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Abstract

Rett Syndrome (RTT) is one of most prevalent femal e neurodevel opmental disorders. De novo
mutationsin X-linked MECP2are mostly responsible for RTT. Since the identification of MeCP2
as the underlying cause of RTT, murine models have contributed to understanding the
pathophysiology of RTT and function of MeCP2. Reprogramming is a procedure to produce
induced pluripotent stem cells (iPSCs) by overexpression of four transcription factors. iPSCs
obtain similar features as embryonic stem cells and are capable of self-renewing and
differentiating into cells of all three layers. iPSCs have been utilized in modeling human diseases
in vitro. Neurons differentiated from RTT-iPSCs showed the recapitulation of RTT phenotypes.
Despite the early success, genetic and epigenetic instability upon reprogramming and ensuing
maintenance of iPSCs raise concernsin using RTT-iPSCs as an accurate in vitro model. In this
review, we update the current of iPSC-based RTT modeling, and concerns and challenges.

Rett syndrome (RTT;MIM 312750) is a severe neurodevelopmental disorder, affecting
predominantly females. It was first described by Dr. Andreas Rett in 1966 [Rett, 1966]. It is
the second most common cause of mental retardation in females affecting 1 in 10,000
[Chahrour and Zoghbi, 2007]. RTT patients show relatively normal development for the first
18 months, and then present with symptoms, including regression in speech and hand
movements, postnatal microcephaly, hand dyspraxia, ataxia, abnormal breathing, growth
retardations and autistic like symptoms [Chahrour and Zoghbi, 2007]. Over 90% of RTT
cases result from de novo mutations in the X-linked gene encoding methyl CpG binding
protein 2 (MECP2) [Amir et a., 1999; Chahrour and Zoghbi, 2007]. The MECFP2geneis
located on the long arm of the X chromosome (X28). To date more than 100 mutationsin
the MECPZ gene have been described in RTT patients. In human, MECP2 seems essential
for development. Hemizygotic MECP2mutations in male lead to fatality and the prevalence
of male RTT is extremely rare. Symptomsin male RTT patients are much more severe than
heterozygotic females, exhibiting severe encephal opathy with death at birth or X-linked
recessive mental retardation [Evans et al., 2006; Renieri et al., 2003]. In asubset of patients,
RTT results from mutations in either another X-linked gene, cyclin-dependent kinase-like 5
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(CDKLY) or in forkhead box G1 (FOXGI) which islocated at 14913 on chromosome 14
[Chahrour and Zoghbi, 2007].

Following the discovery of the genes responsible for RTT, investigation of how mutationsin
MECPZ, CDKL5o0r FOXGI1 cause the observed phenotypes has been actively pursued,
using murine models and in vitro cell culture based models [Ricceri et al., 2008; Weng et al.,
2011]. Although MeCP2 seems to be essential for human devel opment, homozygous female
MeCP2 null or hemizygotic male mice are born normally, but they show the motor
phenotypes observed in human patients and eventually die within 2 — 3 months.
Heterozygous Mecp2Z mutant female mice, an equivalent of female RTT patients, develop
symptoms within 10 — 12 months. Murine model can give usinsight into the function of
MeCP2 in specific cell types. Phenotypes in mouse deleted of MeCP2 in neurons are similar
to complete MeCP2 null mouse, suggesting that abnormal functionsin MeCP2 in neurons
may be determinant of RTT [Chen et a., 2001]. Recently, the manifestation of RTT
symptoms in mice with MeCP2 knocked out in either excitatory or inhibitory neurons
further corroborates that well coordinated expression of MeCP2 in specific neuronsis
critical in the normal function of neurons [Chao et a., 2010; Chao et a., 2007]. In addition,
MeCP2 seems to have an essential function in non-neuronal cell typesin the brain, such as
astrocytes and microglia [Derecki et al., 2012; Lioy et a., 2011]. In vitro neuronal culture
models have also facilitated understanding the molecular mechanism of MeCP2 function in
terms of their gene expression patterns and chromatin structure [Adkins and Georgel, 2011].

