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Abstract

Rett Syndrome (RTT) is a pervasive, X-linked neurodevelopmental disorder that
predominantly affects girls. The clinical patient features of RTT are most commonly
reported to emerge between the ages of 6-18 months and as such, RTT has largely
been considered to be a postnatal disorder. The vast majority of cases are caused by
sporadic mutations in the gene encoding methyl CpG-binding protein 2 (MeCP2),
which is expressed in the brain during prenatal neurogenesis and continuously
throughout adulthood. MeCP2 is a pleiotropic gene that functions as a complex, high-
level transcriptional modulator. It both regulates and is regulated by coding genes and
non-coding RNAs including microRNAs (miRNAs). The effects of MeCP2 are mediated
by diverse signaling, transcriptional, and epigenetic mechanisms. Whereas the
postnatal effects of MeCP2 have been widely studied, pre-symptomatic stages of RTT

have yet to be thoroughly investigated. Recent evidence from our lab among others



suggests a role for MeCP2 during prenatal neurogenesis that may contribute to the
neuropathology observed later in life. We sought to characterize the course of
neurogenesis in MeCP2-deficient human neurons with the use of induced pluripotent
stem cells (iPSCs) derived from RTT patient skin samples. We generated a variety of
monolayer and 3D neuronal models and found that RTT phenotypes are present at the
earliest stages of brain development including neuroepithelial expansion, neural
progenitor migration and differentiation, and later stages of membrane and synaptic
physiological development. We established a link between MeCP2 and key microRNAs
that are misregulated in RTT and lie upstream of signalling pathways that contribute to
aberrant neuronal maturation in the absence of MeCP2. We have uncovered novel
roles of MeCP2 in human neurogenesis. Whereas the processes that comprise early
neural development were previously considered irrelevant to RTT pathology, the
deficits we observed in neuronal differentiation, migration, and maturation are a crucial
component to the larger picture of RTT pathogenesis and provide additional insight

into the emergence of RTT patient symptoms.
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Introduction

Rett Syndrome (RTT) has long been considered to be simply a disorder of postnatal
development, with phenotypes that manifest only late in development and into
adulthood. A variety of recent evidence demonstrates that the phenotypes of Rett
Syndrome are present at the earliest stages of brain development, including
developmental stages that define neurogenesis, migration, and patterning in addition
to stages of synaptic and circuit development and plasticity. These phenotypes arise
from the pleotropic effects of MeCP2, which is expressed very early in neuronal
progenitors (NPs) and continues to be expressed into adulthood. The effects of MeCP2
are mediated by diverse signaling, transcriptional, and epigenetic mechanisms.
Attempts to reverse the effects of Rett Syndrome need to take into account the

developmental dynamics and temporal impact of MeCP2 loss.

Rett Syndrome

RTT is a developmental neurological disorder that affects 1 in every 10,000-15,000 live
female births in the US (Chahrour and Zoghbi, 2007). The genetic origin of RTT, in
~90% of patients, has been traced to sporadic loss-of-function mutations in the X-
linked gene MECP2 coding for methyl CpG-binding protein 2, mainly localized to
methylated pericentric heterochromatin (Amir et al., 1999). Clinical features of the
disorder involve marked developmental regression, progressive loss of acquired motor
and language skills, the acquisition of stereotyped repetitive hand movements, muscle
hypotonia, autonomic dysfunctions, and severe cognitive impairment. Due to an
overlap of symptoms (e.g., speech and motor abnormalities; social interaction deficits),
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RTT was formerly classified as an autism spectrum disorder (ASD). It has since been

classified as a separate disorder and was removed from the DSM-V in 2013.

MeCP2 is an epigenetic modulator of gene expression. It acts as both a transcriptional
activator and repressor (Chahrour et al., 2008; Li et al., 2013), in addition to regulating
gene expression post-transcriptionally via microRNA (miRNA)-processing machinery
(Cheng et al., 2014) and in an activity-dependent manner to regulate synaptic activity
(Qiu et al., 2012). The binding interaction between MeCP2 and DNA is governed by a
variety of genetic and epigenetic factors such as the length of the DNA, nearby
sequences, and methylation patterns (Chahrour et al., 2008; Ghosh et al., 2010; Zahir
and Brown, 2011). MeCP2 is a known binding partner of 5-methylcytosine (5mC) at
CpG dinucleotides throughout the genome, resulting in transcriptional repression in
these regions (Guy et al., 2011). However, MeCP2 is also the predominant 5-
hydroxymethylcytosine (5hmC)-binding protein in the brain. Enrichment of 5hmC is
linked to highly expressed genes (Song et al., 2011; Mellén et al., 2012) in the absence
of 5mC, suggesting that in the context of this binding interaction, MeCP2 facilitates
transcription (Mellén et al., 2012). Of note, MeCP2 is itself subject to methylation-
dependent regulation, disruptions in which have been linked to autism (Nagarajan et
al., 2008). Thus, epigenetic modifications can regulate both the expression of MeCP2

and its downstream binding partners.

Alternative splicing of Mecp2/MECP2 generates two main isoforms that differ

exclusively at the N-terminus (Kriaucionis and Bird, 2004; Mnatzakanian et al., 2004):

18



MeCP2_e1, the predominant isoform in the brain (Kriaucionis and Bird, 2004;
Mnatzakanian et al., 2004; Dragich et al., 2007; Kaddoum et al., 2013), and
MeCP2_e2, which displays a later expression onset during mouse brain development
(Olson et al., 2014). The two isoforms exhibit differential temporal and region-specific
differences in their expression profiles in the brain and both contribute to neurological
function and gene expression patterns (Cusack et al., 2004; Orlic-Milacic et al., 2014;
Yasui et al., 2014). The ratio of splice variants differs in a temporal- and cell type-
specific manner, suggesting dynamic regulation of their expression and non-redundant
functionality in the distinct stages of neurogenesis and adulthood (Dragich et al., 2007,
Liyanage et al., 2013; Olson et al., 2014; Orlic-Milacic et al., 2014). Whereas MeCP2_e1
has been shown to be the isoform most relevant to RTT pathogenesis (Yasui et al.,
2014), MeCP2_e2 interacts with forkhead protein FoxG1, which promotes neuronal
survival and maturation and in which mutations can also cause RTT (Dastidar et al.,
2012). The physiological significance of these two isoforms is not fully understood.
Manipulations of independent isoforms in a cell type-specific manner are required in

order to reveal their respective contributions to activity-dependent functions of MeCP2.

Early work demonstrated that RTT-like deficits are evident in the context of a brain-
specific deletion of MeCP2, pointing to the importance of the CNS in RTT (Chen et al.,
2001). Animals in which MeCP2 was deleted exclusively in postmitotic neurons
exhibited a decrease in the size of individual neurons of the cortex, demonstrating that
MeCP2 deficiency at postnatal stages of development is sufficient to cause disease

phenotypes. Whereas this does not rule out a prenatal component of RTT
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pathogenesis, it suggests that MeCP2 may have a critical and lasting role in mature

neuronal function, which lends insight into avenues for treatment.

Reversal of functional and behavioral deficits in RTT

One of the key discoveries in RTT has been the amelioration of function following
reactivation of endogenous Mecp2 (Guy et al., 2007; Cobb et al., 2010). This striking
finding, an important feature not only of RTT but perhaps also of neurodevelopmental

disorders in general, suggests that the neurodevelopmental pathology is reversible.

The phenotypic reversibility of advanced neurological phenotypes in both immature
and mature adult animals shows that reactivation of the MeCP2 protein even at late
stages of the disorder can partially rescue the mutant phenotype (Giacometti et al.,
2007; Guy et al., 2007). Systemic delivery of MeCP2 cDNA via AAV9, under control of a
fragment of its own promoter (scAAV9/MeCP2), has been shown to significantly rescue
behavioral and cellular deficits when administered systemically into female RTT mice
(Garg et al., 2013). Proposed as a model for gene therapy, the retroviral-mediated
overexpression of the MeCP2_e1 isoform in neural stem cells taken from Mecp2
heterozygous mice was shown to promote dendritic branching in vitro (Rastegar et al.,
2009). Perhaps more practically, pharmacological manipulations, such as the treatment
of Mecp2 null mice with recombinant human IGF1 (rhlGF1) or a peptide fragment of
IGF1, also resulted in a partial rescue of synaptic defects and cortical excitatory
synaptic transmission, in addition to restoring activation of signaling pathway proteins
(Tropea et al., 2009; Castro et al., 2014). These studies argue that the brain circuits
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involved in neural processing may not functionally decline but rather remain in a labile,
immature state; their subsequent activation by the re-introduction of Mecp2
(Giacometti et al., 2007; Guy et al., 2007) or by pharmacological manipulations to
activate downstream signaling pathways (Tropea et al., 2009; Castro et al., 2014) is an

important measure to ameliorate the syndrome’s consequences.

Timeline of pathogenesis

Traditionally, the dynamic time-course of RTT is thought to involve a period of
apparently normal early development followed by profound neurological regression—a
defining feature of RTT—and subsequent stabilization or partial recovery. This delayed
clinical onset suggests a predominantly postnatal component to RTT, which has been
supported by early work demonstrating that a loss of MeCP2 exclusively in postmitotic
forebrain neurons recapitulates many aspects of disease (Gemelli et al., 2006).
Correspondingly, expressing MeCP2 exclusively in postmitotic neurons of Mecp2
mutant mice rescued a range of RTT phenotypes (Luikenhuis et al., 2004). These
seminal studies, though key to our understanding of RTT pathogenesis, leave open the
possibility of earlier effects due to the strong phenotypes examined such as body
weight, brain weight, and locomotor behavioral deficits. Cortical development,
differentiation, and migration effects that occur during neurogenesis may be evident in
subtle phenotypes. Similarly, postnatal restoration of MeCP2 may leave subtle
phenotypes uncorrected. In a similar vein, our clinical understanding of the disease
initiation and progression and the ways in which MECP2 impacts distinct phases of
neurodevelopment is gradually evolving. In recent years, there has been a gradual shift
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in our understanding of atypical regression in RTT patients, with growing evidence of
prenatal and early postnatal developmental abnormalities resulting in defects in the
establishment and refinement of early neural circuits and, later, cortical plasticity

(Figure 1).
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Figure 1. Roles of MeCP2 throughout the lifespan

MeCP2 influences multiple features of brain development and function, at a
variety of time points as its expression increases and is maintained. Thus,
prenatal and postnatal brain development, as well as adult function, are all

potentially affected in Rett Syndrome.
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MeCP2 expression affects successive stages of brain development including prenatal
neurogenesis, postnatal development of synaptic connections and function,
experience-dependent synaptic plasticity, and maintenance of adult neural function
including sensory integration (Chahrour and Zoghbi, 2007; Banerjee et al., 2012; Lyst
and Bird, 2015). MeCP2 critically maintains synaptic excitation (E) and inhibition (1),
which are fundamental to the function of brain circuits and are often disrupted in
neurological disorders including RTT (Boggio et al., 2010; Banerjee €t al., 2012).
Additionally, MeCP2 has a remarkably diverse pool of binding partners and
downstream targets (Urdinguio et al., 2008; Ebert and Greenberg, 2013). This
functional and binding complexity, in combination with the domain-specific
functionality of the MeCP2 protein (Kumar et al., 2008; Adkins and Georgel, 2011),
confers a pleiotropic effect across age- and cell-type specific backgrounds (Zahir and
Brown, 2011). Accordingly, different mutations in MeCP2 result in a wide range of
phenotypic variability and severity in RTT patients (Cuddapah et al., 2014),

necessitating context-dependent mechanistic insights into MeCP2 function.

Whereas MeCP2 is known to be a dynamic, pleiotropic regulator of gene expression,
several reports suggest that at a fundamental level, RTT is a metabolic disorder that
affects both neurons and glia (Saywell et al., 2006; Viola et al., 2007). Global reductions
in transcription and translation in human RTT neurons (Li et al., 2013) support this
concept. A mitochondrial component has been suggested as the causal metabolic

defect in RTT (Kriaucionis et al., 2006); others have demonstrated altered
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concentrations of several brain metabolites in MeCP2-deficient male mice at 5-8
weeks of age that suggest deficits in membrane lipid metabolism, osmoregulation, and
glutamatergic neurotransmission (Viola et al., 2007). Accordingly, oxidative stress has
been suggested as one of the main causes of neuronal dysfunction in RTT (Filosa et
al., 2015) and could potentially explain the toxicity of MeCP2-deficient neurons on
neighboring WT cells. Whereas metabolic pathways utilized by NPs differ from those in
neurons (Candelario et al., 2013), effects of MeCP2 depletion on various metabolic
components may differ throughout development and potentially contribute to its
pleiotropic effects. Of note, glucose metabolism increases in the cortex at
approximately 8-12 months of age, close to the age in which clinical RTT symptoms

begin to emerge (Shahbazian et al., 2002a).

Transgenic mouse models that harbor cell-type specific mutations in MeCP2 have
shed light on our understanding of RTT pathogenesis in the brain. Expression of
MeCP2 under the CamKIll or neuron-specific enolase promoter did not prevent the
appearance of most RTT phenotypes, suggesting a more complex network of
involvement for MeCP2 (Alvarez-Saavedra et al., 2007). Interestingly, mice lacking
MeCP2 exclusively in GABAergic neurons recapitulate many RTT features (Chao et al.,
2010), and deletion of MeCP2 in the parvalbumin (PV)-expressing subset of GABAergic
neurons abolishes experience-dependent critical plasticity in the absence of most RTT
phenotypes (He et al., 2014). The restoration of MeCP2 exclusively in astrocytes
resulted in a non-cell-autonomous ameliorative effect on neurons in vivo (Lioy et al.,

2011), whereas RTT microglia were shown to exhibit adverse non-cell-autonomous
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effects on WT neurons in vitro (Maezawa and Jin, 2010). In spite of their differing roles
and effects on downstream gene regulation (Orlic-Milacic et al., 2014), transgenic
expression of either the MeCP2_e1 or MeCP2_e2 splice variant has been shown to
prevent the development of a number of RTT phenotypes in a mouse model lacking
MeCP2. However, many abnormalities were only partially prevented, negating the
notion that both transcripts are capable of acting independently and without fault to
fulfill all of the roles of MeCP2 (Kerr et al., 2012). Accordingly, another study
demonstrated that a point mutation in the MeCP2_e1 splice variant is sufficient to
recapitulate many RTT phenotypes observed in MeCP2 KO mice (Yasui et al., 2014).
Whereas the complexity that underlies the roles of MeCP2 will not be resolved with a
single mouse model, each contributes a fragment to the larger puzzle that represents

MeCP2 functionality.

Similar to loss of function mutations in MECP2, the duplication of MECP2 also results
in a progressive neurological disorder that includes stereotypic and repetitive hand or
body movements, epilepsy, spasticity, and a severe syndromic form of intellectual
disability in male patients (Van Esch, 2011). Recent studies show that the neurological
dysfunctions in MECP2 duplication syndrome are reversible in adult symptomatic mice
and correction of MeCP2 levels genetically or by using antisense oligonucleotides
largely restores molecular, electrophysiological, and behavioral deficits (Sztainberg et

al., 2015).
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Modeling RTT

Mouse models of RTT generated thus far have provided a wealth of knowledge
regarding the pathophysiology of the disorder. However, complex genetic and
environmental contexts of human disease are virtually impossible to recreate in an
engineered mouse model. It is with the advent of iPSCs that the potential for modeling
(and drug screening in) genetically accurate human disease in vitro has emerged. As a
monogenic developmental disorder, RTT is ideally amenable to this approach. Human
iPSCs derived from human dermal fibroblasts (HDFs) are comparable to human
embryonic stem (hES) cells with respect to proliferative and differentiating potential,
but are not subject to the ethical debate surrounding the use of hES cells. Human
iPSCs are most often generated via introduction of retroviral vectors containing
transformative factors Oct3/4, Sox2, Klf4, and c-Myc into HDFs. Resulting iPSCs
express hES markers and display histone modification status characteristic of hES
cells. iPSCs selected by marker Nanog (target of Oct3/4 and Sox2) are virtually
identical to ES cells regarding global gene expression, DNA methylation, and histone

modification (Takahashi et al., 2007).

Recent advances in the differentiation of hPSCs have successfully recapitulated
cerebral cortical development in vitro. Combining retinoid signaling with dual inhibition
of SMAD signaling promotes efficient neural induction and generates, in a manner
consistent with development in vivo, glutamatergic neurons inclusive of all six cortical
layers and glia (Shi et al., 2012a; 2012b). GABAergic interneurons, which emanate and

tangentially migrate from the ganglionic eminences in vivo (Goulburn et al., 2012), can
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be generated from hNPCs via the addition of ventralizing signaling molecule Sonic
hedgehog (Shh) or its agonist purmorphamine (Goulburn et al., 2012; Ma et al., 2012;

Shi et al., 2012b).

Differentiation protocols designed to recapitulate cortical development in vitro are
useful in their capacity to expose phenotypes during these critical stages of
neurogenesis. In order to build on this potential, recent advances in neuronal
differentiation techniques have allowed for the generation of cerebral organoids, or
spheroids, which are 3D cellular structures that mimic corticogenesis to generate
defined regions of cortical identity in vitro (Lancaster et al., 2013; Pasca et al., 2015). It
is worth noting that protocols designed to recapitulate neurogenesis are often time-
consuming, as the cells mature according to an intrinsic time scale. As such, these
protocols are best suited to study differentiating or early neurons. In order to study
mature neurons in an expedited time frame, protocols have been developed to speed
the transition from iPSC or fibroblast to neuron via viral-mediated (Zhang et al., 2013a)
and miRNA-mediated (Kuo and Ying, 2012) methods. The viral-mediated
overexpression of Ngn2 in iPSCs (Zhang et al., 2013b) induces a neuronal identity (as
defined by gene expression and electrophysiological properties) two weeks post-
infection. This rapid induction, albeit poorly suited for studies of early neurogenesis, is
highly effective for the study of neuronal activity and has been shown to generate

neurons that functionally integrate into the mouse brain.
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Amidst the excitement over the multitude of potential applications for the “disease-in-
a-dish” approach, it is critical to acknowledge that studying genetic disorders in human
cells faces substantially more challenges regarding controls as compared to inbred
mouse lines. Comparing patient-derived iPSCs to control iPSCs that share partial or no
genetic background poses considerable risks of under- or over-interpreting disease-
related phenotypes. Therefore, to provide a solid foundation for investigating disease
mechanisms, testing therapy efficacy, and identifying new treatments, the derivation

and analysis of hPSCs must be performed in an isogenic context.

Two main approaches exist for the generation of an isogenic iPSC line modeling an X-
linked disease. The first exploits the mechanism of XCl throughout the processes of
cellular reprogramming and differentiation. Controversy exists as to whether or not
hiPSCs reactivate the inactive X-chromosome during the process of reprogramming
(Cheung et al., 2012). Specifically, in the generation of RTT hiPSCs, some have
reported such a reactivation (Marchetto et al., 2010), whereas others have reported the
generation of RTT iPSCs that retain the XCI pattern of the original fibroblast (Ananiev et
al., 2011; Cheung et al., 2011; Farra et al., 2012). These inconsistencies are possibly
due to tissue culture methodology, as XCl is reportedly influenced by atmospheric
oxygen concentration (Lengner et al., 2010). Irrespective of XCI activation during the
reprogramming stage, each hiPS cell will express one of two X chromosomes, be it the
same as its founding somatic cell or the opposite. By isolating iPS colonies at a single-
cell level and independently expanding these populations, one can create a

homogeneous clonal population of iPSCs from a patient cell that expresses either the
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wild type or mutant allele. These two groups allow for comparison between patient-
derived cell lines that differ exclusively at the disease locus. Alternatively, genome
editing procedures are capable of generating pairs of isogenic lines that differ
exclusively at the disease locus. CRISPR-associated endonuclease (Cas)9
(CRISPR/Cas9) has been used to introduce frame-shifting, insertion/deletion (INDEL)
mutations that are targeted to the Mecp2 locus using specific guide RNAs (gQRNAs) via
adeno-associated viral (AAV) vectors (Heidenreich and Zhang, 2015). The method has
also been used to generate isogenic pairs of human ESCs in which to model RTT in

vitro (Li et al., 2013).

