and neuronal-like cells, as indicated by the
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squares). Following neural differentiation, the pool of stem cells is committed toward progenitors,
which differentiate into neuronal-like cells (blue triangles). Left, MECP2 gene expression was
silenced in proliferating neuroblastoma cells, and the cells were induced to differentiate into
neuronal-like cells. Right, neuroblastoma cells were differentiated into neuronal-like cells, and

MECP2 expression in the cells was then silenced.

decreased cell growth observed in committed cells and the in-
creased percentage of senescent cells detected both in committed
and in neuronal-like cells (Figure 4).

In conclusion, our data suggest that neural cell fate decisions
and neuronal maintenance may be perturbed by the senescence
triggered by impaired MECP2 activity either before or after neural
differentiation (Figure 5). Our data are in good agreement with a
recent article showing that neuronal maturation is impaired in in-
duced pluripotent stem cells from patients with Rett syndrome (Kim
etal., 2011).

To our knowledge, this is the first study to identify an association
between RTT syndrome and senescence and the impairment of
neural development and differentiation. These studies may shed
new light on the dysfunctions associated with impaired MECP2 ac-
tivity that lead to RTT syndrome.

MATERIALS AND METHODS

Molecular analysis of the identified patient

Blood samples were collected after informed consent was ob-
tained. DNA was extracted from peripheral blood using a QlAamp
DNA Blood Kit (Qiagen, Milan, Italy). DNA samples were screened
for mutations in the four exons coding for MECP2 using transge-
nomic WAVE denaturing high-performance liquid chromatography
(DHPLC). Analysis of the MECP2 gene for deletions/duplications
was performed as previously described (Ariani et al., 2004) and as
indicated in Supplemental File 1. PCR products that provided ab-
normal DHPLC profiles were sequenced on both strands using PCR
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primers with fluorescent dye terminators
on an ABI PRISM 310 genetic analyzer (PE
n Applied Biosystems, Foster City, CA).

MSC cultures
Bone marrow was collected from a girl with
(] RTT syndrome and two healthy children af-
ter obtaining informed consent. The cells
were separated on a Ficoll density gradient
(GE Healthcare, Milan, Italy), and MSC cul-
tures were obtained as described previously
(Squillaro et al., 2008c, 2010).
To induce neural differentiation, cells
AA A were plated on tissue culture dishes at
~2500 cells/em? in proliferating medium.
When the cells reached 30% confluence,
the medium was discarded, the cell plates
were washed with phosphate-buffered

AAﬂ A saline (PBS), and complete neural differ-

entiation medium was added (Thermo
Scientific, Waltham, MA). The formation

A of neuron-like cells was observed within
A A 24 h and peaked at 72 h. To maintain
cells in a differentiated state, we added
additional neural differentiation medium
every 48 h.

Neuroblastoma cell cultures
SK-N-BE(2)-C neuroblastoma cells were
grown in monolayers and maintained at
37°C under 5% CO, in RPMI 1640 contain-
ing 10% fetal bovine serum, 2 mM L-glu-
tamine, 50 U/ml penicillin, and 100 pg/ml
streptomycin. To induce neural differentia-
tion, 10-% M all-trans retinoic acid (Sigma
Aldrich, St. Louis, MO) was added to the culture medium for 7 d.

Silencing
Hairpin siRNAs targeted against human MECP2 mRNA (GenBank
accession number NM_004992.3) were selected using the design
algorithm developed by Cenix Bioscience (Dresden, Germany) on
the basis of rules and criteria as already described (Pittenger et al.,
1999; Reynolds et al., 2004).

We selected three target regions of MECP2 mRNA to design
hairpin siRNAs:

5-GCAAAGCAAACCAACAAGA-3" (nt 1706-1724)
5-GGTTGTCACTGAGAAGATG-3" (nt 4398-4416)
5-GGACTGAAGACCTGTAAGA-3' (nt 1229-1247)

The siRNA negative control was as described (Harborth et al.,
2001) and targets the firefly (Photinus pyralis) luciferase gene (Gen-
Bank accession number X65324). The negative control siRNA exhib-
its no target MRNA in the human transcriptome.

For each hairpin siRNA, we designed two complementary oligo-
nucleotides (55-mers); each included the 19-mer siRNA in sense ori-
entation, followed by the loop sequence 5-TTCAAGAGA-3" and by
the 19-mer siRNA in antisense orientation. The 5" ends of the two
oligonucleotides had Xhol and BamHI restriction site overhangs to
facilitate the efficient directional cloning into the pNEBR-X1 plasmid
(see later discussion).

The complementary hairpin siRNA template oligonucleotides
were synthesized (MWG Biotech, Ebersberg, Germany) and then
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were annealed to form a double-stranded DNA. The annealed
siRNA template inserts were ligated into the pNEBR-X1 plasmid ac-
cording the manufacturer's protocol and routine procedures for
DNA cloning (Sambrook and Russell, 2001).

We cloned and produced four recombinant plasmids: pNEBR-X1-
MECP2-1706; pNEBR-X1-MECP2-4398; pNEBR-X1-MECP2-1229,
which targeted MECP2; and pNEBR-X1-CTRL, a control shRNA,
which targeted the firefly luciferase gene.

Neuroblastoma cell cultures were cotransfected with pNEBR-R1
(regulator plasmid) and either pNEBR-X1-MECP2 plasmids or
pNEBR-X1-CTRL.

The neomycin resistance gene in pNEBR1-R1 and the hygromy-
cin resistance gene in the pNEBR-X1 plasmid were used to select
stable cells growing in media containing 500 pg/ml G418 and
50 pg/ml hygromycin. Stable cell lines expressing the RheoReceptor
and the RheoActivator proteins via pNEBR1-R1 were generated.
In these cell lines, shRNA transcription was turned off under basal
conditions. By adding the synthetic RSL1 ligand to culture medium,
the RheoReceptor and the RheoActivator proteins were dimerized
stably and bound to the response element of pPNEBR-R1 plasmids.
This in turn activated shRNA transcription.