Reprogramming is a procedure to convert differentiated somatic cells to a pluripotent state.
Four transcription factors (Oct4, Sox2, KIf4 and Myc) are generally used to derive so-called
“induced pluripotent stem cells’ (iPSCs) [Park et a., 2008b; Takahashi and Y amanaka,
2006; Yu et al., 2009]. iPSCs exhibit many of the characteristics of embryonic stem cells
(ESCs), and are capable of both self-renewal and differentiation into cells representative of
the three germ layers. Because iPSCs maintain the same genetic composition of donors,
iPSC or iPSC-derivatives are ideal for investigating the contribution of phenotypesin a
given genotype. Here, we will review the recent advancements in reprogramming and its
application in disease modeling, especially neuronal diseases, focusing on RTT.

Factor-Based Reprogramming

It has been more than 50 years since the demonstration of nuclear transfer to generate viable
adult offspring in Xengpus[Gurdon, 1962]. Thiswas aturning point as it demonstrated that
the vertebrate genome was not fixed, but was plastic and amenable to cell fate changes.
Mammalian cells exhibited similar epigenetic flexibility and a number of healthy animals
have been cloned using nuclear transfer technologies. In the 1980s Harold Weintraub's
group demonstrated that cellular fate could be changed by the expression of atranscription
factor/ master regulator MyoD [Davis et a., 1987]. Then in 2006, the Y amanaka group
demonstrated that the expression of four transcription factors (Oct4, Sox2, KIf4 and Myc)
was sufficient to reprogram a somatic cell such as afibroblast to a pluripotent state —
induced pluripotency [ Takahashi and Y amanaka, 2006]. These remarkable findings have
been recognized and resulted in the presentation of the Nobel prize for the contribution of
Gurdon and Y amanaka [Surani, 2012].

Reprogramming of human somatic cells using similar factors succeeded in generating
human iPSCs [Park et al., 2008b; Takahashi et al., 2007; Yu et a., 2009]. iPSCs are
pluripotent and can differentiate in any cell typesin abody. The ultimate biomedical use of
iPSCswill bein cell replacement therapy using iPSC derived cell types as autol ogous donor
cells. Because utility of pluripotent stem cellsin cell therapy still has biosafety issues, the
immediate impact of iPSCs will be in the arena of in vitro disease modeling [Dimos et a.,
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2008; Park et al., 2008a]. To date there have been over 200 papers reporting the
development of disease specific iPSCs and the recapitul ation of disease phenotypesto a
certain extent (for an in depth overview see[Siller et al., 2013]). More importantly, in the
field of neuronal disease, iPSC technology has been used to successfully model
neurodevelopmental and neurodegenerative disorders, such as Rett syndrome, Fragile X
syndrome, Schizophrenia, Alzheimer's diseases (AD), Parkinson's diseases (PD), spinal
muscular dystrophy (SMA), amyotrophic lateral sclerosis (ALS) and Familial dysautomia
(FD) [Siller et al., 2013].

Investigation of RTT using iPSC

After successful reports of deriving human iPSCs, the first RTT-iPSCs were generated by
the Ellis group [Hotta et al., 2009]. Since then, multiple |aboratories have derived iPSCs
from RTT patients with MECP2 mutations and studied neuronal phenotypesin detail (Table
1). Neurons from RTT-iPSCs have recapitulated phenotypes observed in both murine
models and patients. In vitro phenotypes include, reduced soma/ nuclear size, lower
expression of neuronal markers, and reduced dendrite spine density [Ananiev et al., 2011,
Cheung et a., 2011; Kim et a., 2011b; Marchetto et a., 2010]. RTT-iPSC derived neurons
also displayed areduction in the transient rise of intracellular calcium levelstypical of active
synapse as well as adecrease in the frequency/amplitude of spontaneous excitatory and
inhibitory postsynaptic currents [Marchetto et al., 2010]. Thesein vitro recapitul ations of
RTT phenotypes using patients specific RTT-iPSCs provide a strong proof of principle of
the utility of iPSC in studying RTT. The Ellis group further elaborated the
neurophysiological features of neurons differentiated from Mecp2 mutant mouse iPSCs
[Farraet a., 2012]. They found that MeCP2-deficient neurons have fewer action potentials,
decreased action potential amplitude, diminished peak inward currents and higher input
resistance [Farraet al., 2012]. Comparative analysis of neurons derived from murine RTT-
iPSC and patient's RTT-iPSC aike would potentially undercover the neurophysiological
difference between human and mouse that cause similar but distinct phenotypesin RTT
patients and MecpZnull murine model.