Membrane phenotypes

MeCP2 is known to regulate the expression of voltage-gated channels in addition to
genes relevant to synaptic transmission (Orlic-Milacic et al., 2014). iPSC-derived RTT
neurons that harbor a mutation in the MECPZ2e1 isoform exhibit dysfunction in action
potential generation and decreased voltage-gated Na* currents. Additionally, these
neurons display dysfunctional synaptic activity, with deficits in both amplitude and
frequency of mEPSCs (Djuric et al., 2015). Similarly, RTT patient iPSC-derived neurons
have been shown to express reduced levels of voltage-gated sodium channel genes
SCN1A and SCN1B (Kim et al., 2011). iPS-derived neurons from heterozygous
Mecp2°® mice also exhibited deficits in evoked action potentials, glutamatergic
synaptic transmission, and aberrancies in sodium channel function (Farra et al., 2012),
which aligns well with more recent data demonstrating decreased expression of
calcium, sodium, and potassium channels in Mecp2-null mice (Bedogni et al., 2015)

30



and altered resting membrane potential and excitability in mouse ESC-derived Mecp2™”

neurons (Barth et al., 2014).

Deficits in early neurogenesis

Early work in mouse models on the function of MeCP2 reported a pattern of expression
limited to the neural lineage, with low expression in neuroblasts and a progressive
increase during embryonic and postnatal development. Such findings led to the belief
that MeCP2 is predominantly involved in the maturation and maintenance of neuronal
function, as opposed to early cell fate decisions, and were further supported by a lack
of phenotype observed with respect to differentiation in MeCP2-null NPs (Kishi and

Macklis, 2004).

Evidence has since demonstrated that, whereas MeCP2 expression increases post-
mitotically, both mRNA and protein can be detected throughout the majority of the
mouse and human lifespan, including embryonic stages during which neurogenesis
occurs (Shahbazian et al., 2002b; Balmer et al., 2003; Han et al., 2013; Liyanage et al.,
2013; Bedogni et al., 2015; Kumar and Thakur, 2015). MeCP2 protein expression does
indeed increase post-neuronal differentiation, at which point the vast majority of RTT
phenotypes have been described. Experiments designed to determine isoform-specific
expression have detected MeCP2_e1 protein in the mouse hippocampus as early as
E14, whereas MeCP2_e2 was first detected at E18. Samples younger than E14 were
not analyzed in this study, and thus these results do not preclude the possibility of
expression at earlier embryonic stages. MeCP2_e1 expression increased until it
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reached a plateau at P7-P21. MeCP2_e2 expression overlapped with MeCP2_e1 after
E18, albeit at a decreased level (Olson et al., 2014). As the gestational period of
synaptogenesis overlaps with that of neuronal migration in human development (Tau
and Peterson, 2010), it stands to reason that MeCP2, known to regulate synaptic
development (Fukuda et al., 2005; Kaufmann et al., 2005; Smrt et al., 2007), and cell
guidance and laminar organization in the olfactory system (Degano et al., 2009), may
contribute to the processes of cell fate specification and migration in the developing
brain, especially the cortex. Accordingly, the landscape of clinical literature has been
shifting to suggest an earlier onset of symptoms in RTT patients (Fehr et al., 2010;

2011; Marschik et al., 2013; Neul et al., 2014; Tarquinio et al., 2015).

Cell fate and signaling pathways

Expression of MeCP2 during early neurogenesis suggests a consequent role for the
protein during this critical developmental time point. Neurogenic functions of MeCP2
have indeed since been demonstrated in mouse, whereby embryonic NPCs
overexpressing MeCP2 exhibited a heightened neural identity in vitro (Tsujimura et al.,
2009). Conversely, embryonic NPCs extracted from mice lacking MeCP2 exhibited a
more proliferative—as opposed to late post-mitotic —identity, and revealed
morphological alterations as early as 3 days in vitro (DIV) (Bedogni et al., 2015). A
human patient-derived induced pluripotent stem cell (iPSC) model of Rett Syndrome
expressing a de novo frame-shift mutation in exon 4 (c.806delG) illustrated a parallel
role for MeCP2 in the promotion of neural identity in which neural stem cells lacking
MeCP2 exhibited increased astrocytic differentiation in vitro (Andoh-Noda et al., 2015).
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Mesenchymal stem cells (MSCs) isolated from a Rett patient harboring a different de
novo mutation (del_1164-1207) also demonstrated impaired neural differentiation in
vitro, which resulted in a reduced percentage of NeuN-expressing cells and increased
senescence (Squillaro et al., 2012). Roles for MeCP2 in determining neurogenic
potential have been reported in Xenopus (Stancheva et al., 2003), zebrafish (Coverdale

et al., 2004; Gao et al., 2015) and chick (Petazzi et al., 2014) embryos.

Mechanisms underlying the function of MeCP2 with respect to early cell fate decisions
are largely unknown. Neurogenic signaling cascades such as the Notch-Delta and
PIBK-Akt pathways have been demonstrated to coordinate with MeCP2 throughout
various time points including neurogenesis. Phosphorylation of MeCP2 at Serine421
(S421)—known to regulate gene transcription and synaptic development in an activity-
dependent manner (Zhou et al., 2006)—has since been shown to modulate the balance
between proliferation and differentiation in NPCs isolated from the adult mouse
hippocampus. Evidence suggests that the Notch-Delta signaling pathway, mediated
via MeCP2-S421 phosphorylation, may serve as the hub linking MeCP2 to neural cell
fate decisions in adult NPCs (Li et al., 2014). Experiments performed in Xenopus
embryos, in which MeCP2 is expressed and is critical for neurogenesis, have
demonstrated that the Notch-Delta signaling pathway regulates the patterning of
primary neuronal differentiation in conjunction with MeCP2 binding. A complete lack of
MeCP2 protein resulted in a decrease in the number of neuronal precursors, whereas
expression of a truncated form of MeCP2 often found in Rett Syndrome patients—

R168X—resulted in an increase in the number of neuronal precursors relative to WT
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embryos (Stancheva et al., 2003). This phenotypic variety observed as a result of
varying dosages and mutations of MeCP2 is echoed throughout the experimental and
clinical literature (Fehr et al., 2010; 2011; Chao and Zoghbi, 2012; Cuddapah et al.,

2014).

The PI3K-Akt signaling pathway is implicated in a wide range of cellular functions
including cell cycle and transcriptional regulation (Brazil et al., 2004). The pathway has
also been shown to regulate key neurological processes such as synaptic transmission
(Wang et al., 2003) and neurodegeneration (Humbert et al., 2002; Chen et al., 2003)
and is implicated in a range of neurological diseases and disorders such as
spinocerebellar ataxia type 1 (Chen et al., 2003), Huntington’s disease (Humbert et al.,
2002), amyotrophic lateral sclerosis (ALS) (Kaspar et al., 2003), and RTT (Tropea et al.,
2009; Ricciardi et al., 2011; Li et al., 2013; Castro et al., 2014). The majority of studies
performed in RTT models, including those listed above, have examined the
contribution of the PI3K-Akt pathway to disease effects and rescue in mature neurons.
Whereas PI3K-Akt signaling has been shown to promote adult neurogenesis in the
context of exercise enrichment (Bruel-Jungerman et al., 2009), traumatic brain injury
recovery (Wu et al., 2008), and surgical denervation (Zhang et al., 2014), roles for PI3K-
Akt signaling have also been demonstrated throughout embryonic neurogenesis in
mouse (Chan et al., 2011), Xenopus (Peng et al., 2004), and zebrafish (Cheng et al.,
2013). However, the precise roles of PI3K-Akt signaling in embryonic neurogenesis in

the context of RTT have yet to be elucidated.
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microRNAs and MeCP2

microRNAs (miRNAs) finely regulate genetic networks throughout the course of brain
development and, with astounding complexity, act as critical determinants of early
neurogenic activities such as cortical patterning and activity development, cellular
subtype specification, and neuronal differentiation (Coolen and Bally-Cuif, 2009;
Fineberg et al., 2009; Lau and Hudson, 2010). They are themselves subject to
upstream epigenetic regulation; many are indeed targets of MeCP2 (Szulwach et al.,
2010) or, as in the case of miR-132, act in a feedback loop as both target and regulator
to maintain MeCP2 levels (Klein et al., 2007). miR-132 has in turn been shown to
promote postnatal neurogenesis and synaptic integration in neurons of the olfactory
bulb (Pathania et al., 2012). Another brain-enriched miRNA target of MeCP2, miR-137,
has been shown to regulate neuronal maturation and dendritogenesis in the postnatal
hippocampus (Smrt et al., 2010) and to modulate proliferation and differentiation in
adult neurogenesis (Szulwach et al., 2010). Moreover, miR-137 been shown to
negatively regulate neural stem cell proliferation and promote differentiation in
embryonic mouse brains (Sun et al., 2011). miR-199a has been demonstrated as a link
between MeCP2 and the mTOR pathway (Tsujimura et al., 2015), previously implicated
in RTT (Ricciardi et al., 2011). MeCP2 facilitates the post-processing of miR-199a,
which positively regulates mTOR signaling. Notably, exogenous miR-199a ameliorated
several impairments in RTT neurons and the genetic deletion of miR-199a-2 resulted in
decreased mTOR activity in the brain and the recapitulation of several RTT phenotypes
(Tsujimura et al., 2015). MeCP2 is known to influence the production of growth factors

such as BDNF and IGF1—the latter via a miRNA-mediated pathway downstream of
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BDNF (Mellios et al., 2014). Many pathways and loops that determine the process of
neurogenesis are maintained by the concerted regulation of miRNAs and MeCP2. As
such, they provide insight into potential avenues by which MeCP2—or a lack-there-

of —can influence the developing cortex.

Deficits in neuronal migration and cortical patterning

Functions of MeCP2 during early neurogenesis result in immediate and long-term
effects on neuronal migration and cortical patterning. Migration begins at gestational
week 8 in humans and at E11 in mouse, at which point NPs proliferating within the
ventricular zone that lines the cerebral ventricles begin to differentiate to form the
cortical laminae (Tau and Peterson, 2010; Kwan et al., 2012). Post-mitotic cells migrate
over radial glial scaffolds to form the discrete layers of the cerebral cortex in an inside-
first, outside-last temporal pattern. Deep-layer cortical neurons are born first and
passed by newly born neurons migrating to upper layers. This process is
spatiotemporally governed by a variety of signaling, transcriptional, and epigenetic
mechanisms (McConnell, 1995; Corbin et al., 2008; Martynoga et al., 2012). Aberrant
regulation of the proliferation and differentiation of neural stem cells results in a range
of cortical dysplasias and is associated with many neurological and neuropsychiatric
disorders including Alzheimer’s disease, schizophrenia, and ASDs (Valiente and Marin,

2010).

Early work demonstrated morphological cortical deficits in 8-week-old MeCP2” mice
including reduced thickness and increased cell density in neocortical layers; due in part
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to the belief that MeCP2 was not expressed early on, these alterations were believed to
be a result of reduced cell size and complexity as opposed to deficits in corticogenesis
(Kishi and Macklis, 2004). Cerebellar expression profiling performed alongside
chromatin immunoprecipitation in MeCP2-deficient mice has since revealed increased
expression of Reln—encoding the extracellular signaling protein Reelin, known to be
essential for proper neuronal lamination (Jordan et al., 2007). Accordingly, recent
evidence has demonstrated that mouse NPCs lacking MeCP2 exhibit delayed
corticogenesis with respect to migration from the sub-ventricular and ventricular zones
into the cortical plate (Bedogni et al., 2015). These findings suggest a need for a
thorough evaluation of the role of MeCP2 in cortical migration and lamination, as
layering deficits observed at postnatal time points in RTT may result from combinatorial

deficits in cortical development and maintenance.

Deficits in synaptic transmission and plasticity during postnatal development
Along with deficits in early neurogenesis and cortical patterning, MECP2 has been
shown to play a key role in synaptic maturation and plasticity. Mutant mouse models
have been generated with a global deletion of MeCP2 (MeCP2™) from all neurons and
selectively from specific cellular subtypes including various neuronal subtypes and
astrocytes. These models have served as a robust genetic starting point in which to
study the common principles underlying synaptic defects and how interplay of these

cell types might contribute to the disorder.
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Functional defects in synaptic transmission have been investigated in an Mecp2 global
deletion model in which cortical connections were found to have weaker excitatory
synaptic transmission and lower levels of basal activity (Dani et al., 2005; Chang et al.,
2006; Nelson et al., 2006; Chahrour and Zoghbi, 2007; Chao et al., 2007), reminiscent
of an immature circuit. Cellular mechanisms of long-term plasticity, considered the
functional basis of learning and memory, have also been found to be impaired in
Mecp2 mutant animals (Amir et al., 1999; Asaka et al., 2006; Lonetti et al., 2010). The
majority of these early studies have used brain slice preparations, recording synaptic
transmission including miniature synaptic currents and synaptic plasticity deficits.
Similar to deficits in excitatory transmission, deletion of Mecp2 from all forebrain
GABAergic interneurons also recapitulates key features of RTT, suggesting that
inhibition plays a crucial role in RTT pathophysiology. This includes reduced GABA
synthesis, Gad1 and Gad2 levels, reduced miniature inhibitory postsynaptic currents
(mIPSCs), and an array of behavioral deficits including EEG hyperexcitability and
severe respiratory dysrhythmias (Chahrour et al., 2008; Chao et al., 2010; Li et al.,
2013). Anatomical studies have reported enhanced PV+ neuronal puncta and
hyperconnected PV+ circuitry in mouse visual cortex, suggesting these microcircuits
contribute to enhanced inhibition in MeCP2" mice (Durand et al., 2012; Cheng et al.,
2014). This altered inhibition mediated by PV+ neurons, which regulates the initiation
and termination of the critical period, has been proposed to alter the timing of critical
period plasticity in RTT (Qiu et al., 2012; Krishnan et al., 2015). Functional studies,
however, have consistently reported decreased inhibitory function including reduced

mIPSCs in CA3 pyramidal neurons of MeCP2” mice (Chahrour et al., 2008; Ghosh et
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al., 2010; Zahir and Brown, 2011; Calfa et al., 2015). Although the density and intrinsic
membrane properties of PV+ and somatostatin (SST)+ interneurons were not affected
in MeCP2™ mice, miniature excitatory postsynaptic currents (NEPSCs) were found to
be smaller and less frequent in fast-spiking PV+ neurons, suggesting impaired
glutamatergic drive specifically onto this interneuron population compared to SST+
neurons (Calfa et al., 2015). Studies in slices have also reported a reduction in mEPSC
amplitudes and a deficit in excitatory pathways, in the absence of change in mIPSC
amplitude or frequency (Dani et al., 2005; Wood et al., 2009). These results are
consistent with the decreased visually-evoked responses found in PV+ interneurons in
mouse visual cortex in vivo (He et al., 2014). Interestingly, recent studies have
highlighted the differential effects of subtype-specific Mecp2 deletion on GABAergic
inhibition regulating non-overlapping neurological symptoms: mice lacking MeCP2 in
PV+ neurons showed sensory, motor, memory, and social deficits, whereas those
lacking in SOM+ neurons exhibited seizures and stereotypies (Ito-Ishida et al., 2015),
further elucidating the complex regulation of inhibition and their disruption in RTT

(Banerjee et al., 2012).

Taken together, these features indicate that RTT is a complex disorder that arises from
an imbalance of excitation and inhibition and a failure of brain circuitry to attain a
mature state (Guy et al., 2011; Banerjee et al., 2012). Many of these defects can have a
strong early developmental, even prenatal component (Figure 1) when the brain fails to
attain ‘phenotypic checkpoint’ signatures and in turn provides faulty functional

feedback that influences gene expression (Ben-Ari and Spitzer, 2010) and network
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malfunction (Ben-Ari, 2015). A coherent set of physiological measurements using in
vivo awake animal models of global and neuronal subtype-specific Mecp2-deletion
remains necessary to measure and evaluate functional defects in the synaptic balance

of excitation and inhibition.

Deficits in adult maintenance and function

The onset of symptoms during early life in RTT patients, in conjunction with findings
from mouse models suggesting neurodevelopmental abnormalities in RTT, have raised
the question whether Mecp2 function is necessary for integrative function in the adult
brain. To address this, an inducible knockout approach was used to delete Mecp2 in
adult mice (= P60) following normal development by crossing floxed Mecp2 allele mice
with mice expressing a tamoxifen-inducible Cre-ER allele (McGraw et al., 2011). This
late deletion of Mecp2 recapitulated key germline knockout phenotypes including
abnormal gait, hind-limb clasping, motor abnormalities, impaired nesting ability, and
impaired learning and memory, further underscoring the importance of Mecp2

in adult neurological function (McGraw et al., 2011). Interestingly, this adult deletion
recapitulated an epigenetic memory clock, suggesting a mechanism that extends—or

is independent—from its early global genetic regulation (Chen et al., 2015).

Similar to behavioral deficits, the physiological response features of adult Mecp2-
deleted neurons have also been characterized in vivo. In vivo genome-editing via
CRISPR/Cas9 resulted in ~68% of targeted cells containing INDEL mutations with a
>60% reduction in MeCP2 protein levels (Swiech et al., 2015). Stereotactic injection of
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AAV-SpCas9 and gRNA targeting Mecp2 into the superficial layers of mouse primary
visual cortex followed by two-photon guided targeted electrophysiological recordings
from genome-edited neurons revealed altered integrative visual responses, further
emphasizing the maintenance role of Mecp2 in the adult brain after normal

developmental milestones have been achieved.

Thesis Aims

The fluidity with which MeCP2 regulates the genomic landscape renders a uniquely
moving target that has proven difficult to fully understand. Amongst many factors to be
taken into account when attempting to attribute mechanistic function to MeCP2 (e.g.,
cell type, mutation and associated functional domain, range of downstream targets), it
is crucial to consider the time point in question. Deletion of MeCP2 results in a wide
and temporally varied range of phenotypes. A complete picture of the MeCP2 protein
includes its roles at various life stages, so as to inform our evolving concept of RTT
progression in patients and potential phenotypic reversibility. We have sought to
contribute to the growing understanding of the roles of MeCP2 throughout
development by generating and characterizing RTT patient-derived neurons during
neurogenesis and later in development during the maturation of physiological
membrane and synaptic properties. We generated both monolayer and 3D neuronal
cultures and demonstrated their utility in reproducing known RTT phenotypes and in
revealing novel phenotypes not previously reported in human neurons. We have
identified key signatures of RTT at early and late stages of human neurogenesis,
including: 1) miRNA-mediated signaling pathway dysfunction, 2) aberrant neurogenesis
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and progenitor migration, and 3) aberrant membrane and synaptic development. These
features need not act in a mutually exclusive or even independent manner, but rather
are likely interconnected pieces of a larger puzzle that comprises the stages of RTT
pathophysiology. These components can easily go unnoticed in mouse models of RTT,
in which the process of neurogenesis is compressed relative to that in humans. Future
studies of RTT should take into account the prenatal component to pathophysiology in
order to more fully understand the mechanisms governing patient symptoms and

attempts to ameliorate them.
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Chapter |l

Generation and characterization of human iPSC-derived neuronal

models
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Abstract

Rett Syndrome (RTT) is a neurodevelopmental disorder caused primarily by mutations
in the X-linked gene encoding Methyl CpG binding protein 2 (MeCP2). MeCP2 is a
pleiotropic and complex regulator of downstream gene expression; in its absence, a
variety of neuronal phenotypes arise including membrane and synaptic deficits,
morphological alterations, and delayed maturation. Whereas the roles of MeCP2 in
circuit function and development have been extensively studied in mouse models, its
functions during neurogenesis, particularly in the context of human development, have
been largely overlooked. Here we report the generation of a variety of induced
pluripotent stem cell-derived neuronal models in which to study RTT pathogenesis
throughout the timeline of early human development. Neural progenitors (NPs) and
immature neurons can be used to reveal key molecular signatures that arise in pre-
symptomatic stages of RTT (see: Chapter 3) and can be tracked in the context of 3D
corticogenesis (see: Chapter 4). Physiological phenotypes of RTT can be studied in
the context of Ngn2-mediated neuronal differentiation, which generates robustly active
neurons in a rapid time frame without the intermediate stages of neurogenesis. Ngn2-
derived RTT neurons recapitulate the physiological deficits reported in established RTT
models and have demonstrated the capacity to serve as a robust model in which to

further explore in-depth electrophysiological mechanisms underlying RTT.
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Introduction

Rett Syndrome (RTT) is an X-linked neurodevelopmental disorder that predominantly
affects girls. Symptoms typically emerge between the ages of 6 to 18 months, at which
point developmental stagnation and subsequent regression occur. In the vast majority
of cases, RTT is caused by mutations in the gene encoding Methyl CpG binding
protein 2 (MeCP2) (Chahrour and Zoghbi, 2007). MECP2 is a complex regulator of
downstream gene expression (Chahrour et al., 2008), leading to wide-ranging
phenotypes in its absence such as aberrant transcription (Li et al., 2013), downstream
signaling pathway misregulation (Ricciardi et al., 2011; Castro et al., 2014), synaptic
and circuit dysfunction (Boggio et al., 2010; Banerjee et al., 2012), and behavioral

abnormalities (Shahbazian et al., 2002; Schaevitz et al., 2010; 2013).