Following the silencing of MECP2, the rescue of its expression
was obtained via the removal of RSL1 ligand from the culture me-
dium after cultivating the cells for 48 h.

Cell cycle analysis

For each assay, 3 x 10° cells were collected and resuspended in a
hypotonic buffer containing propidium iodide. Cells were incubated
in the dark and then analyzed. Samples were acquired using a FAC-
SCalibur flow cytometer with CellQuest software (BD Biosciences,
Franklin Lakes, NJ) and analyzed according to standard procedures
with CellQuest and ModFitLT software (BD Biosciences ).

Detection of MECP2 by immunocytochemistry
MECP2 was detected using the anti-MECP2 (clone Mec-168) pri-
mary antibody (Abcam, Cambridge, United Kingdom) according
to the manufacturer’s protocol. Cells were analyzed using either
fluorescence or a light microscope. In the first case, the cells were
incubated with goat anti-mouse secondary antibodies and conju-
gated to Texas red (Jackson ImmunoResearch Laboratories, West
Grove, PA), and the nuclei were counterstained with Hoechst
33342. Alternatively, the cells were incubated with goat anti-
mouse secondary antibodies, conjugated to peroxidase (Santa
Cruz Biotechnology, Santa Cruz, CA), and then treated with the
DAB substrate (Roche, Mannheim, Germany) or conjugated to al-
kaline phosphatase (Santa Cruz Biotechnology) and then treated
with the Vector Red Alkaline Phosphatase Substrate Kit (Vector
Laboratories, Burlingame, CA).

The percentage of MECP2-positive cells was calculated by
counting at least 500 cells in different microscopic fields (see also
Supplemental File 11).

BrdU assay

For BrdU immunostaining, the cells were grown on glass cover-
slips and incubated for 10 h with 10 pM BrdU (Sigma-Aldrich).
Briefly, the cells were rinsed with PBS, fixed with 100% methanol
at 4°C for 10 min, air dried, and then incubated with 2 N HCI
for 60 min at 37°C. HC| was neutralized with 0.1 M borate buffer
(pH 8.5). Following additional PBS washes, the slides were incu-
bated with an anti-BrdU rabbit polyclonal antibody (1:200; Bioss,
Woburn, MA). After 60 min at room temperature, the cells were
washed with PBS and incubated with goat anti-rabbit secondary
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antibodies conjugated to peroxidase (Santa Cruz Biotechnology)
for 60 min at room temperature. Finally, after additional washes in
PBS, the slides were treated with DAB substrate (see also Supple-
mental File 11).

Detection of apoptotic cells

Apoptotic cells were detected using fluorescein-conjugated an-
nexin V (Roche, Milan, Italy) according to the manufacturer’s instruc-
tions. Apoptotic cells were observed using a fluorescence micro-
scope (Leica ltalia, Milan, Italy). In each experiment, at least 1000
cells were counted in different fields to calculate the percentage of
dead cells in each culture (see also Supplemental File 11).

Senescence-associated f-galactosidase assay

The cells were fixed with a solution of 2% formaldehyde and 0.2%
glutaraldehyde. The cells were then washed with PBS and incubated
at 37°C for at least 2 h with a staining solution according to the
manufacturer’s protocol (Roche, Italy). The percentage of senescent
cells was calculated based on the number of B-galactosidase—
positive cells among at least 500 cells in different microscopic fields;
see also Supplemental File 11).

Neuronal nuclei detection
NeuN was detected by immunocytochemistry using the anti-NeuN
primary antibody (Millipore, Milan, Italy) according to the manufac-
turer’s protocol. Cells were analyzed using either a fluorescence or a
light microscope. In the first case, the cells were incubated with goat
anti-rabbit secondary antibodies conjugated to tetramethylrhodamine
isothiocyanate or aminomethylcoumarin acetate (Jackson Immuno-
Research Laboratories), and the nuclei were counterstained with
Hoechst 33342. Alternatively, the cells were incubated with goat anti-
rabbit secondary antibodies conjugated to peroxidase (Santa Cruz
Biotechnology) and then treated with the appropriate substrate.

The percentage of NeuN-positive cells was calculated by count-
ing at least 500 cells in different microscopic fields (see also Supple-
mental File 11).

RNA extraction, RT-PCR, and real-time PCR

Total RNA was extracted from cell cultures using Omnizol
(Euroclone, Milan, ltaly) according to the manufacturer’s protocol.
mRNA levels were measured by RT-PCR amplification as previously
reported (Galderisi et al., 1999). The primers used are listed in Sup-
plemental File 4.

Real-time PCR assays were performed using an Opticon-4 ma-
chine (Bio-Rad, Hercules, CA). The reactions were performed ac-
cording to the manufacturer’s instructions using a SYBR green PCR
Master Mix.

Western blotting

Cells were lysed in a buffer containing 0.1% Triton for 30 min at 4°C.
The lysates were then centrifuged for 10 min at 10,000 x g at 4°C.
After centrifugation, 10-40 pg of each sample was loaded electro-
phoresed in a polyacrylamide gel and electroblotted onto a nitro-
cellulose membrane. All the primary antibodies were used accord-
ing to the manufacturers’ instructions. Immunoreactive signals were
detected with a horseradish peroxidase—conjugated secondary an-
tibody (Santa Cruz Biotechnology) and reacted with ECL Plus re-
agent (GE Healthcare, Italy).

Statistical analysis

Statistical significance was evaluated by analysis of variance fol-
lowed by Student’s t test or Bonferroni test.
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