Mutationsin CDKL 5 have been found in patients showing phenotypes overlapping with
those of MeCP2 mutant RTT patients [Weaving et a., 2004]. CDKL 5was found to regulate
spinal density and dendritic structures of neuronsin MeCP2 pathway [Mari et a., 2005].
Neurons differentiated from iPSCs of CDK'L 5 patients exhibited similar morphological
phenotypes as observed in murine models, including the reduced number of synaptic
contacts [Amenduni et al., 2011; Ricciardi et al., 2012]. iPSCs from patients with FOXG1
have yet to be reported. The comparison of phenotypes among iPSCs with MeCPZ, CDKL5
and FOXGI mutations could potentially uncover the molecular mechanism of RTT, and
would facilitate the discovery of therapeuticsfor RTT.

RTT caused by MeCP2mutations is a monogenic disease. However, each patient displays
variability in symptoms and disease progression [Chahrour and Zoghbi, 2007; Schanen et
al., 2004]. Difference in symptoms appears to result from the location of mutationsin
MECP?2 gene. MeCP2 has three major functional domains; methyl CpG binding domain
(MBD), transcription repression domain (TRD), and unique C-terminal domain (CTD)
[Chahrour and Zoghbi, 2007]. In short, the overall severity of the phenotype is areflection
of the way mutations affect the function of MeCP2, the more del eterious to the function the
more severe the observed phenotype. Thus, the non sense mutations causing the loss of
functional C-terminal region of MeCP2 causes severe microcephaly (e.g. R270X, Q244X),
while the point mutationsin MBD (R133C) or TRD (R306C) domains resultsin mild
symptoms. We have isolated RTT-iPSCs from patients with different MeCP2 mutations
([Kimet al., 2011b], Table 1). The analysis of in vitro phenotypes of these iPSCs would
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probe the function of each domainin RTT and potentially enable the devel opment of
mutation specific therapy.

Another major factor responsible for the manifestation of different phenotypesin female
RTT patientsis the skewing in X chromosome inactivation status. Female cells within the
inner cell mass of blastocyst of early embryonic development have two active X
chromosomes, one of which undergo random X chromosome inactivation (XCI) upon
gastrulation [Hysolli et a., 2012]. Thus, adult female cells are mosaic in terms of their X
chromosome status. Since MeCF2is on X chromosome, the skewing of activation status of
X chromosome with mutant MeCFP2 determines the severity of symptoms [Archer et al.,
2007; Y oung and Zoghbi, 2004]. When more cells are present that have an active X
chromosome with mutant MeCFZ, patients exhibit a severe phenotype. This unique
phenomenon of XCI affects allele specific expression of genes on X chromosome in iPSCs
derived from female cells. Like epiblast cells that have undergone X Cl, human pluripotent
stem cells, including ESCs and iPSCs, maintain only one active X chromosome unless kept
in physiological oxygen concentration and with HDAC inhibitors in culture medium [Diaz
Perez et al., 2012; Lengner et al., 2010]. As a consequence, iPSC clones from female RTT
patients that are genotypically equivalent, have differential expression of geneson X
chromosome, including MeCP2 We, and others have isolated iPSC clones from RTT
patients that only express either wild type or mutant MeCP2 (Table 1). Comparison of wild
type and mutant iPSCs from same patients overcomes the issue of deriving control cell lines
in studying diseases using iPSCs because these are isogenically controlled. In vitro studies
to date using neurons from RTT-iPSCs have made use of these isogenically matched wild
type and mutant clones (Table 1). Interestingly, the Muotri group and our group were able to
isolate RTT-iPSC clones that biallelically expressed both wild type and mutant MeCP2
genes. However, it is not yet fully defined whether that clones showing biallelic expression
of MeCP2 have two fully active X chromosomes, or have undergone X chromosome erosion
and thus obtained a partial activation of the prior inactive X chromosome [Mekhoubad et a.,
2012].