Because RTT has predominantly been considered a postnatal disorder (Feldman et al.,
2016), it has largely been studied in the context of juvenile and adult mouse models
(Calfa et al., 2011; Banerjee et al., 2012). These models, while useful for identifying
mechanisms underlying symptomatic (often male) animals, do not serve to accurately
recapitulate the subtle phenotypes or early molecular signatures that could easily go
unnoticed in pre-symptomatic female RTT patients (Kerr, 1995; Neul et al., 2014). To
this end, we sought to develop a range of induced pluripotent stem cell (iPSC)-derived
human neuronal RTT models in which to study various stages of RTT from early

neurogenesis to circuit development in vitro in a genetically accurate context.
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Results

Generation of wild type and mutant iPSC lines

We reprogrammed fibroblasts from two RTT patients (Table 1). RTT patient 1 (“RTT-
MT1”) harbors a missense mutation in the Methyl CpG binding domain (R106W)
(Figure 1A, 1B: right panel). Because MECP?2 is located on the X chromosome, we
were also able to generate an isogenic patient-derived line that differed exclusively at
the X chromosome by clonally expanding iPSCs that expressed either the mutant or
wild type allele. Of note, it has been demonstrated that reprogramming of iPSCs from
female RTT patients can result in iPSC clones that stably express either MECP2 allele
(Cheung et al., 2011). We repetitively examined the allele-specific transcription of
MECP2 in these iPSC clones and their differentiated NP / neuron samples and
detected the expression of only monoallelic RTT patient-derived iPSCs that retained
either the inactive mutant or WT MECP2 gene during neuronal induction, thus allowing
for the development of isogenic iPSCs from RTT patient 2 (“RTT-WT2” and “RTT-
MT2”) (Figure 1B: right panel), which harbors a nonsense mutation in the transcription
repressor domain of MECPZ2 (Figure 1A). Additionally, we generated a RTT / WT pair of
lines via shRNA-mediated knockdown of MECP2 (“shControl” and “shMeCP2”). The
shRNA construct reduced the expression of MECP2 by more than 50% in both NPs
and neurons (Figure 1C). We also employed two healthy wild type lines (“WT1” and

“WT2”) to serve as additional controls for RTT-MT1 and RTT-MT2, respectively.
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Figure 1: Generation of RTT lines

(A) MECP2 gene depicting the functional domains (red, methyl CpG binding
domain; green, transcription repressor domain; blue, nuclear localization signal).
Arrows and amino acid changes represent the mutations found in RTT patient 1
(R106W) and RTT patient 2 (V247X), respectively. (B) RTT patient 1 (/eft) harbors a
missense mutation (C>T) in the methyl CpG binding domain. RTT patient 2 (right)
harbors a nonsense mutation (705delG), resulting in a premature stop codon. The
mutations are shown in red. (C) Mean + SEM relative to control MECP2 mRNA
levels (normalized to 18S rRNA) in MeCP2 shRNA (red bar, shMECP2) and shRNA

control (blue bar, shControl) expressing NPs and differentiated neurons. (***p <
0.001 student’s t-test).
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Line Source Mutation Sex Isogenic Neuronal
name pair differentiation
protocol(s)
employed
WTH Coriell: 8330-8 None ' Male None FACS sorted NPCs
WT2 Coriel: GM23279A  None Female None Dual SMAD inhibition
Cerebral organoids
RTT-MTH Coriell: 11273 missense mutation, = Female ' None FACS sorted NPCs
316C>T 3 |
RTT-MT2 Coriell: 07982 frameshift mutation; Female RTT-WT2 Dual SMAD inhibition
705delG Cerebral organoids
RTT-WT2 Coriell: 07982 None expressed - Female RTT-MT2 Dual SMAD inhibition
Cerebral organoids
shControl Coriell: 08330 None Male shMeCP2 FACS sorted NPCs
shMeCP2 Coriell: 08330 shRNA-mediated - Male shControl FACS sorted NPCs
kncokdown !

Table 1: RTT lines used to generate iPSC-derived neurons
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Generation of monolayer neuronal models

We generated iPSC-derived neurons using three 2D neuronal differentiation protocols
and two 3D neuronal differentiation protocols (Figure 2). The former include: 1)
magnetic activated cell sorting (MACS) and fluorescence activated cell sorting (FACS)
(Sheridan et al., 2011), 2) dual-SMAD inhibition (Shi et al., 2012a; 2012b), and 3)
lentiviral-mediated Neurogenin-2 (Ngn2) overexpression (Zhang et al., 2013a). Sorting-
based differentiation and dual-SMAD inhibition protocols generate neural progenitors
(NPs) that mature slowly and recapitulate key aspects of neurogenesis with respect to
morphology, marker expression, and cortical layer development (Chambers et al.,
2009; Mariani et al., 2012; Shi et al., 2012b). As these protocols are thus ideally suited
to study early neuronal development, we used both methods to generate NPs in which
to study aberrantly regulated miRNAs and the corresponding signaling pathway

dysfunction during this early developmental timepoint (see: Chapter 3).

Generation of cerebral organoids

RTT patient iPSCs and WT iPSCs were also used to generate 3D cerebral organoids
(Figure 2) (Lancaster et al., 2013; Lancaster and Knoblich, 2014), advantageous for the
recapitulation of corticogenesis in a 3D context in vitro. Cerebral organoids have now
been developed using a variety of methods (Pasca et al., 2015) and have been used to
model neurogenesis-relevant pathologies such as Zika virus infection (Dang et al.,
2016; Garcez et al., 2016) and microcephaly (Lancaster et al., 2013). Cerebral

organoids are unique in their generation of progenitor-rich regions akin to ventricular /
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subventricular zones (VZ/SVZ) from which differentiating neurons migrate radially and
acquire cortical layer identities (G6tz and Huttner, 2005a). These structures allow for
the analyses of key neurogenesis processes such as VZ/SVZ development, neuronal

migration, and human-specific cortical layer formation (Lancaster et al., 2013).

Ngn2 overexpression rapidly generates neurons from RTT patient iPSCs

Most neuronal iPSC differentiation protocols act on a time scale intrinsic to human
development and thus tend to generate neurons with a prenatal identity. As such,
iPSCs have been more useful for the study of neurodevelopmental disease than
neurodegenerative disease (Vera and Studer, 2015). Efforts have been made to speed
the aging of cells (e.g., by adding progerin (Miller et al., 2013) or inhibiting autophagy
(Ross and Akimov, 2014)) in order to study late-onset diseases. Studies of neurons that
are functionally mature —albeit not aged to the point of neurodegeneration—have been
more abundant. However, the majority of existing protocols report a low yield of active
neurons in a heterogeneous landscape of cells (Hu et al., 2010; Zhang et al., 2013b).
The forced expression of pro-neural gene Ngn2 rapidly generates mature neurons (i.e.,
electrophysiologically active; expressing synaptic markers) that exhibit reduced
heterogeneity intra- and inter- culture dishes (Zhang et al., 2013b; Busskamp et al.,
2014; Chavez et al., 2015), making them ideally suited for the characterization of active
membrane and synaptic properties. Ngn2-derived neurons are electrically active at two
to three weeks post-transduction of iPSCs or NPs. We utilized Ngn2-mediated

differentiation to generate RTT neurons with physiological deficits comparable in nature
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to those observed in established models of RTT, validating the model for the study of

RTT physiology in vitro (Figure 2).
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Figure 2: Monolayer and 3D neuronal differentiation protocols

iPSCs (left) were differentiated via a total of five monolayer and 3D differentiation
protocols. Differentiating iPSCs via sorting-based and dual SMAD inhibition
methods generates PAX6-positive NPs (top, /eft) that form excitatory cortical
neurons after three weeks in culture (top, right), expressing first born cortical layer
VI marker Tbr1 (green) and dendritic marker MAP2 (red). Ngn2 overexpression
(middle, left) rapidly induces an excitatory cortical identity; cells express pre- and
post- synaptic markers VGLUT1 (red), Synaptobrevin (white), and PSD-95 (green)
two weeks post virus transduction. Cerebral organoids develop expanded
neuroepithelium evident at 2 weeks in vitro (bottom, left). At 5.5 weeks in vitro
(bottom, right), organoids express Nestin-positive progenitor regions (green) and
dendritic marker MAP2 (red) (bottom, right). Scale bar = 500 uM.
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Characterization of iPSCs and NPs

iPSCs were generated via retroviral-mediated transduction of the four reprogramming
factors (OCT4, SOX2, KLF4, and c-MYC) as previously described (Yamanaka, 2007).
iPSCs were characterized to ensure normal karyotype (Figure 3A), tri-germ lineage
differentiation potential (Figure 3B), and immunocytochemical staining to reveal marker
expression typical of pluripotent stem cells (Figure 3C). NPs were characterized as

well for proper karyotype and marker expression profiles (Figure 3D).
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Figure 3: Quality control of patient-derived iPSCs and NPs.

(A) Examples of analysis of germ layer differentiation in iPSC-derived embryoid
bodies. Images of hematoxylin and eosin-stained histological sections of iPSC-
derived embryoid bodies are shown. Trilineage potential is demonstrated by the
presence of medoderm (connective tissue), ectoderm (neuroepithelium), and
endoderm (gut epithelium) germ layers. Arrows indicate the corresponding tissue.
(Scale bars = 50 uM.) (B) Karyotype analysis example for patient-derived iPSCs.
(C) Example from immunostaining of pluripotency markers OCT4, NANOG, Tra 1-
60, and SSEA-4 for patient-derived iPSCs. Scale bar = 100 uM. (D) Immunostained
examples of NP markers Musashi, Nestin, PAX6, SOX1, and OTX2. (Scale bar =
100 uM.)

68



Ngn2-derived neurons rapidly develop synaptic structures and electrophysiological
activity

iIPSCs overexpressing Ngn2 express punctate synaptic markers two weeks post-virus
transduction (Figure 4A-C), suggesting rapid synapse formation in the absence of
typical stages of neurogenesis. These neurons are capable of firing action potentials
(Figure 4D), and exhibit TTX-sensitive sodium currents (Figure 4E) in addition to
spontaneous synaptic activity that is pharmacologically blocked in the presence of

AMPA and NMDA receptor antagonists DNQX and AP-V, respectively (Figure 4F).
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Figure 4: Ngn2-derived neurons develop synapses at two weeks post-induction.

(A-B) Ngn2-derived excitatory cortical neurons express pre-synaptic markers
VGLUT1 and VAMP2 in addition to post-synaptic marker PSD95. (C) GFP(+)
neurons (green) express post-synaptic scaffolding protein Shank3 (red; Scale bar
= 10 uM.) (D) Action potentials evoked by a single current pulse injection in a
whole-cell patched iPSC-derived neuron. (E) Ramp depolarization of a whole-cell
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patched iPSC-derived neuron reveals voltage-gated sodium currents (black trace)
sensitive to TTX (red trace). (F) Synaptic currents recorded in an iPSC-derived
neuron are glutamatergic, as shown by blockage by AMPA and NMDA receptor
antagonists DNQX and AP-V, respectively.
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RTT NPs and neurons recapitulate morphological deficits including reduced nucleus
area

Microcephaly is common to RTT, often presenting in patients by the second year of life
(Chahrour and Zoghbi, 2007) and in mice at eight weeks of age (Chen et al., 2001).
Several fundamental factors have been attributed to this phenotype, including reduced
soma and nucleus size (Chen et al., 2001; Marchetto et al., 2010; Li et al., 2013) and
reduced dendritic arborization (Zhou et al., 2006; Kishi and Macklis, 2010; Marchetto et
al., 2010; Li et al., 2013). Underlying reduced soma and nucleus size are metabolic
deficits in RTT (Ruvinsky et al., 2005; Ricciardi et al., 2012; Li et al., 2013) including a
global reduction of transcription and translation in human RTT neurons (Li et al., 2013).
We assayed nuclear size in our monolayer RTT neurons at varying stages of neuronal
development— NPs (Figure 5A, B), immature neurons, (Figure 5C, D) and
electrophysiologically active neurons (Figure S5E, F)— and found that RTT patient-
derived neurons exhibited reduced nuclear size at all three developmental stages.
These findings have two implications: 1) these neuronal differentiation protocols are
capable of revealing RTT phenotypes at various neurodevelopmental stages and 2) the
phenotype of reduced nuclear area in RTT cells is not exclusive to postnatal
development. The latter is particularly interesting given work that demonstrates no
difference in either total RNA levels or gene expression at the NP stage (Li et al., 2013).
After two weeks of differentiation, however, human RTT neurons reportedly exhibit a
median 25 percent reduction in gene expression (Li et al., 2013). As such, it is possible
that the NPs in our study and those described previously (Li et al., 2013) are not

precisely matched in terms of developmental age, and that gene expression changes
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have indeed taken place in the cells described within, thus leading to their decreased
nucleus size. Despite the established non-cell autonomous effects of MeCP2
deficiency, particularly as they relate to cellular metabolism and size, we were able to
determine a reduction in the nucleus size of Ngn2-derived RTT-MT2 neurons versus
RTT-WT2 cells in a co-culture condition (Figure 5E, F). We did not compare this Ngn2-
derived co-culture population to cells grown under mutant-only or WT-only conditions,
but would expect a difference between WT neurons co-cultured with MeCP2-deficient
neurons and those grown in a homogenously WT environment due to the toxic effect of

MeCP2 deficiency on neighboring cells.
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Figure 5: RTT neurons express reduced nucleus size throughout neuronal
development.

(A) Nucleus size quantified in RTT patient 2 NPs expressing progenitor marker
PAX6 (green): RTT-MT2 NPs exhibit significantly smaller nuclei as compared to
RTT-WT2 NPs, as quantified in (B). (C) Neurons expressing dendritic marker MAP2
(red) and MeCP2 (green) in RTT-WT2 (lacking in RTT-MT2): RTT-MT2 neurons
exhibit decreased nucleus area, as quantified in (D). (E) Ngn2-derived RTT-WT2
neurons (MeCP2 (+); green) co-cultured with RTT-MT2 neurons (MeCP2 (-); blue)
stained for dendritic marker MAP2; RTT-MT2 neurons exhibit a significant
reduction in nucleus area, quantified in (F). (All graphs are mean + SEM. *"p <
0.01, **p < 0.001, ™**p < 0.0001 student’s t-test).
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Ngn2-derived RTT neurons exhibit physiological deficits including aberrant membrane
and synaptic function

RTT neurons are known to exhibit physiological deficits, as reported in mouse
(Banerjee et al., 2012), human ESC-derived neurons (Li et al., 2013), and human iPSC-
derived neurons (Marchetto et al., 2010). Among the deficits observed are membrane
phenotypes such as reduced action potential frequency and amplitude (Farra et al.,
2012); synaptic phenotypes including impairments in evoked excitatory
neurotransmission (Nelson et al., 2011), GABA transmission (Medrihan et al., 2008),
and synaptic scaling (Qiu et al., 2012); and global network deficits such as altered
plasticity (Castro et al., 2014; Krishnan et al., 2015), hyperexcitability (Zhang et al.,
2008), and a shift in the balance of cortical excitation versus inhibition (Dani et al.,
2005). Because Ngn2 is known to positively regulate the neural differentiation of NPs
with respect to cell fate, migration, and dendritic morphology (Nieto et al., 2001; Hand
et al., 2005; Ge et al., 2006), a question remained as to whether its overexpression in
RTT patient-derived iPSCs would mask any potential physiological RTT phenotypes
that may arise in the course of a more organic differentiation process. Adding
complexity to this issue is the fact that the processes of cell fate determination, NP
migration, and dendritic arborization are all known to be altered in the course of
MeCP2-deficient neurogenesis (Tsujimura et al., 2009; Andoh-Noda et al., 2015;
Bedogni et al., 2015). A potential rescue of early stage neurogenic deficits as a result of
Ngn2 overexpression may or may not prevent the emergence of phenotypes later in
the course of neuronal maturation. We sought to answer this question by examining

whether Ngn2-derived neurons recapitulate the physiological deficits observed in more
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commonly established models of RTT. We performed whole cell patch clamp in RTT
patient 2 iPS-derived neurons generated via Ngn2 overexpression (Figure 6A) grown in
wild type human astrocyte-conditioned media. We found that whereas both RTT-WT2
and RTT-MT2 neurons exhibited spontaneous synaptic activity after 2.5 weeks of
differentiation, there were significant reductions in both the peak amplitude and
frequency of spontaneous excitatory post-synaptic currents (SEPSCs) in RTT-MT2

neurons (Figure 6B-E).
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Figure 6: SEPSCs are altered in patient-derived mutant neurons.

(A) Representative DIC image of whole-cell patch clamp of Ngn2-overexpressing
neuron. (B) Representative raw traces from whole-cell voltage clamp recordings of
one WT and one mutant neuron showing spontaneous inward synaptic currents.
(C) Significant reduction in mean sEPSC peak amplitude in RTT-MT2 neurons
relative to isogenic RTT-WT2 neurons. Stars depict statistical significance
determined by two-tailed unpaired t-test with Welch’s correction (p = 0.0067). (D)
RTT-MT2 neurons exhibit a decreased frequency of sEPSC events, as indicated by
a significant shift toward longer inter-event interval. (p = 0.00047, Kolmogorov-
Smirnov Test).
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We next measured membrane properties in RTT patient 2-derived neurons and found
reduced voltage-sensitive sodium currents and unaltered voltage-sensitive potassium
currents in RTT-MT2 relative to isogenic RTT-WT2 neurons (Figure 7B, C). This
reduction in sodium current was partially ameliorated when the neurons were co-
cultured with wild type human astrocytes (Figure 7D, E), as opposed to being grown in
astrocyte-conditioned media (Figure 7B, C). These results are not entirely surprising,
given the established non-cell autonomous effects of astrocytes with respect to RTT
pathology in vitro (Ballas et al., 2009; Maezawa et al., 2009). We performed qPCR
analyses to determine if altered gene expression underlies the observed deficits in
membrane physiology. Voltage-gated sodium channels are essential for the generation
and propagation of neuronal action potentials; mutations in genes encoding voltage-
gated sodium channels are linked to epilepsy (Estacion et al., 2014), autism (Weiss et
al., 2003), and, in particular, RTT (Larsen et al., 2015; Olson et al., 2015). In support of
our physiology data, RTT-MT2 neurons exhibit reduced expression of sodium channel
voltage-gated subunit genes SCN1A, SCN3A, and SCNB8A. This is in accordance with
previously reported decreased expression of SCN1A (Kim et al., 2011) and SCN8A
(Bedogni et al., 2015) in the context of RTT. We did not detect significant changes in
voltage-gated potassium channel function, yet we did find reduced mRNA expression
of KCNH2, a potassium channel responsible for repolarizing delayed rectifier currents.
Interestingly, KCNH2 dysfunction has been linked to long-QT syndrome (Bellin et al.,

2013), described previously in patients with RTT (Ellaway et al., 1999).
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Figure 7: Reduced voltage-sensitive currents in RTT iPSC-derived neurons.