Considerations in using iPSC technology in modeling RTT

Despite numerous successes in studying disease phenotypesin vitro, multifaceted
considerations should be made in using iPSCs in disease modeling. Major issues arise from
reprogramming per se and those of in vitro differentiation. Since the initial report,
reprogramming technology has both evolved rapidly and improved the efficiency of
reprogramming and quality of iPSCs[Sohn et a., 2012]. | ssues associated with retroviral or
lentiviral vectors can potentially affect the expression of genes adjacent to integration sites.
Although most retroviral or lentiviral genes are silenced in iPSCs, there are incidences of re-
expression of the viral genesin iPSC or iPSC-derivatives that could be detrimental [Okita et
al., 2007]. Thus, non-integrating methods, such as episomal vectors, modified mMRNA and
proteins, have been actively pursued and demonstrated production of high quality iPSCs
albeit at alower efficiency in reprogramming. Currently, reprogramming by Sendai virusis
considered efficient and resultsin high quality iPSCs [Fusaki et al., 2009]. In applying iPSC
for cellular disease models, we do not deem derivation of iPSCs as a hurdle. However,
extensive analysis of genomic and epigenomic status of iPSCs has reveal ed that iPSCs may
acquire reprogramming-specific epigenetic marks and genomic footprints [Gore et & ., 2011;
Hussein et al., 2011; Lister et al., 2011]. Because it is not predictable how reprogramming-
mediated epigenomic and genomic changes affect the in vitro phenotypes of the given
iPSCs, as a conseguence further investigation is required to establish ways to maintain the
integrity of genomein iPSCs. Below, we discuss further the findings on genetic and
epigenetic change in iPSCs.
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Early passage iPSCs display a de novo Copy Number Variations (CNV) arising during
reprogramming [Hussein et al., 2011]. Although some of the CNVs are present in parental
fibroblasts, changesin number and type of CNV'sin iPSCs appear to be dynamic during
passaging, and became stabilized at later passage iPSCs. iPSC cells that have obtained
detrimental CNV's seem to vanish during passaging, suggesting the selective pressure on
proliferation of iPSCs. How and when during reprogramming the de novo CNV arise are
critical questions to be answered in order to obtain high quality iPSCs for disease modeling
and cell therapy.

Pluripotent ESCs have unique histone modification and DNA methylation status. Genes
defining differentiated or developmental states show active (H3K4me3) as well asinactive
(H3K27me3) histone marks. Meanwhile, pluripotent genes are marked by only active
histone marks [Bernstein et al., 2006]. DNA methylation on CpG islands determines the
expression of the given genes. Reprogramming procedures using the four factors reset the
epigenomic status of the somatic cell to that in pluripotent cells. Despite controversy, the
comparison of histone marksin iPSCswith ESCs seems to support that reprogramming
faithfully convert somatic histone marks to pluripotent histone marks [Chin et al., 2010;
Guenther et a., 2010]. However, genome-wide DNA methylation analysis showed that
iPSCs are close to ESCsin DNA methylation status, but acquire reprogramming specific
differentially methylated regions as well as retain some epigenetic memory of the cellular
origin [Doi et a., 2009; Lister et al., 2011]. The DNA methylation marks appear to be
permanent and are maintained during differentiation, thus affecting the differentiation
potential of iPSCs[Kim et al., 2011a; Lister et al., 2011]. Thisimposes a potential challenge
inusing iPSCsfor in vitro disease models. Extensive epigenetic or gene expression analysis
perhaps will be a prerequisite to select the most relevant iPSC clones for further use [Bock
eta., 2011].

As briefly mentioned above, modeling of X-linked diseases using female iPSCs poses a
particular challenge because of the unstable X chromosome status in current culture
condition used in maintaining human pluripotent stem cells. Unless derived under
physiological hypoxic conditions, one of X chromosomes in female human ESCs undergoes
XCI [Lengner et al., 2010]. Female iPSCs display a similar X chromosome status and retain
an inactive X chromosome after cellular reprogramming. This also provides the potential in
developing isogenic controls that express either wild type or mutant gene on X chromosome
as exemplified in MeCP2. However, the inactive X chromosome is not epigenetically stable
and undergo co-called erosion of inactivation that produce a quasi-activation state
[Mekhoubad et al., 2012]. Change in expression of genes on X chromosome with multiple
passages would raise the concern in making in vitro disease modeling using female iPSCs.
There have been efforts in maintaining two active X chromosomes in human ESCs or iPSC
using chemicals or culture conditions as previously described [Diaz Perez et al., 2012].
Alternative approaches have been employed in maintaining two active X chromosomes,
such as by overexpressing NANOG or OCT 4 and KL4 in combination with a small
molecule cocktail have succeeded [Hanna et a., 2010]. However, there has been no
investigation to stabilize the inactive state of X chromosome in human female pluripotent
stem cells to date. The utilization of iPSCs for disease modeling will only increase in the
future, and conseguently there will be a need for more investment in studying change in X
chromosome status in iPSCs.