(A) Representative trace from whole-cell voltage clamp recordings, showing
current responses to voltage steps in one RTT-WT2 (left) and one RTT-MT2 (right)
cell. Insets show depolarization-activated transient inward sodium current. (B and
D) Mean |-V curve for peak sodium current in RTT-WT2 (green, N = 33) and RTT-
MT2 (red, N = 22) neurons cultured in astrocyte-conditioned media. (C) Steady-
state I-V curve from the cells in (B) shows no significant changes in putative
voltage-sensitive potassium currents. (D) Reduced voltage-sensitive sodium
current in the same RTT-MT2 line (red, N = 23) relative to RTT-WT2 cells (green, N
= 19), both co-cultured with wild type human astrocytes. (E) Steady-state IV curve
from the cells in (D) demonstrates no significant reduction in putative voltage-
gated potassium currents in mutant cells. (*p < 0.01, **p < 0,001, Kruskall-Wallis
Test).
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Discussion

Using a variety of methods to generate RTT lines and NPs / neurons of various ages,
we were able to study the course of RTT pathogenesis in vitro, controlling for potential
artifacts introduced by one particular differentiation method or patient line (Young-
Pearse and Morrow, 2016). Whereas many protocols currently exist for the neuronal
differentiation of iPSCs in vitro (Velasco et al., 2014), it is prudent to avoid a one-size-
fits-all approach and tailor the protocol used to the question being asked. For studies
of early neuronal development, we have employed both 2D and 3D protocols that
recapitulate key aspects of neurogenesis (Sheridan et al., 2011; Shi et al., 20123;

2012b; Lancaster et al., 2013; Lancaster and Knoblich, 2014).

Concurrently, we employed rapid Ngn2-mediated differentiation to investigate key
physiological aspects of neuronal function at later stages of development. Despite the
known pro-neural role of Ngn2 (Nieto et al., 2001; Hand et al., 2005; Ge et al., 2006), its
overexpression did not prevent the emergence of physiological phenotypes in MeCP2-
deficient patient neurons, including impaired synaptic activity and reduced sodium
channel function. Additionally, the neurons did not need to progress through
established stages of neurogenesis in order to develop physiological profiles that align
with established RTT models (Tropea et al., 2009; Farra et al., 2012). This suggests that
the manifestation of physiological impairments in RTT may not be dependent upon
alterations in neurodevelopment that could feasibly contribute to later stage pathology
nor the distinct stages of neuronal migration observed during typical cortical

differentiation (i.e., migration, lamination, etc.) (Gétz and Huttner, 2005b). Our results
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have pointed to a wide range of RTT phenotypes and key molecular signatures that
arise in the early stages of neuronal development and those that emerge later in the
maturation of membrane and synaptic properties. Whereas these two groups need not
be completely mutually exclusive (it is possible that we would observe additional
physiological deficits in the context of neurons that did not overexpress Ngn2), each
appears to arise in the absence of the other, suggesting an emergence that is at least

partially independent in nature.

Methods

Human fibroblast culture

Fibroblasts from two clinically diagnosed RTT female patients (GM07982, and
GM11273) and one unrelated, unaffected male (GM08330) were purchased from Coriell
Institute for Medical Research. Cells were grown in flasks coated with 0.1% gelatin
(EMD Millipore), and grown in fibroblast media composed of 10% heat-inactivated FBS
(Gemini Bio-Products), 1% Penicillin/Streptomycin (Invitrogen), 1% non-essential
amino acids (Invitrogen) and 88% DMEM (Invitrogen) filtered through a 0.22 pm bottle-

top low protein-binding PES filter.

Fibroblast reprogramming and iPSC expansion

Retroviruses were generated by tripartite transient transfection of pIK-MLV (gag.pol),

pHDM-G (VSV), and the specific pMIG vectors carrying the hOCT4, hSOX2, hKLF4 or
hc-MYC genes) into 293T cells as previously described (Park et al. 2008; Sheridan et

al. 2011). Fibroblasts were plated in single wells of 6-well plates (Corning) at 10° cells
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per well. These cells were then transduced for 24 hours with the four retroviruses with
a multiplicity of infection (MOI) of 10 for pMIG-hOCT4-IRES-GFP (Addgene), pMIG-
hSOX2-IRES-GFP (Addgene) and pMIG-hKLF4-GFP (Addgene) and MOI of 1 for
MCSV-hc-MYC-IRES-GFP (Addgene). After 24 hours, cells were washed with PBS and
fresh media was added, and five days later cells were passaged onto 10 cm gelatin-
coated dishes with y-irradiated mouse embryonic fibroblasts (MEFs) (GlobalStem). The
next day the media was changed to iPSC media: 20% Knock-out Serum Replacement
(KOSR, Invitrogen), 1% penicillin/streptomycin (Invitrogen), 1% non-essential amino
acids (Invitrogen), 0.5% L-glutamine (Invitrogen), 100 pM 2-mercaptoethanol (Bio-Rad)
and 77.5% DMEM/F-12 (Invitrogen) and 10 ng/mL bFGF (Stemgent) filtered through a
0.22 pm PES filter (EMD Millipore). Dishes had daily media changes until colonies
emerged (3 to 6 weeks after transduction). Colonies were first assessed based on
morphology, then for silencing of the retroviral vectors (GFP-negative) before being
mechanically passaged onto gelatin coated 6-well plates (Corning) with MEFs
(GlobalStem) as feeders. Using these methods, multiple clones from each line were
chosen for expansion, cryopreservation, and further characterization. In addition to the
iPSCs created here, iPSCs from an unaffected female control (WT2) were obtained

from Coriell Institute for Medical Research (GM23279).

Reprogrammed colonies were picked into separate wells and subsequently grown as
separate clones. The first several passages were grown directly on a feeder layer of
MEFs (GlobalStem). For removal of MEFs for downstream RT-PCR and embryoid body

formation, iPSCs were grown by indirect co-culture with MEFs (GlobalStem) on
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Matrigel-coated (Corning) polyethylene terephthalate (PET) inserts with 1.0 pm pore-
size in 6-well plates (Corning) in iPSC media as described (Abraham et al. 2010).

iPSC lines were characterized by alkaline phosphatase expression in live cells (Millipore
Detection Kit as per vendor instructions) and by immunocytochemical (ICC) analysis of
4% paraformaldehyde (PFA)-fixed undifferentiated colonies. Primary antibodies used
for ICC analyses of pluripotent markers: anti-OCT-4 (Santa Cruz), anti-nanog (Abcam),
DyLight 488 anti-Tra1-60 (Stemgent) and DyLight 550 anti-SSEA4 (Stemgent). 4G-
Band Karyotype analysis was performed on feeder-free iPSC cultures by Cell Line
Genetics (http://www.clgenetics.com). Tri-lineage germ layer potency was assessed by
embryoid body formation as described previously (Sheridan et al., 2012). Briefly,
embryoid bodies (EBs) were formed in ultra-low attachment 6-well plates (Corning) in
iPSC media without bFGF and 1% heat-inactivated FBS (Gemini Bio-Products). After
20-28 days, EBs were fixed in 4% PFA followed by embedding in 1% low-melting
temperature agarose. These EB containing agarose pellets were further paraffin
embedded, sectioned (5 pM), mounted and followed by hematoxylin and eosin staining
was performed at the Dana-Farber/Harvard Cancer Center Rodent Histopathology

Core Facility.

Generation of RTT lines

To create RTT patient-derived neuronal cultures, fibroblasts from two female RTT
patients (GM11273, “RTT-MT1” and GM07982, “RTT-MT2”) and one unaffected male
control (GM08330, “WT1") were reprogrammed to generate iPSCs using retroviral-
mediated transient expression of OCT4, SOX2, cMYC, and KLF4. In addition, we
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acquired a healthy control female iPSC line (GM23279, “WT2”) generated by the same
retroviral-mediated technique (Park et al., 2008; Sheridan et al., 2011). We utilized two
complementary methods for promoting neuronal lineage in each of the two RTT
patient-derived iPSCs (Table 1). For the RTT patient iPSCs that carried a single
nucleotide substitution (missense mutation, 316C>T) in the methyl-cytosine-binding
domain (MBD) of MECP2 (RTT-MT1) and the first unaffected control (WT1), we
manually picked neural rosettes and used fluorescence-activated cell sorting (FACS) to
isolate CD184*, CD271 homogeneous NPs. Additionally, we used dual SMAD inhibition
(Shi et al. 2012b) to generate NPs from iPSCs of the second unaffected control (WT2)
and the second RTT patient (RTT-MT2), the latter harboring a single nucleotide deletion
(frameshift 705delG) in the transcriptional repression domain (TRD) that results in

premature termination of the MeCP2 transcript.

MeCP2 shRNA construct and stable iPSC-NP line construction

Stable knockdown NP lines targeting human MECP2 mRNA (clone ID
TRCNO0000330973 with target sequence ‘ACACATCCCTGGACCCTAATG’) in NP line
8330-8 (WT1) were made simultaneously with an empty vector control (“PGW?”), which
does not produce any shRNA. All lentiviral constructs were made at the Broad Institute
and all shRNAs were produced as part the RNAi Consortium (TRC) collection.
Lentiviruses carry the pLKO.1 plasmid, which contains a single shRNA of interest and
the puromycin resistance gene, both of which incorporate into the cell genome upon
transfection. To make stable knockdown cell lines, NPs were plated in 6-well plates at

a density of 40,000 cells/cm? and left overnight. On day 2, cells were washed with PBS,
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followed by the addition of 20 uL of viral media (titer =108 in 1 mL NP media. This was
immediately followed by centrifugation of 6-well plates for 20 minutes at 2200 RPM
and returned to incubators at 37 °C, 5% CO,. Cells were left overnight, followed by a
media change and PBS wash on day 3. On day 4, media was replaced with high dose
puromycin-NP media (8 pM) and grown alongside un-transfected controls, which die
off after three days in NP-puromycin media. After two days in high dose puromycin,
cells were maintained in low dose NP-puromycin media (2 uM). After confirmation of
knockdown efficiency, cells stored in liquid nitrogen and thawed / expanded as

needed.

Generation of neural progenitors (monolayer)

Neural differentiation was initiated from iPSC clones grown under feeder-free
conditions to remove MEFs by indirect co-culture with conditioning feeder layers on
Matrigel-coated (Corning) 1 ym porosity membrane inserts as described (Abraham et
al., 2010). For the first set of RTT patient and control (RTT-MT1 and WT1), neural
differentiation was initiated by the formation of embryoid bodies. Briefly, in order to
form embryoid bodies, iPSC colonies grown by indirect co-culture were broken up and
plated in ultra-low attachment 6-well plates (Corning) in iPSC media supplemented
with 20ng/ml bFGF (Stemgent) and 1% heat-inactivated FBS (Gemini Bio-Products) for
a minimum of 19 days. NPs were initially isolated by magnetic-activated cell sorting
(MACS) using magnetic particles conjugated with antibodies to the polysilated form of
neural cell adhesion molecule (PSA-NCAM; Miltenyi Biotech). Isolated cells were
expanded in neural expansion medium (70% DMEM (Invitrogen), 30% Ham's F-12
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(Mediatech) supplemented with B-27 (Invitrogen), 20 ng/ml each EGF (Sigma) and
bFGF (R&D Systems) on poly-ornithine (Sigma)/laminin (Sigma)-coated culture plates.
Further purification was performed after initial expansion by fluorescence activated cell
sorting (FACS). Sorting was performed at the Massachusetts General Hospital
Pathology Flow and Image Core Lab using a Becton-Dickinson 5 Laser Vantage SE
DIVA with Sheath Pressure of 20 PSI and 50.2 MHZ drop drive frequency. Cells were
stained with CD15 (SSEA1)-FITC and CD184 (CXCR-4)-Cy5-PerCp and CD271 (p75)-
Cy5 antibodies per vendor protocol (all from Becton-Dickinson Biosciences). CD15%,
CD184", CD271 cells were collected and further expanded on poly-ornithine/laminin
plates in neural expansion media as described above. After five passages in expansion
medium, cells were analyzed for Nestin and SOX1 expression by fixation in 4% PFA
followed by primary incubation with rabbit anti-Nestin (Millipore) and mouse anti-SOX1
(Millipore), and subsequent secondary antibody incubation (Alexa Fluor, Molecular
Probes) for 1 hour at room temperature). NPs were differentiated via removal of growth

factors; neurons were fed every three days until harvest.

For RTT patient 2 and WT2 samples (RTT-MT2, RTT-WT2, and WT2), iPSCs were
differentiated into NPs and then neurons as previously described (Shi et al., 2012a).
Briefly, iPSCs were cultured on feeder-free matrigel coated wells in mTeSR1 (Stemcell
Technologies) until confluent, at which point neural induction media containing 10 uM
SB431542 (Tocris Bioscience) and 1 uM dorsomorphin (Stemgent) was used for 8-12
days to generate NPs. These NPs were further expanded in neural maintenance media

for 8 days with 10 ng/ml of FGF2 (PeproTech) added upon the appearance of rosettes
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(Day ~4). NPs derived from both methods were plated at 100,000 cells/cm? for 3 days
(NPs) or differentiated for 19 days at 20,000 cells/cm? in neural maintenance media

(neurons), feeding every 3-5 days until the indicated endpoint time.

Neurogenin-2-mediated differentiation

Lentiviral-mediated overexpression of Ngn2 was used to generate excitatory
glutamatergic neurons as previously described (Zhang et al., 2013b). Briefly, iPSCs or
NPs were plated as single cells at a density of 2 x 10° per cm? in Matrigel (Corning)-
coated wells (Day 0). iPSCs were plated in mTeSR1 media containing 2 uM thiazovivin
(BioVision); NPs were plated in NP media containing ROCK inhibitor (Tocris; Y27632).
Lentivirus (M2-rtTA and either Ngn2-GFP fusion construct or Ngn2 and/or GFP single
constructs) was added 2 hours post-plating (Day -1). Media was changed the following
day (DO) to B27/N2-based neural media plus recombinant human BDNF (10 ng/mL,
Peprotech), and recombinant human NT-3 (10 ng/mL, Peprotech). Doxycycline (2
ug/mL, Sigma) was added to induce TetO gene expression and retained in the medium
until the end of the experiment. On Day 2, standard culture medium was replaced with
wild type human astrocyte-conditioned medium and puromycin (1 ug/mL, Sigma) was
added for 48 hours. Cells were passaged on Day 4 using Accutase (Innovative Cell
Technologies) and plated at a density of 3 x 10° per cm?. On Day 5, wild type human
astrocytes (ScienCell), previously maintained in Astrocyte Medium (ScienCell) and

treated with AraC (5 uM, Sigma) were dissociated using TrypLE (Life Technologies) and
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plated at a density of 4 x 10° onto the Ngn2-derived neurons (to be used for

electrophysiology experiments). Neurons were assayed at three weeks post-induction.

Immunocytochemistry

Cells were fixed in 4% PFA and the following primary antibodies were used: mouse o
PAX6 (Millipore), rabbit o MeCP2 (Cell Signaling), chicken o Map2 (Encor
Biotechnologies), guinea pig a Vglut1 (Synaptic Systems), mouse o PSD95
(Neuromab), rabbit o VAMP2 (Synaptic Systems), mouse a Shank3 (neuromab).
Secondary antibodies were AlexaFluor conjugates (Life Technologies). Analysis was

performed in ImageJ.

Electrophysiology

Intracellular whole-cell recordings: Borosilicate pipettes (3-5 M Q, WPI) were pulled
using a Sutter P-1000 puller and filled with intracellular solution containing (in mM): 100
K-gluconate, 20 KClI, 0.5 EGTA, 10 NaCl, 10 Na-phosphocreatine, 4 Mg-ATP, 0.3 Na-
GTP, and 10 HEPES, pH 7.2-7.3 with 1M KOH. Cells were perfused in a recording
solution containing (in mM): 130 NaCl, 10 glucose, 1.25 NaH2PO4, 24 NaCHOg3, 3.5
KCl, 2.5 CaCl2, and 1.5 MgCl2. iPSC-derived neurons were grown in plastic-bottom
dishes to aid adherence and visualized with a 40x water-immersion lens with infrared
DIC optics (Olympus) and detected with a CCD camera (QIMaging). Data acquisition
was performed using a Multiclamp 700B amplifier (Axon Instruments) and a Digidata

1440A (Molecular Devices). For each recording, a 5 mV test pulse was applied in
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voltage clamp ~10 times to measure input and series resistance. In current clamp, ~10
pulses (500 ms, 40-140 pA at 10 pA increments) were applied to quantify evoked firing
rates and cellular excitability. Access resistance, leak, and input resistance was
monitored across groups. Spontaneous firing rates were recorded in current clamp
using a DC offset to maintain the cell near -60 mV. Spontaneous EPSCs were
measured under voltage clamp at -60 mV, sampled at 10 kHz, and low-pass filtered at
1 kHz. Analysis was performed using Clampfit 10.2 software (Molecular Devices), with
all events detected according to automated thresholds and blindly verified individually

by the experimenter.

RNA extraction and quantification

RNA extraction was performed using the RNeasy Mini Kit (Qiagen). cDNA synthesis for
large RNAs was done using SuperScript VILO cDNA Synthesis Kit (Invitrogen) and
used as PCR template to examine both allele-specific transcription mRNA and mRNA
expression. Tagman gene expression assays were used as previously described

(Mellios et al., 2014).
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Chapter Il

MeCP2-regulated miRNAs control early human neurogenesis

through differential effects on ERK and AKT signaling.
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Abstract

Rett Syndrome (RTT) is an X-linked neurodevelopmental disorder caused primarily by
mutations in the Methyl-CpG-binding protein 2 (MVECP2) gene, which encodes a
multifunctional epigenetic regulator with known links to a wide spectrum of
neuropsychiatric disorders. Whereas postnatal functions of MeCP2 have been
thoroughly investigated, the role of MECP2 in prenatal brain development remains
poorly understood. We characterized the effects on human and mouse neurogenesis
and neuronal differentiation brought about by MeCP2 deficiency using human induced
pluripotent stem cell (iPSC)-derived neuronal culture models. We generated human
neural progenitors (NPs) and neurons using both RTT patient lines and shRNA-
mediated knockdown of MECP2. Given the well-established importance of miRNAs in
neurogenesis, we sought to identify novel MeCP2-regulated miRNAs enriched during
early human neuronal development. Focusing on the most dysregulated miRNAs, we
found miR-199 and miR-214 to be robustly increased in all examined RTT models and
to differentially regulate extracellular signal-regulated kinases (ERK1/2) and protein
kinase B (PKB/AKT) signaling. Inhibiting miR-199 or miR-214 expression in iPSC-
derived neural progenitors (NPs) deficient in MeCP2 restored AKT and ERK activation,
respectively, and ameliorated the downstream gene expression-based alterations in
neuronal differentiation. Taken together, our data support a novel miRNA-mediated
pathway downstream of MeCP2 that influences neurogenesis via interactions with

central molecular hubs linked to autism spectrum disorders (ASDs).

100



Introduction

Rett syndrome (RTT) is a pervasive neurodevelopmental disorder with early onset that
is predominantly caused by mutations that disrupt the function of the X-linked gene
MECP2 (Amir et al., 1999). MeCP2 is known to influence the expression of a wide pool
of downstream targets, among which are miRNAs. Governing this miRNA regulation
are interactions between MeCP2 and nuclear miRNA transcription and processing
machineries (Szulwach et al., 2010; Urdinguio et al., 2010; Wu et al., 2010; Cheng et
al., 2014a). RTT is a leading cause of intellectual disability in females, resulting in
critical disturbances in motor coordination, seizures, autism-like behavior, and
respiratory and cardiac abnormalities (Neul and Zoghbi, 2004; Neul et al., 2010).
Although initial observations had suggested that female RTT patients appear relatively
normal at birth and during very early stages of development, increasing evidence
suggests early developmental delays in female RTT patients (Kerr, 1995; Leonard and
Bower, 1998; Einspieler et al., 2005; Neul et al., 2014). Males born with the mutant
MECP2 allele display severe neurological deficits from birth, characteristic of a prenatal
pathogenesis (Schanen and Francke, 1998; Trappe et al., 2001). Existing data on the
effectiveness of a subset of postnatal treatment options for RTT mouse models have
demonstrated the potential for reversibility of a subset of disease symptoms
(Giacometti et al., 2007; Guy et al., 2007; Tropea et al., 2009; Castro et al., 2014;
Khwaja et al., 2014; Mellios et al., 2014). However, they have also been interpreted as
evidence of an exclusively postnatal pathogenesis of RTT. Due to the above, as well as
the evidence of increased postnatal expression of MeCP2, the vast majority of studies

on RTT have thus far focused on the role of MECP2 in postnatal brain development
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and maturation (Shahbazian et al., 2002; Kishi and Macklis, 2004; Fukuda et al., 2005).
However, as MECP2 is also expressed in the prenatal brain (Shahbazian et al., 2002;
Bedogni et al., 2015), it remains plausible that it plays a role in embryonic brain
development. Indeed, recent reports demonstrate that artificially increasing MeCP2
levels in mouse neural progenitor (NP) cultures and chick embryonic neural tubes can
impair neurogenesis and lead to premature neuronal differentiation (Tsujimura et al.,
2009; Petazzi et al., 2014). Pivotal studies using iPSC-derived early differentiated
neuronal cultures from RTT patients noted reductions in the expression of neuronal
markers, dendritic complexity, and neuronal migration (Marchetto et al., 2010; Kim et
al., 2011; Farra et al., 2012; Fernandes et al., 2015). On a similar note, measurement of
NP and early neuronal marker expression in Mecp2 KO embryonic brains has
suggested a potential imbalance in prenatal brain development (Bedogni et al., 2015).
Furthermore, iPSC models of genetically engineered and RTT patient-derived
differentiated mature neuronal and glial cultures have demonstrated the presence of
structural, physiological, and molecular disease-related phenotypes in differentiated
neurons (Marchetto et al., 2010; Kim et al., 2011; Farra et al., 2012; Li et al., 2013;
Williams et al., 2014). However, no detailed analyses of early neuronal development
alterations and the mechanisms that underlie them have been reported to date in

human models of RTT.

microRNAs (miRNAs) are an evolutionarily conserved subtype of small noncoding
RNAs enriched in the mammalian brain that interact with the majority of protein-coding

genes to inhibit protein translation and mRNA stability (Lewis et al., 2003; Coolen and

102



Bally-Cuif, 2009; Forero et al., 2010; Krol et al., 2010; Mellios and Sur, 2012). In recent
years, numerous reports have made a compelling case for the importance of miRNAs
in prenatal and adult neurogenesis, brain maturation, and experience-dependent
synaptic plasticity (Kosik, 2006; Krichevsky et al., 2006; Coolen and Bally-Cuif, 2009;
Mellios et al., 2011; Mellios and Sur, 2012). Unsurprisingly, given the above, a subset
of miRNAs has been shown to be altered in neurodevelopmental and neurological
disorders and to contribute to essential molecular networks underlying brain disease
pathophysiology (Coolen and Bally-Cuif, 2009; Hébert et al., 2009; Mellios and Sur,

2012).

Employing human patient- and MECP2 knockdown-derived neuronal culture models,
we have uncovered significant alterations in neurogenesis and neuronal differentiation
in MeCP2-deficient cells. Due to the substantial evidence linking miRNAs to
neurogenesis, we hypothesized that these deficits may occur as a result of MeCP2-
regulated miRNAs that modulate critical molecular components of NP proliferation and
differentiation. Intriguingly, our findings implicated miR-199 and miR-214, two miRNAs
robustly upregulated in RTT patient and MeCP2-deficient NPs and early neurons, as
important effectors of early neuronal development via their differential effects on AKT
and ERK pathway signaling. Overall, our data describe a novel miRNA-mediated
molecular cascade downstream of MeCP2 that utilizes known autism spectrum

disorder (ASD) pathways to regulate prenatal brain development.
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Results

MECP2 deficiency results in aberrant neuronal differentiation in human iPSC-derived
cultures.

In order to determine the effects of MeCP2 deficiency on NPs and early neurons, we
generated RTT lines from patients and via a virally-mediated shRNA knockdown
approach (Chapter 2: Figure 1, Table 1). RTT patient neurons (RTT-MT2) and MeCP2
shRNA knockdown neurons (shMeCP2) both exhibited deficits in maturation relative to
controls (RTT-WT2 and shControl, respectively) at early stages of neuronal
differentiation (Figure 1A). Both MeCP2-deficient lines expressed reduced mRNA
levels of neuronal markers DCX and MAPZ2 relative to respective controls (Figure 1B,
C). A branching analysis confirmed morphological deficits in shMeCP2 neurons,
revealing reduced neurite number and length at early stages of neuronal development

(Figure 1D-F).

104



shMeCP2

A RTT-MT2 shControl

Map2 / MeCP2 / DAPI

B
» 3
B @ RTT-WT2 = =
o B RTT-MT2 = B 150 * B shControl
2 oS kS B shMeCP2
> : 52 £
—] =
T £73 2
@ g’ — [
> o 2 c
= = R &
© S -
T 00 5 = L= :
o Map2 DCX DNM2 = Primary Secondary Tertiary
E _ F
- mm shControl e B shControl
[} O 15, = 8 s
& 15 mm shMeCP2 g 3 * M shMeCP2
e
6
= @ 10] a
o = N4
= = S
w 5- dededkek =
2 <€ 5 2
— [4+] b
© —
o 00 e 0Y o= .
o Map2 DCX DNM2 O C?q’ Primary Secondary Tertiary
&k &°
& &

Figure 1: Alterations in neurogenesis and neuronal differentiation in RTT patient-
derived and MECP2-deficient neurons.

(A) Immunofluorescence for neuronal marker MAP2 in WT2, RTT-WT2, and RTT-
MT2 three-week differentiated neurons. MeCP2 immunostaining using a C-
terminus antibody shows no expression in RTT-MT2 neurons. (Scale bar = 50 uM (left)
and 25 uM (right). (B) MAP2 and DCX mRNA levels in the RTT patient-derived (top)
and MECP2 knockdown (bottom) three-week neuronal samples. DNM2 mRNA is
also shown as an example of non-altered mRNA expression. (Graphs show mean +
SEM. *p < 0.05, **p < 0.01, two-tailed one sample t-test). (C-F) Branching analysis
performed in three-week MECP2 knockdown neurons demonstrates a reduction in
the total length of neurites per cell (C), the mean neurite length (D), the total

105



number of neurites per cell (E), and the number of primary and secondary neurites
(F). (Graphs show mean + SEM. *p < 0.05, ****p < 0.0001, Mann-Whitney test.)
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Given the observed immature morphology in RTT mutant neurons, in addition to
evidence linking MeCP2 to neuronal fate determination (Tsujimura et al., 2009; Andoh-
Noda et al., 2015), we sought to determine whether the balance of proliferation and
differentiation is skewed in RTT mutant NPs. We performed a BrdU assay to measure
the percentage of actively dividing cells under the premise that NPs would be labeled
more than their post-mitotic neuronal counterparts. Notably, we found significantly
higher numbers of BrdU-positive cells in RTT-MT2 cultures at three weeks in vitro in
comparison to both WT2 and isogenic RTT-WT2 [Figure 2A, C(top)], demonstrating an
increase in the number of dividing cells in the mutant line. Similar increases in cellular
proliferation were observed in shMeCP2 cultures upon assaying BrdU incorporation
[Figure 2B, C(bottom)]. Taken together, these data suggest that early neuronal
differentiation deficits are independent of both the nature of MeCP2 deficiency and the

method of neuronal differentiation.
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Figure 2: BrdU assay reveals increased proliferation in shMeCP2 neurons

(A-B) Immunostaining for BrdU and MeCP2 in RTT patient line (A) and shRNA-
mediated knockdown neurons (B) at three weeks in vitro. (Red, MeCP2; Green,
BrdU) (C) Significant increase in the percentage of BrdU-positive cells in RTT
patient neurons (red) relative to isogenic WT (green) and healthy female control
(blue, top) and shRNA knockdown neurons (red) relative to shRNA Control neurons
(blue, bottom). (Graphs show mean + SEM. "*p < 0.01, ***p < 0.001, Student’s t-
test. Scale bar = 50 uM).
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Deficits in neurogenesis in MeCP2-deficient mouse models

An increase in NP proliferation suggests the potential for impaired migration during
neurogenesis. If NPs are unable to exit the cell cycle, a logical hypothesis follows that
these cells would be delayed in their migration from the ventricular/sub-ventricular
zone (VZ/SVZ) into the cortical plate. To test this hypothesis in vivo, we electroporated
WT embryonic mouse brains with an Mecp2 shRNA (“shMeCP2”) or control construct
(“shControl”) together with a GFP construct to visualize the migration of newly-born
neurons. Results revealed significant delays in the ability of newly-born shMeCP2
neurons to exit the VZ/SVZ and migrate towards the cortical plate (Figure 3A, B),
which is in agreement with a recent study (Bedogni et al., 2015). In addition, we found
that a significantly increased percentage of MeCP2-deficient neurons remained as
PAX6-positive progenitors, suggesting a stunted differentiation process in these cells
(Figure 3B inset). Given the observed abnormalities in prenatal brain development, we
anticipated that newly born Mecp2 mutant mice should exhibit altered cortical
lamination. Indeed, male newborn (P0) Mecp2™ mice were characterized by a modestly
reduced cortical thickness (Figure 3C, D) indicative of dysfunctional lamination
processes and in alignment with our observed deficits in neuronal migration. The
observed deficits in prenatal brain development in Mecp2 mice are less severe than
those observed in our human neuronal culture models. This is in accordance with the
comparatively milder phenotype observed in male Mecp2 mutant mice vs. male RTT
patients and the delayed onset of symptoms in Mecp2 heterozygous female mice vs.
female RTT patients (onset of symptoms at old age in female heterozygous mice vs.
early infancy in female RTT patients). This could be due to a variety of factors,
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including a temporally and spatially lengthier process of neurogenesis in humans
versus mice, and/or varying timelines of expression of key genes that regulate these

neurodevelopmental processes.
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Figure 3: Aberrant neurogenesis following in vivo inhibition of mouse and human

MeCP2 expression.

(A) Results of in utero electroporation of E13 mouse embryos with GFP plasmids
together with either a control vector (left) or shRNA targeting MeCP2 (right).
Representative coronal brain sections at E16 were stained with antibodies to GFP
(green) and PAX6 (red) and counterstained with nuclear marker DAPI (blue). CP:
cortical plate; 1Z: intermediate zone; VZ: ventricular zone. (Scale bar = 100 ym.) (B)
Quantification of the distribution of GFP-positive “GFP(+)"” neurons. (Graphs show
mean + SEM. *p < 0.01, ***p < 0.001; two-tailed Student's t-test). More than 1,000
GFP(+) neurons from four brains were analyzed in each group. The percentages of
PAX6+ GFP+ cells at E16 were quantified (inset). (Graphs show mean + SEM. "p <
0.05 versus control; two-tailed Student's t-test.) (C) Representative
immunostaining of newborn (P0) WT and Mecp2™”Y mice with upper (Ctip2) and
lower (TBR1) cortical markers. (Scale bar = 100 um.) (D) Quantification of cortical
thickness (in pm) in WT and Mecp2 KO mouse brains. (Graph shows mean + SEM.
*p < 0.01; two-tailed Student's t-test).
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miRNA dysregulation in MeCP2-knockdown and RTT patient-derived NPs

Given the known role of miRNAs in regulating neurogenesis and neuronal
differentiation, we hypothesized that the observed deficits in neuronal differentiation
may be related to a misregulation of key miRNAs during this period of development.
Thus we performed a screen of miRNA expression in iPSC-derived NPs and immature
(~three weeks in vitro) neurons in both a non-isogenic pair (RTT-MT1 versus WT1) and
an isogenic pair (RTT-MT2 versus RTT-WT2) using NanoString nCounter miRNA
analysis— a technique capable of specifically detecting mature miRNAs without any
amplification steps (Figure 4A, 7A, Supplementary Table 1). Screening results
uncovered numerous differentially affected miRNAs that were significantly altered in
both proliferative NP and post-mitotic neurodevelopmental stages and in both RTT
patient lines (Supplementary Table 1). Among them, the most robust changes were in
multiple members of the miR-199 and let-7 miRNA families, which were significant
after correction for multiple comparisons based on false discovery (FDR) and g-value
calculations. However, only the miR-199 family —consisting of miR-199a-5p (produced
from both miR-199a-1 and miR-199a-2 precursors), miR-199b-5p, and miR-199a,b-3p
(identical 3p sequence showing the highest overall expression and produced from both
miR-199a-1,2 and miR-199b—showed a consistent and robust upregulation in both
developmental stages and RTT mutant lines. Results from gRT-PCR measuring levels
of miR-199a,b-3p (the most highly expressed of the miR-199 family; heretofore referred
to as just miR-199) and the co-expressed (together with miR-199a-2) miRNA miR-214
revealed dramatic increases in expression in RTT-MT1 and RTT-MT2 NPs (Figure 4B).
We validated these results in our shRNA-mediated MeCP2 knockdown NPs, which
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also exhibited significantly higher expression of both miR-199 and miR-214. (Figure

4C).
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Figure 4: miRNA screen reveals increased miR-199 and miR-214 levels in patient-and

shBNA-mediated models of RTT.

(A) Volcano plot showing miRNA fold changes relative to WT1 (x-axes- log
transformed) based on NanoString miRNA profiling in RTT-MT1 NPs. Y-axis shows
g-value significance. miRNAs with more than 2-fold increase and less than p <
0.05 g-values are highlighted in blue (reduced) and red (increased). (B) Validation
of NanoString miRNA profiling results for upregulated miR-199/214 miRNAs using
mature miRNA-specific gRT-PCR in NPs derived from patient-derived mutant
(RTT-MT1 and RTT-MT2 - red bars) and control (WT1, WT2— blue bars and RTT-
WT2 —green bars). (All values are shown as mean + SEM relative to WT control
ratios. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed one sample t-test in WTT,
RTT-Mutl1; ANOVA in WT2, RTT-Mut2, RTT-WT2 with Sidak's multiple comparisons
test.) (C) miR-199 and miR-214 levels in NPs expressing MeCP2 shRNA (shMeCP2
- red bar) and control shRNA (shControl - blue bar). (Graphs show mean + SEM.
**o < 0.05, two-tailed one sample t-test).
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Pathway regulation

We hypothesized that miR-199/miR-214 dysregulation could be one mechanism
downstream of MeCP2 contributing to the observed alterations in neural development.
Toward this end, we related levels of neuronal marker MAP2 in RTT-MT2, WT2, and
isogenic RTT-WT2 neurons to expression levels of miR-199 and miR-214. Our results
demonstrated a strong inverse correlation between MAP2 versus each of the two

affected miRNAs (Figure 5A-B).

In order to distinguish between a transcriptional or miRNA processing mechanism
underlying the observed increases in miR-199 and miR-214 mature miRNAs in RTT
patient-derived cultures, we measured the expression of the primary miRNA precursors
(pri-miRNAs) from which mature miR-199 and miR-214 are encoded. Notably, two of
the three separate pri-miRNAs that produce identical mature miR-199 sequences (pri-
miR-199a at Chr19, pri-miR-199a-2 at Chr1, and pri-miR-199b at Chr9) and the one
pri-miRNA responsible for mature miR-214 synthesis (pri-miR-214 at Chr1; adjacent to
pri-miR-199a-2) displayed significant reductions (Figure 5C). Such a discordance
between mature and pri-miRNA expression excludes a transcriptional mechanism and
suggests a disturbance in miRNA processing, an effect that has been already

attributed to MECP2 (Cheng et al., 2014b).
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Figure 5: Alterations in miR-199 and miR-214 expression are associated with reduced

early neuronal marker expression and are suggestive of altered miRNA processing.

(A-B) Correlations between human MAP2 mRNA and miR-199 (A) or miR-214 (B)
expression in immature neurons (three weeks in vitro) shown as relative to WT
ratios (data from WT2, RTT-WT2, and RTT-MT2, are all represented by a black
circle). (C) Precursor miRNA expression in RTT-patient derived neuronal cultures.
Primary precursor miRNA (pri-miRNA) expression changes in both NP (b/ack) and
neuronal (gray) RTT-MT2 cultures relative to WT2. (Graph shows mean + SEM. "p <
0.05, **p < 0.01, ***p < 0.001, two-tailed one sample t-test).
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Signaling pathways downstream of miR-199 and miR-214 are aberrantly regulated in
RTT neural progenitors

To determine the role(s) of miR-199 and miR-214 dysregulation in the observed
deficiencies in early human neuronal development, we first performed in silico analyses
of the predicted targets of significantly altered miR-199 and miR-214 miRNAs by
Targetscan using the DAVID bioinformatics database. The scan revealed enrichment in
important brain signaling pathways such as MAPK, WNT, Insulin, and mTOR
(Supplementary Table 2). Aberrant expression of miR-199 and/or miR-214 has been
linked to gastric cancer and approximately half of ovarian cancers, supporting a role
for these miRNAs in a disease context, particularly as it relates to cellular metabolism
and cell cycle (Yang et al., 2008; 2013). Upregulated miR-214 in particular has been
linked to de-sensitization of cancerous cells to cancer drug / EGFR inhibitor gefitinib
(Wang et al., 2012). Numerous studies have demonstrated that miR-214 targets PTEN,
an ASD-related gene known to inhibit the activation of AKT (Yang et al., 2008; Jindra et
al., 2010; Li et al., 2011; Wang et al., 2012; Yang et al., 2013; Wang et al., 2014). miR-
199a-3p has been shown to be downregulated in several human cancers (Fornari et al.,
2010) and has been shown to regulate the MET proto-oncogene in addition to
downstream ERK2 signaling (Kim et al., 2008). It has also been shown to influence the
doxorubicin sensitivity of human cancer cells in vitro via regulation of mTOR and c-Met
(Fornari et al., 2010). In addition, one validated target for miR-199a-3p is PAK4, a
member of a family of serine/threonine kinases that are critical effector proteins
regulated by Rho-family GTPases and capable of activating MAPK signaling (Hou et

al., 2011). Previous studies have also suggested that both ERK and AKT are important
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for embryonic brain development, yet control different aspects of neurogenesis: ERK
promotes neuronal differentiation and AKT induces neuronal progenitor proliferation
and survival (Peltier et al., 2007; Samuels et al., 2008; Imamura et al., 2010; Peltier et
al., 2011; Pucilowska et al., 2012). Combined, these pathways would predict that in the
absence of MeCP2, PAK4 and PTEN would be reduced due to a lack of miR-199 and
miR-214, respectively. ERK1/2 would be reduced due to decreased PAK4, and AKT
would be increased due to the reduction in negative regulation by PTEN. Both
pathways would culminate in aberrant neurogenesis (Figure 6A). We measured the
protein levels of PTEN, PAK4, as well as phosphorylated-specific (activated) and total
AKT and Erk1/2 (pAKT, tAKT and pERK1/2, tERK1/2) using western blotting in NPs
derived from RTT patients and MeCP2 knockdown (Figure 6B). We found significant
reductions in PTEN and PAK4 protein levels in shMECP2 NPs relative to shControl,
accompanied by decreased pERK1/2 to tERK1/2 ratios and increased ratios of pAKT
to tAKT [Figure 6B, C (left)]. Importantly, measurements of ERK, AKT, PAK4, and
PTEN were similarly affected in RTT-MT2 [Figure 6B, C (right)]. Additionally, we
performed a correlation analysis across pathway components and found that, as
expected, PTEN and p/t AKT are inversely correlated and PAK4 and p/t ERK 1/2 are
positively correlated (Figure 6D). Taken together, our results suggest the existence of a
consistent molecular network downstream of MECP2-regulated miRNAs miR-199 and
miR-214, which is specifically affected during the early stages of neuronal
differentiation. Our results thus far have established a consistent upregulation of both

miR-199 and miR-214 as a result of MeCP2 mutation or knockdown, which is

118



accompanied by aberrant early neurogenesis and alterations in downstream pathways

known to affect neuronal differentiation in both human and animal models.
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Figure 6: Pathway regulation downstream of MeCP2 leads to deficits in neurogenesis.