The grand assumption in modeling diseases in vitro is that what one observes as an in vitro
difference is a consequence of the phenotype of the iPSC-derivatives with the given
mutations. In addition, it has to be taken into account that human pluripotent stem cells,
either ESCs or iPSCs, display alarge range of clonal variation in their proliferation and
differentiation potential. An early study on 17 human ESCs found marked difference of
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differentiation potential of ESCs[Osafune et a., 2008]. iPSCs derived from same parental
somatic cells also show difference in differentiation potential [Hu et ., 2010]. Lineage
scoring based on gene expression and DNA methylation profiling may identify the best
candidate iPSC clones for differentiation analysis[Bock et al., 2011]. However, the selective
picking of clones only suitable for the experimental purposes may lessen the significance of
the findingsin in vitro disease modeling. Improving differentiation potential of iPSC or
overriding the observed clonal variation with potent small molecules will potentially result
in more reliable in vitro outcome [Chambers et al., 2009; Chetty et a., 2013; Kim et al.,
2010].

Future directions

Reprogramming technology now provides an unprecedented approach to study RTT and
indeed other diseases. The basic stream to follow for modeling any disease, such asRTT,
would be the derivation of validated patient specific iPSCs and subsequent differentiation to
the cell typesimplicated in disease, in the case of RTT, neurons. Next the researcher would
probe for an in vitro phenotype, and this approach has already proved successful (see Table
1). Brain disorders, however, are complicated diseases that encompass a myriad of
interactions of neurons with other neurons and non-neuronal cells. In the case of RTT, glial
cells, such as astrocytes and microglia, were shown to be critical in RTT [Derecki et al.,
2012; Lioy et al., 2011]. Investigation of interaction of neurons and glial cellsin human
brain is challenging, but RTT-iPSC by reprogramming technology enables differentiation of
neurons and glial cells, and investigating the functional interaction. In addition to cell-to-cell
interaction, we need to consider a higher-level neuronal circuitry in brain asawhole.
Advanced brain tissue engineering that positions the in vitro differentiated neurons and glial
cellsto their physiological niche as afunctional unit may allow studying RTT in 3
dimensions. In solid organs, decellurization of an organ to produce matrix scaffold and
ensuing recellurization have given promising results in cellular replacement in lung, heart
and liver [Song and Ott, 2011]. However, brain is composed of soft tissue and would be a
challenging organ for whole cell replacement. Investigation of murine models transplanted
with neurons and/ or non-neuronal cells derived from human RTT-iPSCs will be another
important approach to study RTT physio-pathogenesis [ Espuny-Camacho et al., 2013;
Maroof et a., 2013].