(A) Presumptive signaling pathways downstream of MeCP2. Arrows on the left and
right indicate up- or down-regulation in the absence of MeCP2. In the absence of
MeCP2 (red), miR-199 and miR-214 are robustly upregulated. PAK4, inhibited by
miR-199, is reduced as a result of miR-199 elevation. Downstream target of PAK4,
ERK1/2, is reduced as a result of PAK4 decrease. PTEN, inhibited by miR-214, is
decreased as a result of increased miR-214. PTEN inhibits AKT, which is
upregulated as a result of reduced PTEN. The misregulation of both pathways
converges at the regulation of neurogenesis (red), aberrant in the absence of
MeCP2. (B) Representative Western blots showing levels of phosphorylated and
total ERK1/2 (p/t ERK1/2) and AKT ratios (p/t AKT) as well as PTEN and PAK4
protein levels together with normalizer B-actin in NPs expressing meCP2 shRNA
(shMECP2) or Control shRNA (shControl) (left) as well as in WT2, RTT-WT2, and
RTT-MT2 NPs (right). (C) Quantification of Western blot in shMECP2 (red) and
shControl (blue) (left) and WT unaffected control (WT2 - blue), RTT-WT2 (green),
and RTT-MT2 (red) (right). (Graphs show mean + SEM. **p < 0.01, ***p < 0.001,
two-tailed one sample t-test (shMeCP2, shControl) or ANOVA (WT2, RTT-MT2,
RTT-WT2) with Dunnett's multiple comparisons test). (D) Correlation between
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PTEN and p/t AKT levels (top) and PAK4 and p/t ERK1/2 (bottom) in WT2, RTT-
WT2, RTT-Mut2 NPs. Each dot represents one sample (blue dots for positive and
red for negative correlations; Spearmann coefficients and p-values are shown in

graphs.)
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Immature RTT neurons express elevated levels of miR-199 and miR-214; downstream
pathways are partially conserved from NPs

Having established a plausible mechanism linking miR-199 and miR-214 to the
observed deficits in neurogenesis, we tested whether the pathway misregulation
observed in the NP stage extends to immature neurons as well. The Nanostring
nCounter miRNA screen was performed in three-week differentiated neurons (Figure
7A). As observed in the RTT NP population, miR-199 and miR-214 were robustly
upregulated, as confirmed via PCR in RTT patient samples (Figure 7B). We tested
whether protein levels of the pathway components downstream of miR-199 and miR-
214 (Figure 6A) are misregulated in neurons and found that despite consistent
reductions in miRNA targets PTEN and PAK4, there were no significant changes in
either AKT or ERK activation (Figure 7C). These results suggest that additional factors
may contribute to the activation of AKT and ERK during later human neuronal
development. Indeed, whereas significant positive and negative correlations were
observed between PAK4 and activated ERK, and PTEN and activated AKT,
respectively, at the NP stage, (Figure 6D), after three weeks of differentiation the
correlation between PAK4 and activated ERK is diminished and the negative

correlation between PTEN and AKT inverts to become positive (Figure 7D).
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Figure 7: miR-199 and miR-214 remain upregulated in immature neurons; downstream

pathway partially conserved.

(A) Volcano plot showing miRNA fold changes relative to WT1 (x-axis is log
transformed) based on NanoString miRNA profiling in RTT-MT1 immature neurons
(three weeks in vitro). Y-axis shows g-value significance. miRNAs with more than
2-fold increase and q < 0.05 are highlighted in blue (reduced) and red (increased).
(B) Validation of Nanostring miRNA profiling results for upregulated miR-199/214
miRNAs using mature miRNA-specific qRT-PCR in patient-derived mutants (RTT-
MT1, RTT-MT2 - red) and respective controls (WT1, WT2 - blue and RTT-WT2 -
green). (All values are shown as mean + SEM relative to WT control ratios. **p <
0.01, Wilcoxon Signed Rank Test (WT1, RTT-MT1) or ANOVA (WT2, RTT-WT2, RTT-
MT2) with Sidak’s multiple comparisons test). (C) Quantification of Western blot in
three-week-old neurons measures phosphorylated and total ERK1/2 (p/t ERK1/2)
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and AKT ratios (p/t AKT), as well as PTEN and PAK4 protein levels and normalizer
B-actin, in WT2 (blue), RTT-WT2 (green) and RTT-MT2 (red). (Graphs show mean +
SEM. **p < 0.01, ***p < 0.001, ANOVA (WT2, RTT-WT2, RTT-MT2) with Dunnett's
multiple comparisons test). (D) Correlation between PAK4 and p/t ERK1/2 (/eft) and
PTEN and p/t AKT levels (right) in WT2, RTT-MT2, RTT-WT2 neurons at three
weeks in vitro. (Spearman’s coefficients and p-values are shown in the graphs.)
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Inhibition of miR-199 or miR-214 ameliorates pathway deficits

Due to the complexity of signaling interactions involved, we sought to establish
causality with respect to the observed enrichment of miR-199 and miR-214 levels
during early prenatal neurogenesis and downstream pathway regulation. Indeed, such
effects could feasibly be an epiphenomenon of delayed neuronal differentiation
brought about by additional MeCP2-regulated pathways independent of miR-199/miR-
214. In order to elucidate any potential mechanistic role(s) of miR-199/miR-214
dysregulation, we employed nucleofection to transfect shMECP2 NPs with plasmids
encoding small RNA sequences that inhibit endogenous miR-199 or miR-214, as well
as negative control miRNA inhibitors. This approach addressed whether miR-199
and/or miR-214 exerts an inhibitory effect on PAK4 and PTEN, respectively, and
whether they influence the observed neuronal differentiation deficits in human neurons
via differential effects on ERK and AKT signaling. Indeed, we found that miR-199
inhibition was able to significantly reverse the PAK4 reductions seen in shMeCP2
neurons (Figure 8A) and the reductions in PTEN levels in shMeCP2 immature neurons
were significantly ameliorated by miR-214 inhibition (Figure 8B). In addition, the effects
of miR-199 and miR-214 inhibition were specific for their targets, as no significant
changes in PTEN or PAK4 were observed following miR-199 and miR-214 inhibition,
respectively. Measurements of phosphorylated and total ERK and AKT via western
blotting revealed that miR-199 inhibition in shMECP2 NPs resulted in the normalization
of ERK activation exclusively, whereas inhibition of miR-214 in shMeCP2 NPs resulted
in reduced AKT activation with no effects on ERK signaling (Figure 8C-E). Collectively,
these data suggest that in MeCP2-deficient NPs, upregulation of miR-199 and miR-214
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differentially regulates ERK and AKT signaling, respectively. To determine whether
increased miR-214 and miR-199 levels are responsible for the observed MECP2
deficiency-related abnormalities in neuronal differentiation, we tested whether inhibiting
these miRNAs via nucleofection in shMECP2 NPs could increase the expression of
neuronal markers such as MAP2 and DCX. Indeed, both miR-199 and miR-214 single
miRNA inhibition significantly increased MAP2 and DCX levels in immature MeCP2-
shRNA neurons (Figure 8F, G), in addition to improving the observed alterations in
neuronal maturity (Figure 8H). These results strongly suggest that the dysregulation in
miR-214 and miR-199 as a result of MeCP2 deficiency is an important component of

the molecular machinery underlying the alterations in neuronal differentiation.
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Figure 8: Partial amelioration of pathway deficits following inhibition of miR-199 or
miR-214.

Nucleofection of miR-199 or miR-214 inhibitors (“anti-199” and “anti-214,”
respectively) in shMeCP2 expressing NPs (red bars), as well nucleofection of a
negative miRNA control inhibitor (“anti-CTRL") in both shControl (b/lue bars) and
shMeCP2 (red bars). (A-B) Levels of PAK4 mRNA (A) and PTEN mRNA (B) in
neurons harvested after nucleofection in shControl and shMeCP2 NPs. (C-D)
Levels of phosphorylated and total ERK1/2 protein (C) and phosphorylated and
total AKT protein (D) in NPs harvested after nucleofection. Graphs based on
Western blot shown in (E): phosphorylated and total ERK1/2 (pERK1/2 and
tERK1/2) and AKT (pAKT and tAKT), along with MECP2 protein levels and
normalizer B-actin. (F-G) Levels of MAP2 (F) and DCX (G) mRNA in three-week
nucleofected neuronal samples. (All graphs show mean + SEM. "p < 0.05 ,""p <
0.01, *0.10 < p <0.05, two-tailed one sample t-test). (H) Representative
immunostaining for MAP2 and MECP2 in three-week anti-miRNA / anti-CTRL
nucleofected neurons.

127



Developmental trajectories of miR-199 and miR-214 differ in human versus mouse
Having observed deficits in RTT mouse neurogenesis as well as human neurons
(Figure 3), we tested whether miR-199 and miR-214 are upregulated in MeCP2-
deficient mouse NPs/neurons as they are in human cells. We measured the expression
of both miRNAs in the brains of embryonic, perinatal, and postnatal (cortex-specific)
WT and Mecp2 mutant mice (both male null and female heterozygous mice) (Figure
9A, B). Our results revealed a transient, robust expression of both miR-199 and miR-
214 around embryonic day E12.5, validating the observed upregulation of both
miRNAs during the early stages of embryonic neurogenesis in an MeCP2-reduced or

deficient context. Levels of both miRNAs subsequently dropped rapidly, and

diminished at birth and four postnatal weeks in WT mice. Notably, expression of miR
199/miR214 in the brain of Mecp2 mutant mice (n = three male null and three female
heterozygote mice) displayed the same developmental expression peak during early

neurogenesis.

We next sought to determine if the developmental expression patterns of miR-199 and
miR-214 are similar in human and mouse neurons. We established that both miRNAs
are upregulated in human (Figure 4B-C; Figure 7B-C) and mouse (Figure 9A-B)
MeCP2-deficient cells during neurogenesis. Given the current inability of iPSC-derived
neuronal cultures to reach a level of maturity reminiscent of the human postnatal brain,
we re-analyzed the expression of the three miR-199 family miRNAs and miR-214
based on publicly available RNA sequencing results from the Brainspan Atlas of the
Developing Brain. This data included multiple brain regions from human postmortem
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brains from infancy to early adulthood (see also: Methods). Our results revealed miR-
199 (MiR-199a,b-3p) as by far the most highly expressed in the human postnatal brain
among the four miRNAs queried, yet with different developmental trajectories between
hippocampus (HIP), ventrolateral prefrontal cortex (VFC) and dorsolateral prefrontal
cortex (DFC) (Figure 9C-E). miR-214 is expressed at low and slightly increasing levels

throughout postnatal development in all three brain regions (Figure 9C-E).

Interestingly, whereas miRNAs 199 and 214 are highly expressed during neurogenesis
in mouse and human NPs, their developmental trajectories differ in a postnatal context.
The expression of both miRNAs is nearly abolished in the postnatal mouse, whereas
human brain regions express miR-199 robustly and miR-214 at low albeit increasing
levels throughout life. The developmentally restricted expression pattern of miRNAs in
the WT mouse brain has been shown before (Mineno et al., 2006), yet is in contrast in
this instance to the observed developmental patterns in human neuronal cultures and
human postmortem brain. These results suggest potentially different roles of miR-199
and miR-214 in human versus mouse, further emphasizing the importance of

employing a human neuronal cell line to identify miRNA signatures of RTT.
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Figure 9: Developmental expression of miR-199 and miR-214 in healthy humans and

Mecp2 control and mutant mice.

(A-B) Relative miR-199a-3p (A) and miR-214 (B) levels in embryonic (E12),
perinatal (P0), and postnatal (P28) brains from WT and Mecp2 mutant mice. All
data are shown as relative to E12 WT. (C-E) Plotted values represent mean + SEM
Average RPKM (Reads Per Kilobase of transcript per Million mapped reads) values
for miR-199 (miR-199a,b-3p), miR-199a-5p, miR-199b-5p, and miR-214 during
four postnatal developmental periods (<1 year, 1-4 years, 8-13 years, and 15-23
years). Results from three different brain regions are displayed on separate
graphs: HIP = hippocampus (C); DFC = Dorsolateral prefrontal cortex (D); VFC =
ventrolateral prefrontal cortex (E). Graphs were generated based on publically
available data from the Brainspan Atlas of the Developing Brain database (see
also: Methods). (Graphs show mean + SEM. *p < 0.05, **p < 0.01, two-tailed Mann
Whitney test).
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Discussion

Mutations and altered expression of MECP2 have been linked to ASD, intellectual
disability, schizophrenia, and other neuropsychiatric disorders of developmental origin
other than RTT (Hammer et al., 2002; Gonzales and Lasalle, 2010). However, the vast
majority of the existing literature has focused on the role of MECP2 in postnatal brain
maturation and plasticity, and little is known about its effects in prenatal brain
development. Our findings provide a novel mechanism downstream of MeCP2 that
may contribute to critical prenatal components of the pathogenesis of

neurodevelopmental disorders.

Mouse models with an embryonic (Nestin-cre) deletion of Mecp2 recapitulate the
majority of RTT symptomatology, whereas postnatal deletion such as in the case of
CamKlla-cre Mecp2 mutant mice results only in a subset of RTT-related symptoms
(Akbarian et al., 2001; Chen et al., 2001; Guy et al., 2001). Such severe effects of
prenatal-specific disruption of Mecp2 support our proposed model. Furthermore,
prenatal brain-specific overexpression of Mecp2 results in complete rescue, whereas
Mecp?2 overexpression via postnatal neuron-specific promoters cannot fully rescue the
observed phenotype (Luikenhuis et al., 2004; Giacometti et al., 2007). However, rescue
of Mecp?2 expression in lox-stop Mecp2 mutant adolescent mice can notably improve
survival and ameliorate RTT-related symptoms (Giacometti et al., 2007; Guy et al.,
2007). Additionally, numerous therapeutic approaches have been shown to partially
rescue RTT phenotypes. The most notable examples have been those aimed at

restoring BDNF and IGF1 and B-adrenergic receptor signaling, which also hold clinical
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promise (Chang et al., 2006; Ogier et al., 2007; Tropea et al., 2009; Kline et al., 2010;
Pini et al., 2012; Castro et al., 2013; 2014; Khwaja et al., 2014; Mellios et al., 2014).
Such cases of postnatal amelioration of RTT phenotypes, however, do not exclude the
possibility of a prenatal component of RTT, but rather underscore the reversibility of

RTT symptomatology.

Neuropathological analysis of the brains of RTT patients has revealed increased cell
density and diminished cellular size and dendritic complexity, in addition to reduced
early neuronal marker expression (Armstrong, 1995; Bauman et al., 1995). Furthermore,
multiple studies in mouse models of RTT have revealed alterations in neuronal
maturation and dendritic and spine morphology in adolescent or adult mice
(Shahbazian et al., 2002; Kishi and Macklis, 2004; Fukuda et al., 2005; Leng et al.,
2009; Castro et al., 2014). Notably, our data in newborn Mecp2 mutant mice also
demonstrate a significant reduction in cortical thickness, which by necessity must be a
result of aberrant prenatal brain development. Our findings of increased BrdU
incorporation in MeCP2-deficient human neuronal cultures and migration deficits in
mouse further support this notion and provide an alternative explanation for the
observed alterations in postnatal neuronal morphology. However, due to the strong
existing evidence of the role of MeCP2 in postnatal brain maturation and plasticity and
the postnatal peak in developmental expression of MeCP2, our proposed model is
most likely to be the first part of a “two-hit” scenario that incorporates both pre- and

post-natal contributions to RTT pathophysiology. In such a case, future experiments
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utilizing miR-199 and miR-214 prenatal-specific knockdown and transgenic
overexpression will be needed to fully validate our proposed mechanism.

One limitation of our findings is that they are unable to fully conclude whether the
observed aberrant neuronal differentiation in RTT neurons and Mecp2 mutant mice is a
result of a delay in neurogenesis or of an initial premature increase in early
neurogenesis which can subsequently result in compensatory reductions in mid- and
late-stage neurogenesis. The known differential effects of ERK and AKT on prenatal
neurogenesis, however, point toward the latter. Such a premature increase in early
neurogenesis followed by a depletion of neurogenic capacity can explain the aberrant
early neuronal maturation and dendritic arborization in MeCP2-deficient neurons, as it
would severely impact the precise developmental timing needed for the complex and
interrelated prenatal brain developmental stages. Furthermore, our findings of transient
and opposite disruptions in ERK and AKT signaling during early neurogenesis in human
patient-derived neuronal cultures are of particular interest, as reductions in both ERK
and AKT activation are observed in certain brain regions of adult symptomatic Mecp2
mutant mice (Ricciardi et al., 2011; Castro et al., 2014). On a similar note, the
dissociation between ERK and AKT activation from the changes in miR-199/PAK4 and
miR-214/PTEN expression observed in three-week differentiated iPSC-derived neurons
suggests the presence of compensatory influences on the activation of these two

central molecular hubs.

It is known that too much or too little MECP2 can result in neurodevelopmental defects

including RTT-related phenotypes. Thus we would predict that reductions in miR-
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199/214 miRNAs could also be deleterious. Indeed, knockout mice lacking Dnm3os,
the transcript antisense to Dynamin 3 gene that encodes pri-miR-199a-2 and pri-miR-
214 (Watanabe et al., 2008) show body growth abnormalities. On a similar note, a
recent paper reported that miR-199a-2 knockout mice display some
RTT/neurodevelopmental disorder-like symptoms (Tsujimura et al., 2015), supporting
the hypothesis of dosage dependency of MECP2-related miR-199 expression with
respect to normal brain development. However, the same study claims small
decreases in one of the miR-199 members in mouse E17 or PO brain-derived
hippocampal cultures, and provides in vitro evidence for additional effectors
downstream of miR-199. Our results show that mouse miR-199 and miR-214 are
developmentally restricted to early prenatal brain development (E12-E14), and thus we
believe that any potential brain region-specific miR-199 changes at later mouse
developmental stages will not have a significant physiological effect. However, more
studies in mouse RTT models are needed to determine the role of miR-199 and miR-

214 on the observed behavioral disease-related phenotypes.

Given the plethora of neuropsychiatric diseases with potential links to MECP2, our
findings of aberrant prenatal neuronal differentiation via alterations in prenatal brain-
enriched miRNAs such as miR-199 and miR-214 could have implications for additional
neurodevelopmental disorders other than RTT, particularly following the growing
reports of genetic linkage of ASDs and schizophrenia with additional molecules
involved in prenatal neurogenesis (Gulsuner et al., 2013; Casanova and Casanova,

2014). It is tempting to speculate that early disruptions in brain development could
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result in increased susceptibility to subtle postnatal deleterious effects on brain
maturation and plasticity, thus contributing to the full pathogenesis of

neurodevelopmental disorders.

Methods

Neural Differentiation of iPSC Clones

Neural differentiation was performed as described previously (Chapter 2). Briefly,

for the first set of RTT patient and control (RTT-MT1 and WT1), neural differentiation
was accomplished via magnetic activated cell sorting (MACS) of dissociated EBs,
followed by fluorescence activated cell sorting (FACS) to enrich an NP population. For
RTT patient 2 and WT2 samples (RTT-MT2, RTT-WT2, and WT2), iPSCs were
differentiated into NPs and then neurons as previously described via dual SMAD

inhibition (Shi et al., 2012).

Branching Analysis

shRNA Control and shRNA MeCP2 NPCs were differentiated for 19 days. A small
portion (~10%) of cells were infected with a lentiviral GFP construct to allow for sparse
labeling and detection of neurites. Neurons were fixed after 19 days in 4% PFA for 30
minutes at 4°C. Cells were subsequently stained with Rb anti-MECP2 (Cell Signaling
34568S) to confirm positive or negative MECP2 expression in shRNA Control and
shRNA MECP2 cells, respectively. Branching was traced semi-automatically and

quantified in Imaged using the Neurond plug-in described by (Meijering et al., 2004).
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RNA extraction and quantification

RNA extraction was performed using the miRNeasy Mini Kit (Qiagen). cDNA synthesis
for large RNAs was done using SuperScript VILO cDNA Synthesis Kit (Invitrogen) and
used as PCR template to examine both allele-specific transcription mRNA and pri-
miRNA expression. Mature miRNA reverse transcription and miRNA and mRNA qRT-
PCR were done as shown before through the use of Tagman miRNA assays (Mellios et

al., 2011).

For genotyping, RNA was extracted with miRNeasy Mini Kit (Qiagen). cDNA was used
as PCR template to examine the allele-specific transcription of MECP2. PCR products

were purified and sequenced by Genewiz, Inc.

Primers for PCR and sequencing:

For GM11273, R106W: forward GCAGGCAAAGCAGAGACATC; reverse
CTTTGGGAGATTTGGGCTTC

For GM07982, V247X: forward GTGTGCAGGTGAAAAGGGTC; reverse

GCTGCTCTCCTTGCTTTTCC

For NanoString miRNA profiling, miRNAs were processed with the NanoString
nCounter system (NanoString, Seattle, Washington, USA) per vendor instructions. Data
archiving, normalization, analysis and file export were performed using nSolver
software. Probe intensity data between samples was normalized using nSolver
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Software (Nanostring) utilizing the geometric means of the top 300 most highly
expressed miRNAs. P-values were determined using Microsoft Excel using the
installed T-Test macro between n=3 replicates of data. The Benjamini-Hochberg
multiple testing correction was used for g-value calculations with False Discovery Rate

(FDR) < 0.05.

miRNA measurements performed in mice employed male Mecp2™ mice, female
Mecp2™ mice, and WT littermates. Embryos and neonates were obtained by breeding

heterozygous females of C57BL/6 background (Guy et al., 2001) with WT C57BL/6

male mice.