When the exact genetic mutations are known for a disease, such asin RTT with avariety of
MECPZmutations, introducing the given mutations in a standardized ESC or iPSC would
facilitate investigating the effect of mutationsin one isogenic background [Soldner et al.,
2011]. A number of approaches have been developed to precisely edit the genomes of both
ESCs and iPSCs, these include Zinc finger nucleases (ZFNs) and the transcription activator-
like effector nucleases (TALENS) [Joung and Sander, 2013]. In brief, the target sequences
are recognized by either ZF or TALE motifs and then cut by alinked nuclease, thisin turn
promotes homol ogous recombination. Although these approaches are effective, there have
been concerns in producing off-target mutagenesis [Mussolino et al., 2011; Pattanayak et a.,
2011]. Recently, clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated (Cas) system that was identified as a bacterial adaptive immune defense
has been applied in genome editing [Jinek et al., 2012; Mali et al., 2013]. CRISPR system
use guide RNA to recognize target sequence, and CRISPR-associated nuclease causes
specific double strand breaks in a DNA target to increase homol ogous recombination
efficiency. Although the frequency and causes of off-target activity are to be determined,
CRISPR allows the multiplex genome editing [Mali et al., 2013]. Because a series of
mutationsin MeCP2are already known from clinical genetic studies, a standardized ESC or
iPSC lines engineered with known mutations within MeCP2would provide a great resource
for RTT disease modeling.
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Success of in vitro disease modeling absolutely depends on the faithful differentiation of
pluripotent cells to the cell types that are afflicted. Function of MeCP2 in neurons seems to
be foremost essential in RTT. To this end sophisticated deletions of MecpZin different type
of neurons using conditional null allele models have been developed. Thesein turn have
demonstrated that MecpZ2is essential in different types of neurons within the brain,
including forebrain excitatory neurons, inhibitory neurons, hypothalamic neurons,
basolateral amygdala neurons, and aminergic neurons [Adachi et al., 2009; Chao et al.,
2010; Fyffeet a., 2008; Samaco et al., 2009]. In addition, it has been demonstrated that
non-neuronal cell types such as astrocytes and microglia are equally important playersin
RTT [Derecki et al., 2012; Lioy et ., 2011]. Pluripotency of iPSCs now allow the research
community to assess the function of MeCP2 in each of these neuronal and non-neuronal cell
types. However, we still need to be cautious, because in vitro differentiation methodologies
are not yet fully defined to produce these functionally distinct neuronal subtypes, astrocytes
and microglia. Recent success in differentiating cortical excitatory and inhibitor neurons
from human ESC and iPSCs is encouraging in studying RTT, because these are major
neuronal cell types affected in RTT [Espuny-Camacho et a., 2013; Maroof et a., 2013]. The
future will require the development of robust methodologies to produce many other neuronal
subtypes. Thiswill be an important weapon in the arsenal in order to study disease
mechanism of many diseases including schizophrenia, autism spectrum disordersand RTT.
Therefore, as methods are honed and refined to produce more specific neuronal subtypes
and other functionally relevant cell types from iPSCs, we will acquire amore
comprehensive understanding RTT.

Here, we have given an overview of RTT and reprogramming as anovel research tool to
facilitate a better understanding of RTT. In order to channel knowledge and resourcesin a
focused manner, the RTT research community has compiled a database which will enable
the study of RTT genotype-phenotype correlations [Grillo et a., 2012]. Armed with the
information from the database and combined with in vitro data from RTT-iPSC derivatives,
thiswill provide acritical resource. This gained knowledge will aid the devel opment of
diagnostics as well as personalized medicine to improve current drug regimes and to identify
potential new therapeutics. Asin RTT, reprogramming technologies in combination with
robust methodol ogies to faithfully direct iPSCs to the required cell types, will provide an
unique opportunity for disease modeling and pathogenesi s research for many other diseases.
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Figure 1. Application of reprogramming in RTT studies

Somatic cells are obtained from RTT patients. Female RTT patient's cells are mosaic in
expression of genesin X chromosome due to random XCI during early embryogenesis.
When reprogrammed, iPSCsin general maintain one active X chromosome. Thus, RTT-
iPSC clones expressing either wild type or mutant MeCP2 are produced from RTT patients.
Mutant RTT-iPSCs can be differentiated into relevant cell types and used for in vitro disease
modeling in comparison of wild type iPSC. Wild type iPSC can be used in cell therapy as
autologous cells.
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Reprogramming can cause de novo genetic or epigenetic variationsin iPSCs. In female
iPSCs, maintaining X chromosome in stable is challenging. iPSCs display clonal variation.
Developing optimal differentiation potential to produce RTT relevant cell types are critical

in successful modeling.

J Céll Biochern. Author manuscript; availablein PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Dajani et al.

Table 1

Reports on derivation and characterization of iPSCsfrom RTT patients.
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Lab Mutations In vitro difference in phenotype Therapeutics Reference
’ R306C missense mutation in
TheEllislab MeCP2 N/A N/A [Hotta et al., 2009]
Fewer synapses Reduced spine density
TheMuotrilab | 115900 33060 Q23X. O | Srmaller somasize Altered calcium IGF1 Gentamicin [z“gﬁr)]che‘“’ adl,
transient Electrophysical defects
TheEllislab '\DﬂzlgFlgn in exons 3 and 4 of Reduction in somasize N/A [Cheung et al., 2011]
T158M, E235fs, Q244X, . . )
The Park lab R306C, or X487W in MeCP2 Reduction in TuJ positive cells N/A [Kimet al., 2011b]
T158, V247X, R306C, or L : !
The Chang lab R294X in MeCP2 Reduction in neuron size N/A [Ananiev et a., 2011]
TheBroccoli lab | R59X, or L220P in MeCP2 Aberrant spine structure N/A [Ricciardi et a., 2012]
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