Protein detection and BrdU labeling

Samples for protein isolation were homogenized and dissociated in RIPA buffer
(Sigma) with protease and phosphatase inhibitors (Roche). Western blotting was
performed as previously described (Mellios et al., 2014) using 7.5 pg total protein per
well; bands were visualized using Kodak Biomax MR Film and ImagedJ were used for
analysis. The following primary antibodies were used: MeCP2 (1:1000, Cell Signaling),
pERK1/2, tERK1/2, pAKT, tAKT, PAK4, PTEN (all 1:1000, Cell Signaling) and B-actin

(1:120,000, Sigma Aldrich).
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For BrdU pulse labelling, BrdU (final concentration = 10uM) was added to the culture
media and treated for 3 hours. Cells were fixed with 4% PFA for 30 mins at 4°C. Prior

to standard immunostaining, cells were treated with HCI (1N) for 30 mins at 45°C.

For immunocytochemistry, all cells were fixed for 20 mins with 4% PFA and
permeabilized with 0.1% triton X100 (Sigma) for 10 mins. Primary antibodies were
incubated in PBS with 1% BSA at 4°C overnight: human anti-PAX6 (1:100
Developmental Studies Hybridoma Bank), anti-Nestin (1:600 Millipore), anti-Musashi
(1:600 Millipore), anti-SOX1 (1:100 Novus), anti-Tuj1 (1:500 Millipore), anti-MAP2
(1:1500, Encor Biotechnology), anti-GFAP (1:1000 Sigma), anti-TBR1 (1:200, Abcam),
anti-MECP2 (1:200, Cell Signaling), mouse anti-TBR1 (1:200, Abcam), anti-CTIP2
(1:200, Abcam), anti-PAX6 (1:600 Millipore), as well as anti-GFP (1:500, life
technologies). Alexa Fluor secondary antibodies were used at 1:500 (Life Technologies)
for 1 hour at room temperature. Covesrlips were affixed with ProLong Gold antifade
reagent with DAPI (Life Technology) and imaged with a Zeiss Axiovert microscope

equipped with a Zeiss Axiocam digital camera.

In utero electroporation

In utero electroporation was performed as described previously (Ip et al., 2011). Briefly,
the uteri of E13 pregnant mice anaesthetized with pentobarbital were exposed and
placed on humidified gauze pads. Plasmids mixed with 0.05% Fast Green (Sigma)
were injected into the lateral ventricle of the recipient embryos. Indicated plasmids
were mixed at the following concentrations: shRNA plasmids, 1pg/ul; pCAG-Venus
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plasmid, 0.5ug/pl. Immediately after DNA injection, four 50-ms electrical pulses (30V)
were applied at 1-s intervals using a 5-mm electrode and an electroporator (EM830,
BTX) to electroporate plasmids into the lateral cortex. The uterine horns were returned
to the abdominal cavity, and the abdomen wall and skin were quickly sutured. All
surgical procedures were completed within 45 min, after which the mice recovered
under a heating lamp until waking up. Mice were housed in a vivarium (one pregnant

mouse per cage) with a 12/12-h light/dark cycle.

Nucleofection

shControl and shMeCP2 NPs were plated (D0) in 6-well plates (Corning) at 4x10° per
laminin (1 mg/mL; Sigma Aldrich)-coated well in DMEM (Life Technologies) / Ham's F-
12 (Cellgro) media supplemented with B27 (Life Technologies), basic Fibroblast Growth
Factor (20 ng/mL; Peprotech), Epidermal Growth Factor (20 ng/mL; Sigma Aldrich),
Heparin (5 uyg/mL; Sigma Aldrich), and puromycin (0.8 ug/mL; Sigma Aldrich) to select
for cells stably expressing either the shRNA or control construct. Nucleofection was
performed according to the manufacturer's instructions using the Lonza Human Stem
Cell Nucleofector Kit 2 when cells reached confluence (approximately 1x10° cells per
well; D2). Plasmids (anti-miR-199, anti-miR-214, and anti-control miArrest™ miRNA
Inhibitors) were obtained from Genecopoeia; 5 pg DNA was used per reaction. All
plasmids co-expressed mCherry as well for to control for transfection efficiency. Cells
were immediately re-plated and supplemented with Rho-associated protein kinase
(ROCK) inhibitor (10 uM; Tocris) to enhance survival post-nucleofection. A half change
of media was performed the following day. NPs were checked for fluorescence,
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indicating successful expression of the construct, and harvested for analysis at D4

(NPs) or at D21 (neurons).

Developmental miRNA expression in human postmortem brains

Expression profiles of miRNAs of interest across human brain development were
created using publically available data from the ‘Brainspan Atlas of the Developing
Brain’ (http://www.brainspan.org/). Briefly, previously published raw data (Ziats and
Rennert, 2014) was downloaded and miRNAs of interest to this study were extracted.
Average RPKM values for each developmental period assessed were plotted with their
standard deviations. Results from six different brain regions were available and are
displayed on separate graphs: DFC = Dorsolateral prefrontal cortex; VFC =
ventrolateral prefrontal cortex; HIP = hippocampus. For each brain region studied,
expression values were grouped into four developmental stages as used previously
(Ziats and Rennert, 2014): Infancy = less than 1 year old (yo); Early Childhood = 1yo-
4yo; Late Childhood = 8yo - 13yo; Adolescence/ young adulthood = 15yo - 23yo.
Plotted values represent the average +/- standard deviation Reads Per Kilobase Million
(RPKM) for each miRNA, which is a normalized measure of expression from RNA-seq

data, and is further described on the Brainspan website.
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Supplementary Tables

Fold Fold Fold Fold Rank

change q-value change | g-value | change g-value change g-value high

miRNA NP1 NP1 NP2 NP2 Neuron1 | Neuron1 | Neuron2 | Neuron2 | to low
hsa-miR-9-5p 1.6421 0.14067 0.4071 0.02507 | 0.9807 0.90010 0.4709 0.00417 1
hsa-miR-19b-3p 0.6776 0.40972 1.4745 0.02929 0.3710 0.01642 1.6036 0.06918 2
hsa-miR-125b-5p 1.3329 0.46873 0.4417 0.00302 2.4757 0.02985 0.5646 0.01551 3
hsa-miR-20a-5p+hsa-miR-20b-5p 0.4973 0.03314 1.5550 0.13821 0.2514 0.00887 1.8095 0.03024 4
hsa-miR-16-5p 0.6938 0.38422 0.7408 0.22632 0.3486 0.01856 1.1740 0.31016 5
hsa-miR-135a-5p 1.0503 0.84839 0.4927 0.01249 2.1698 0.00618 0.4931 0.02789 6
hsa-miR-130a-3p 1.5047 0.37815 0.9975 | 0.95357 | 0.7132 0.08169 0.9666 0.84772 7
hsa-miR-99a-5p 1.2064 0.29431 0.3682 0.02164 0.7932 0.21055 0.4872 0.00691 8
hsa-miR-93-5p 0.9029 0.78709 0.9956 | 0.96527 | 0.6375 0.01393 1.0203 0.87954 9
hsa-miR-15b-5p 1.3856 0.58778 0.8514 0.27043 1.3177 0.07064 0.9046 0.34978 10
hsa-miR-363-3p 0.4755 0.18413 2.0314 0.00573 0.1155 0.00877 3.2606 0.00643 1"
hsa-miR-27b-3p 1.9252 0.22230 0.8276 0.12973 1.4956 0.05570 1.1019 0.55164 12
hsa-miR-26a-5p 1.5604 0.10895 0.7679 | 0.35456 1.4215 0.08842 1.1889 0.49858 13
hsa-miR-25-3p 0.9758 0.95105 0.9603 | 0.66218 | 0.8420 0.07326 0.8823 0.27269 14
hsa-miR-92a-3p 0.2814 0.10895 1.3614 0.37057 0.1453 0.00887 1.7747 0.02548 15
hsa-miR-181a-5p 1.3520 0.19924 0.6549 | 0.05736 1.4398 0.07934 0.4158 0.01162 16
hsa-miR-125a-5p 1.2849 0.37275 0.6543 0.03605 1.1206 0.42379 0.5784 0.01551 17
hsa-miR-374a-5p 1.5567 0.19924 1.3033 | 0.14151 0.9867 0.90737 1.4010 0.06918 18
hsa-miR-106a-5p+hsa-miR-17-5p 0.7355 0.31568 1.2296 0.55506 0.3572 0.00780 1.6710 0.03379 19
hsa-miR-340-5p 0.7439 0.11128 0.5977 0.07581 0.4733 0.03414 0.7093 0.02541 20
hsa-miR-106b-5p 1.4328 0.47055 0.9395 0.68181 1.5635 0.01642 1.1060 0.32363 21
hsa-miR-301a-3p 0.6338 0.12049 0.8804 0.18329 0.4419 0.01573 0.7478 0.06865 22
hsa-miR-135b-5p 4.2617 0.03514 1.0405 0.75853 | 20.2605 0.00399 0.9236 0.51603 23
hsa-miR-15a-5p 0.4801 0.34253 0.6804 0.13821 0.3460 0.00586 0.7469 0.03028 24
hsa-miR-99b-5p 1.4356 0.36466 0.7263 0.02127 0.9841 0.89898 0.6890 0.02789 25
hsa-miR-92b-3p 0.3686 0.03423 0.7246 0.18573 0.1718 0.00920 1.2867 0.32339 26
hsa-miR-19a-3p 0.7291 0.18413 1.0932 0.28646 0.3438 0.01626 1.3478 0.17551 27
hsa-miR-107 0.8852 0.68921 0.7165 | 0.03269 | 0.6219 0.00661 1.0087 0.95174 28
hsa-let-7a-5p 16.8546 0.01985 0.0333 0.03139 9.0745 0.00377 0.2268 0.00196 29
hsa-let-7¢c-5p 5.4634 0.02979 0.0501 0.00148 2.0222 0.00399 0.3424 0.00181 30
hsa-miR-221-3p 0.3193 0.03925 1.1595 0.24710 0.1066 0.00614 1.2828 0.22752 31
hsa-miR-18a-5p 0.7518 0.21735 1.0875 0.57123 0.1657 0.00399 1.3734 0.13304 32
hsa-miR-374b-5p 1.15683 0.46657 1.3203 0.04144 0.9141 0.57615 1.6256 0.07389 33
hsa-miR-21-5p 0.3051 0.29431 0.5957 0.05759 0.2428 0.01128 0.7444 0.02644 34
hsa-miR-130b-3p 0.6895 0.40972 1.2955 0.08547 0.3609 0.00586 1.3632 0.10713 35
hsa-miR-191-5p 1.0690 0.90472 0.8052 0.23761 2.0741 0.00399 0.7352 0.04353 36
hsa-miR-1260a 0.6882 0.37275 0.9751 0.81858 | 0.9498 0.75179 1.1864 0.50789 37
hsa-miR-218-5p 1.8234 0.18413 0.6167 0.05636 5.8744 0.00399 0.7199 0.06918 38
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hsa-miR-30c-5p 1.0635 0.74172 0.9302 0.65036 0.4314 0.02736 1.1254 0.39559 39
hsa-miR-100-5p 1.1974 0.51323 0.5124 0.00506 0.8555 0.29822 0.9118 0.31244 40
hsa-miR-30b-5p 1.4061 0.20208 0.7429 0.25218 1.5402 0.07271 1.1466 0.59572 41
hsa-let-7i-5p 12.7691 0.01626 0.0406 0.00386 | 11.6006 0.00344 0.2720 0.00065 42
hsa-let-7e-5p 2.0510 0.22218 0.1919 0.00506 1.3451 0.02364 0.4889 0.00879 43
hsa-miR-32-5p 1.0095 0.98833 0.8704 0.23761 1.1305 0.03414 0.8790 0.28954 44
hsa-miR-148b-3p 0.7325 0.43619 0.9374 0.55547 1.1518 0.12046 0.7675 0.08780 45
hsa-miR-18b-5p 0.6222 0.41058 2.5959 0.03907 0.1188 0.00399 4.6923 0.01093 46
hsa-miR-361-5p 0.7520 0.22218 1.0644 0.24283 0.6982 0.14678 1.1970 0.28954 47
hsa-miR-335-5p 1.0565 0.89046 0.7360 0.21973 2.8399 0.00399 0.9439 0.56706 48
hsa-miR-34a-5p 0.2396 0.19281 1.6451 0.07581 0.1529 0.01145 1.3286 0.06891 49
hsa-miR-324-5p 0.9561 0.88879 0.7109 0.17387 0.7147 0.06456 0.9060 0.47208 50
hsa-miR-24-3p 0.3999 0.05144 1.0188 0.76772 0.2001 0.01660 1.1598 0.34318 51
hsa-miR-331-3p 0.6585 0.32665 0.7978 0.26848 0.4660 0.02641 0.9024 0.46300 52
hsa-miR-423-3p 0.8251 0.46226 0.8713 0.19737 0.4354 0.00887 1.0115 0.93439 53
hsa-miR-590-5p 3.1909 0.02031 0.9884 0.88332 2.6515 0.03198 1.0328 0.87954 54
hsa-miR-149-5p 2.0577 0.26628 0.9561 0.70925 3.7891 0.03652 0.8315 0.09726 55
hsa-miR-342-3p 1.0225 0.89413 0.7744 0.03907 2.2536 0.02725 0.6130 0.03917 56
hsa-miR-301b-3p 0.6986 0.47355 1.1340 0.44448 0.3519 0.00887 1.1226 0.60206 57
hsa-miR-132-3p 0.8172 0.18413 0.2973 0.02669 0.5772 0.01099 0.5863 0.00879 58
hsa-let-7g-5p 22.3817 0.00929 0.0254 0.02455 [ 11.5901 0.00641 0.2635 0.00243 59
hsa-miR-23a-3p 1.4689 0.19924 0.8788 0.27043 1.3312 0.03472 0.6374 0.04185 60
hsa-miR-103a-3p 0.5536 0.27605 1.1385 0.25338 0.5394 0.02033 0.9176 0.67266 61
hsa-miR-219a-2-3p 0.6489 0.40627 13.6445 | 0.00386 0.2193 0.00649 18.0731 0.00181 62
hsa-miR-423-5p 1.1814 0.66652 0.7417 0.08547 1.2139 0.11237 0.7978 0.12921 63
hsa-miR-454-3p 0.8184 0.53981 0.8668 0.12973 0.4883 0.01839 0.8450 0.14458 64
hsa-miR-204-5p 0.4271 0.32589 0.2361 0.00579 3.6252 0.06168 0.5303 0.06918 65
hsa-miR-551b-3p 0.6284 0.40972 0.7431 0.09229 0.6888 0.02358 0.9923 0.96615 66
hsa-miR-128-3p 1.6171 0.23932 0.6873 0.37057 2.7920 0.00586 1.1723 0.19189 67
hsa-miR-219a-5p 1.3362 0.30496 1.1678 0.05736 0.6903 0.07326 2.8662 0.00879 68
hsa-miR-23b-3p 0.7675 0.29431 0.8568 0.08547 1.0221 0.89898 0.8054 0.17700 69
hsa-miR-494-3p 2.4449 0.19270 1.0658 0.94787 1.2003 0.52950 1.9702 0.00691 70
hsa-miR-30a-5p 0.4034 0.25264 0.7701 0.05736 0.1763 0.00377 0.8439 0.24972 71
hsa-miR-598-3p 1.4619 0.20462 0.9067 0.49887 1.6595 0.00344 0.8475 0.21952 72
hsa-miR-216a-5p 7.7046 0.04120 0.8819 0.28646 6.6746 0.01128 0.6173 0.07938 73
hsa-miR-181b-5p+hsa-miR-181d-5p 1.0788 0.76760 0.6851 0.14151 0.7641 0.15885 0.5283 0.01551 74
hsa-miR-421 0.9287 0.76839 1.2339 0.17470 0.4900 0.00377 1.6007 0.01162 75
hsa-miR-151a-5p 1.8784 0.27605 0.8624 0.54793 3.0284 0.00586 0.9541 0.64448 76
hsa-miR-140-5p 1.1146 0.76839 0.8043 0.15687 0.8747 0.38322 0.7658 0.05346 77
hsa-miR-197-3p 1.2838 0.52492 0.6780 0.18329 1.0270 0.89898 0.8466 0.28954 78
hsa-miR-630 1.2616 0.21748 0.9931 0.94787 0.0955 0.00887 1.3394 0.33259 79
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hsa-miR-1246 1.7391 0.05762 1.0567 0.88808 0.4582 0.00377 1.0134 0.93439 80
hsa-miR-708-5p 0.5196 0.32941 0.7669 0.14151 0.7476 0.06346 0.8996 0.60206 81
hsa-miR-151a-3p 1.3667 0.52889 0.9309 0.69345 1.2086 0.42893 0.9986 0.98692 82
hsa-miR-148a-3p 12.2372 0.02197 1.5780 0.02164 | 35.8258 0.00338 1.2263 0.25898 83
hsa-let-7d-5p 18.9066 0.01984 0.0346 0.00573 | 11.0221 0.00344 0.2293 0.00181 84
hsa-miR-222-3p 0.5469 0.18039 1.1923 0.01336 0.1275 0.01627 1.2329 0.27269 85
hsa-let-7b-5p 4.1561 0.01985 0.0957 0.01442 8.4288 0.01099 0.1069 0.00126 86
hsa-miR-29¢-3p 0.7234 0.42506 1.0030 0.95779 1.1127 0.13787 1.1699 0.14956 87
hsa-miR-296-5p 2.1078 0.05762 1.1781 0.28738 2.5820 0.03061 1.2253 0.04660 88
hsa-miR-26b-5p 1.8929 0.05296 0.7706 0.27437 1.5476 0.02548 0.7616 0.04243 89
hsa-miR-544a 4.0600 0.02979 0.6681 0.35084 3.1459 0.01642 0.6315 0.19681 90
hsa-miR-30e-5p 2.1252 0.18039 0.8710 0.22314 1.3123 0.08610 0.8389 0.14490 91
hsa-miR-22-3p 2.2939 0.04120 1.1624 0.56306 3.8498 0.01465 1.1987 0.30959 92
hsa-miR-199a-3p+hsa-miR-199b-3p 5.8801 0.01555 4.9632 0.00573 | 120.1920 | 0.00377 8.2341 0.01152 93
hsa-miR-137 0.8419 0.76587 0.5361 0.02164 1.2394 0.18251 0.9189 0.56287 94
hsa-miR-30d-5p 1.5598 0.16938 0.9380 0.50268 1.2206 0.17264 0.7579 0.13304 95
hsa-miR-660-5p 0.7458 0.20524 1.4965 0.04421 0.5711 0.11799 0.8661 0.26851 96
hsa-miR-29a-3p 0.2099 0.00685 0.9736 0.91082 0.5080 0.03506 1.0544 0.74612 97
hsa-miR-455-3p 1.2282 0.58778 1.6087 0.01730 1.1168 0.25913 1.8258 0.00417 98
hsa-miR-484 3.0053 0.03715 0.7339 0.08547 1.2373 0.06201 1.4620 0.17828 99
hsa-miR-199b-5p 4.1758 0.03423 2.1834 0.04421 | 89.4105 0.00399 3.7474 0.00691 100
hsa-miR-345-5p 0.8772 0.61355 0.8397 0.50515 0.5650 0.01660 1.1024 0.59628 101
hsa-miR-124-3p 3.1597 0.02197 0.3993 0.01544 9.7027 0.00377 0.7793 0.14417 102
hsa-miR-425-5p 0.9101 0.84839 1.0695 0.60861 1.2693 0.02894 1.0055 0.97978 103
hsa-miR-485-3p 4.0036 0.00685 1.1657 0.49701 3.2933 0.00586 1.2250 0.04766 104
hsa-miR-1180-3p 0.4683 0.19924 0.7396 0.12973 0.8707 0.65755 0.6865 0.06702 105
hsa-miR-362-3p 0.8592 0.61355 1.5223 0.15687 0.6993 0.06965 0.8301 0.18176 106
hsa-miR-320c¢ 0.6156 0.46873 0.8397 0.50268 0.3651 0.03414 1.4194 0.12226 107
hsa-let-7{-5p 4.4758 0.02197 0.0642 0.00386 5.8567 0.02065 0.3821 0.04191 108
hsa-miR-450a-5p 2.5660 0.01985 1.4171 0.03329 | 12.4522 0.00887 1.4848 0.01018 109
hsa-miR-217 15.2682 0.00685 0.8786 0.37481 2.3748 0.04533 0.5640 0.03807 110
hsa-miR-98-5p 6.3971 0.00685 0.0407 0.00597 | 10.4537 0.00586 0.2253 0.00127 111
hsa-miR-488-3p 2.6009 0.02084 0.6371 0.07581 3.7652 0.01128 0.5796 0.00643 112
hsa-miR-29b-3p 0.4550 0.29431 1.1964 0.50515 0.9054 0.73879 1.3926 0.00869 113
hsa-miR-186-5p 1.5477 0.40819 0.6978 0.27437 1.3111 0.05762 0.8775 0.47170 114
hsa-miR-365a-3p+hsa-miR-365b-3p 0.5398 0.34909 1.4071 0.27437 2.8120 0.01128 1.9204 0.00643 115
hsa-miR-592 0.8799 0.73770 0.3159 0.00002 2.1314 0.03996 0.5687 0.03148 116
hsa-miR-455-5p 1.7219 0.13463 1.2981 0.09473 2.2080 0.015623 1.5041 0.03069 117
hsa-miR-101-3p 1.9421 0.17919 1.1261 0.75864 2.8738 0.00399 0.9414 0.76496 118
hsa-miR-133a-3p 0.9164 0.84370 1.7847 0.00603 0.5392 0.02164 1.5133 0.01162 119
hsa-miR-125a-3p 2.4303 0.11128 0.9563 0.45960 1.56927 0.09060 0.9156 0.31883 120
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hsa-miR-885-5p 1.2467 0.30826 0.2662 0.02127 24870 0.00377 0.3591 0.01228 121
hsa-miR-769-5p 0.9579 0.70736 0.7995 0.09816 0.8637 0.48863 0.7984 0.06264 122
hsa-miR-196a-5p 2.2590 0.16931 0.9690 0.84009 2.2584 0.09325 1.2904 0.25898 123
hsa-miR-95-3p 2.3717 0.11128 0.4460 0.01288 8.4534 0.00344 0.6397 0.09801 124
hsa-miR-192-5p 1.1963 0.38422 0.9279 0.60861 1.4247 0.46558 0.9073 0.65772 125
hsa-miR-532-5p 1.2498 0.38113 1.7446 0.00889 0.7201 0.17024 0.9558 0.62425 126
hsa-miR-181c-5p 1.3975 0.40627 0.6429 0.09473 3.2464 0.00399 0.4256 0.00758 127
hsa-miR-199a-5p 31.5711 0.01073 2.1888 0.04766 | 369.1766 | 0.00399 4.1072 0.00691 128
hsa-miR-504-5p 1.2907 0.40949 1.4078 0.00951 0.4520 0.04963 1.4207 0.01743 129
hsa-miR-7-5p 1.3051 0.18413 0.7625 0.21973 | 10.3902 0.03414 0.8145 0.12253 130
hsa-miR-28-5p 0.7828 0.40827 1.1995 0.24710 0.4994 0.00641 1.0666 0.60042 131
hsa-miR-579-5p 2.3303 0.24327 0.9123 0.70090 1.7203 0.18269 0.9268 0.46497 132
hsa-miR-210-3p 1.3269 0.46226 0.7800 0.18573 1.7791 0.08522 1.2487 0.05859 133
hsa-miR-424-5p 0.8991 0.82756 1.5501 0.09473 8.0705 0.02041 2.0247 0.00758 134
hsa-miR-27a-3p 1.1825 0.59331 1.0825 0.59067 0.6545 0.01660 1.0356 0.87500 135
hsa-miR-185-5p 0.9305 0.89046 1.0124 0.94216 0.8760 0.11139 1.0043 0.97714 136
hsa-miR-1297 0.4031 0.43712 0.8514 0.60652 0.5761 0.08293 0.9468 0.83083 137
hsa-miR-362-5p 0.9865 0.88245 1.8578 0.07048 0.5826 0.02176 0.8421 0.19681 138
hsa-miR-1469 0.9313 0.86853 0.9222 0.77655 0.3245 0.00629 1.0043 0.97991 139
hsa-miR-145-5p 1.5537 0.13463 3.2152 0.02044 9.4460 0.00344 5.3009 0.01972 140
hsa-miR-324-3p 0.9680 0.89637 0.6508 0.40756 0.5883 0.01642 0.8614 0.76132 141
hsa-miR-582-5p 2.0302 0.00929 0.3694 0.00579 1.1583 0.11801 0.8777 0.46413 142
hsa-miR-574-5p 0.5935 0.11128 1.1663 0.40481 0.4796 0.02072 1.0049 0.97714 143
hsa-miR-873-3p 0.5167 0.22907 1.1408 0.71508 1.5442 0.18477 1.0264 0.85145 144
hsa-miR-574-3p 0.8907 0.62394 1.4902 0.09816 1.4813 0.06070 1.0123 0.95553 145
hsa-miR-744-5p 1.5749 0.38113 1.0240 0.94769 0.8121 0.08114 0.9162 0.54877 146
hsa-miR-1283 0.0458 0.18039 1.3905 0.68181 1.8021 0.38970 1.7326 0.34318 147
hsa-miR-490-3p 18.4600 0.01626 0.9285 0.60861 16.4204 0.00661 0.9266 0.78869 148
hsa-miR-129-2-3p 1.2832 0.22218 0.2913 0.01288 0.8437 0.38970 1.1698 0.22464 149
hsa-miR-33a-5p 0.7610 0.38422 0.7102 0.11157 0.7284 0.54516 0.7616 0.17855 150
hsa-miR-122-5p 0.7062 0.10895 1.3157 0.28646 0.5516 0.01145 0.9596 0.90237 151
hsa-miR-664a-3p 0.5477 0.18412 0.9604 0.65556 0.4923 0.06346 0.7773 0.03379 152
hsa-miR-193b-3p 0.4538 0.06155 1.3323 0.00653 0.5623 0.01511 1.5326 0.07898 153
hsa-miR-126-3p 1.4897 0.36193 1.0707 0.76423 1.5305 0.15231 0.7588 0.03028 154
hsa-miR-219a-1-3p 0.3138 0.10307 0.6745 0.23761 0.1472 0.00586 1.5625 0.07031 155
hsa-miR-505-3p 0.6505 0.42949 0.7938 0.12973 2.5660 0.00887 0.8772 0.13942 156
hsa-miR-378i 0.7713 0.19924 0.9196 0.62188 1.0826 0.62878 0.8364 0.10713 157
hsa-miR-532-3p 1.1129 0.52828 1.0262 0.91712 0.6767 0.06456 1.1513 0.08423 158
hsa-miR-200a-3p 0.5730 0.46226 1.0116 0.95045 0.8081 0.52015 0.9502 0.71284 159
hsa-miR-500a-5p+hsa-miR-501-5p 0.8760 0.54103 1.4228 0.02669 0.7027 0.07290 0.8709 0.02383 160
hsa-miR-548a-5p 1.8864 0.10507 1.1320 0.60861 3.2194 0.04942 0.9785 0.93439 161
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hsa-miR-561-5p 1.1730 0.44759 0.8795 0.37057 0.6344 0.01622 1.0626 0.74145 162
hsa-miR-96-5p 1.1416 0.52828 1.5404 0.05636 1.7086 0.06795 0.9836 0.95174 163
hsa-miR-28-3p 0.7018 0.38113 1.0205 0.81724 0.3580 0.02000 1.3032 0.01580 164
hsa-miR-548i 1.7763 0.08373 1.1323 0.68999 1.3554 0.05011 0.9401 0.72817 165
hsa-miR-152-3p 1.2491 0.59756 1.1129 0.35914 2.0813 0.01642 0.8786 0.26278 166
hsa-miR-509-3p 9.5756 0.02405 1.1002 0.76765 | 23.0318 0.00684 1.3895 0.13897 167
hsa-miR-320a 1.4172 0.25264 0.7959 0.29865 0.9360 0.72718 0.8540 0.47208 168
hsa-miR-302d-3p 0.1247 0.10895 2.4263 0.00606 0.1464 0.00586 1.5068 0.13897 169
hsa-miR-1298-5p 1.3211 0.29431 0.7724 0.05736 2.2708 0.13672 0.1113 0.01190 170
hsa-miR-518f-3p 2.0822 0.19924 0.8761 0.50268 1.5537 0.01993 0.7376 0.11465 171
hsa-miR-146a-5p 1.6291 0.36423 0.8825 0.45913 0.9903 0.90737 0.8121 0.06801 172
hsa-miR-520d-5p+hsa-miR-527 +hsa-
miR-518a-5p 1.2925 0.43619 0.8845 0.75415 1.2209 0.47088 1.4837 0.04243 173
hsa-miR-302a-3p 0.2064 0.02221 6.4666 0.00559 0.2470 0.01627 2.0360 0.01152 174
hsa-miR-1290 2.6469 0.00685 0.8763 0.68999 0.2521 0.01512 1.2443 0.26326 175
hsa-miR-382-5p 1.6990 0.36466 1.8658 0.09910 3.7048 0.02041 1.3630 0.14458 176
hsa-miR-155-5p 1.3552 0.38422 1.0536 0.82107 0.9284 0.79461 1.1938 0.07518 177
hsa-miR-302¢ 0.8488 0.40972 0.7991 0.07581 0.5647 0.06346 0.9359 0.56287 178
hsa-miR-548b-3p 0.8175 0.72137 0.9126 0.60861 0.9582 0.76185 0.8804 0.43113 179
hsa-miR-1908-5p 0.4637 0.11128 0.9581 0.75770 0.4245 0.10096 0.6420 0.01162 180
hsa-miR-766-3p 0.9750 0.94445 0.9620 0.81858 1.2364 0.11139 1.0796 0.12598 181
hsa-miR-548h-5p 1.3439 0.29146 0.8103 0.40549 0.2084 0.06978 0.4465 0.02494 182
hsa-miR-302b-3p 0.1493 0.02221 5.7054 0.00573 0.2041 0.00490 2.1873 0.06862 183
hsa-miR-551a 0.9415 0.78709 1.2686 0.45142 0.6727 0.40148 1.1831 0.50149 184
hsa-miR-376a-3p 0.9649 0.85280 2.6704 0.01249 0.6809 0.01573 1.9166 0.01551 185
hsa-miR-129-5p 0.7334 0.40819 0.3416 0.00579 4.2912 0.00377 0.8572 0.38775 186
hsa-miR-34b-3p 1.2280 0.46226 1.0763 0.81858 0.8224 0.13961 0.8973 0.38775 187
hsa-miR-652-3p 0.7058 0.37438 0.7602 0.15687 0.6469 0.07474 1.0791 0.50149 188
hsa-miR-508-5p 0.7853 0.35156 1.2763 0.18329 0.2669 0.00377 1.1218 0.67266 189
hsa-miR-449a 1.1183 0.69191 2.4358 0.02164 1.3036 0.54282 1.1429 0.04243 190
hsa-miR-495-3p 1.1226 0.73770 2.2317 0.06848 1.0744 0.48916 2.0220 0.00691 191
hsa-miR-328-3p 0.8000 0.36193 0.8979 0.55709 1.0871 0.20894 0.8408 0.26851 192
hsa-miR-10a-5p 1.3123 0.37275 0.9986 0.98875 2.2601 0.04034 1.3371 0.07255 193
hsa-miR-190b 0.8428 0.73445 0.7885 0.55941 1.2138 0.49299 0.9421 0.81680 194
hsa-miR-1271-5p 1.6816 0.18413 0.7246 0.24710 1.3057 0.33304 0.7952 0.46497 195
hsa-miR-503-5p 1.2084 0.69772 1.2539 0.05759 2.3875 0.03414 1.5510 0.01018 196
hsa-miR-629-5p 0.8947 0.46226 0.7282 0.10327 0.6065 0.02108 0.9403 0.23458 197
hsa-miR-493-3p 1.1353 0.44759 0.9904 0.94787 0.6903 0.19834 1.0263 0.91883 198
hsa-miR-194-5p 1.6359 0.18039 0.8029 0.27437 2.0943 0.05834 0.6083 0.04123 199
hsa-miR-361-3p 1.0613 0.68072 0.8144 0.08140 1.5183 0.02769 0.9918 0.91421 200
hsa-miR-188-5p 1.2629 0.36398 0.7474 0.06848 0.6009 0.06189 0.9354 0.32029 201
hsa-miR-651-5p 0.4946 0.18413 1.1768 0.22314 0.5729 0.02641 1.2624 0.06651 202
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hsa-miR-542-3p 0.7692 0.29175 1.6381 0.15026 1.1718 0.14295 3.6117 0.02494 203
hsa-miR-1973 0.5243 0.00685 1.1862 0.52857 0.5092 0.00586 1.2570 0.30959 204
hsa-miR-526a+hsa-miR-518c-
5p+hsa-miR-518d-5p 0.8917 0.38422 1.3327 0.37705 0.9138 0.13511 0.8230 0.26851 205
hsa-miR-2117 0.8401 0.48666 1.0967 0.68999 0.6355 0.06304 1.1410 0.53937 206
hsa-miR-105-5p 0.9930 0.98833 0.9745 0.92940 3.3003 0.01660 0.9199 0.77348 207
hsa-miR-302¢c-3p 0.3974 0.08991 2.1672 0.05736 0.3139 0.00734 1.7071 0.01205 208
hsa-miR-891a-5p 1.2581 0.40562 1.4258 0.17601 1.3503 0.14004 1.2738 0.26489 209
hsa-miR-1247-5p 0.1160 0.18413 2.6119 0.12973 0.3938 0.06346 5.6812 0.00243 210
hsa-miR-214-3p 7.6219 0.02031 1.3497 0.18329 | 41.2357 0.00399 1.7899 0.06891 21
hsa-miR-516a-3p+hsa-miR-516b-3p 1.2799 0.44100 0.9628 0.87519 1.2598 0.23347 1.0616 0.72817 212
hsa-miR-542-5p 1.5518 0.16464 0.8484 0.68181 1.5176 0.03996 0.9032 0.30959 213
hsa-miR-200c-3p 0.6551 0.23223 1.3618 0.18329 0.9956 0.99360 0.8072 0.14956 214
hsa-miR-577 0.9316 0.87838 0.9532 0.50969 0.8891 0.67262 0.8651 0.10530 215
hsa-miR-1307-3p 1.5243 0.06459 1.0664 0.75061 1.0775 0.87952 0.8457 0.27269 216
hsa-miR-1226-3p 0.6720 0.29431 0.8570 0.57625 0.8111 0.34357 0.7994 0.30959 217
hsa-miR-339-3p 0.6655 0.18413 1.2540 0.32023 0.5533 0.02728 0.9951 0.97383 218
hsa-miR-1206 1.3352 0.37227 1.4000 0.18329 1.4581 0.06875 0.8962 0.53175 219
hsa-miR-1200 1.2991 0.29431 1.0778 0.52857 0.8188 0.34935 1.1449 0.72971 220
hsa-miR-34c-5p 0.8038 0.58216 0.8845 0.44448 0.7973 0.14295 1.1963 0.48189 221
hsa-miR-140-3p 0.6238 0.29571 1.2330 0.00653 0.5955 0.11198 0.8986 0.25892 222
hsa-miR-769-3p 0.9244 0.84839 1.0512 0.80628 0.3972 0.04053 0.9389 0.57330 223
hsa-miR-597-5p 0.9325 0.81845 1.0362 0.89154 0.7646 0.17264 0.7951 0.18259 224
hsa-miR-143-3p 4.8759 0.01152 46.1579 | 0.13821 | 23.3776 0.00377 55.2295 0.00065 225
hsa-miR-539-5p 1.3316 0.43619 0.9017 0.75864 1.0529 0.85938 1.3171 0.39044 226
hsa-miR-183-5p 1.1522 0.84370 1.8706 0.17387 1.4959 0.09001 1.2404 0.21208 227
hsa-miR-1287-3p 1.3373 0.29146 0.9401 0.76423 1.2081 0.14088 1.1602 0.23458 228
hsa-miR-767-5p 0.8116 0.27544 0.9637 0.49745 2.6812 0.03652 0.9522 0.81439 229
hsa-miR-563 7.8157 0.00881 1.1808 0.47564 1.6309 0.08660 1.0661 0.65772 230
hsa-miR-1305 0.7257 0.22230 1.2490 0.15061 0.2774 0.00641 0.9536 0.75908 231
hsa-miR-138-5p 1.2841 0.44759 0.9190 0.25927 2.1919 0.00661 0.8773 0.14490 232
hsa-miR-376¢-3p 1.0748 0.79861 2.2178 0.04149 0.6275 0.04155 1.3606 0.01376 233
hsa-miR-450b-5p 0.9129 0.69169 1.0188 0.91712 1.2112 0.35594 1.3006 0.32339 234
hsa-miR-655-3p 0.7822 0.18413 0.7963 0.26961 1.2947 0.23321 0.5804 0.06794 235
hsa-miR-1261 1.3314 0.59512 0.9926 0.97539 1.3120 0.09505 1.0240 0.91421 236
hsa-miR-208b-3p 0.5154 0.11128 1.0754 0.80180 1.9054 0.09576 0.7334 0.06862 237
hsa-miR-142-3p 0.8587 0.69035 1.2126 0.24710 1.4035 0.11801 0.7518 0.09382 238
hsa-miR-891b 0.6807 0.14290 1.0862 0.68999 2.0525 0.13787 1.2298 0.10530 239
hsa-miR-1-3p 1.1309 0.62394 1.9120 0.08547 3.9292 0.01145 2.7383 0.01743 240
hsa-miR-337-5p 1.2199 0.40819 1.1293 0.68999 0.9378 0.87264 0.8618 0.43447 241
hsa-miR-545-3p 1.4528 0.14649 1.2731 0.21125 1.8374 0.06065 1.1658 0.40384 242
hsa-miR-590-3p 0.8927 0.63968 1.0509 0.87519 0.7134 0.04963 0.9388 0.52649 243
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hsa-miR-758-3p+hsa-miR-411-3p 2.8861 0.00886 1.0382 0.76765 4.1935 0.04431 1.0765 0.76496 244
hsa-miR-196b-5p 1.1420 0.59331 1.0312 0.81858 0.6621 0.14193 0.6379 0.27269 245
hsa-miR-1268a 0.8456 0.57744 0.9345 0.43820 0.6550 0.17327 1.0803 0.72381 246
hsa-miR-136-5p 0.6580 0.18413 1.4193 0.07643 0.8517 0.47363 1.0570 0.47208 247
hsa-miR-656-3p 1.1413 0.76760 1.2506 0.39026 1.0583 0.88200 1.1395 0.22752 248
hsa-miR-491-5p 2.3026 0.19924 0.9050 0.68999 1.8763 0.01520 0.7598 0.26253 249
hsa-miR-548a-3p 0.8817 0.41382 0.8163 0.52204 1.0626 0.62503 1.0422 0.87954 250
hsa-miR-626 1.4113 0.59531 0.8818 0.63029 2.1772 0.03802 0.9106 0.73998 251
hsa-miR-195-5p 1.4573 0.29146 1.0257 0.81724 1.3406 0.22001 1.2866 0.25898 252
hsa-miR-1915-3p 1.4048 0.29146 0.6031 0.15393 1.0851 0.53748 0.7918 0.19681 253
hsa-miR-628-5p 0.5656 0.20025 0.8778 0.43834 1.1125 0.52015 0.8114 0.06891 254
hsa-miR-600 0.6557 0.07199 0.8691 0.26444 0.5562 0.06456 0.8570 0.59288 255
hsa-miR-515-3p 1.6509 0.19924 1.3036 0.09750 1.1291 0.72715 1.0117 0.96537 256
hsa-miR-302f 0.8704 0.47276 1.2405 0.21973 1.0305 0.90737 1.0062 0.95553 257
hsa-miR-526b-5p 1.2618 0.14649 1.2310 0.15687 1.2988 0.37418 1.0459 0.86029 258
hsa-miR-379-5p 0.9953 0.98193 1.3129 0.32774 1.0030 0.99635 1.1107 0.45390 259
hsa-miR-190a-5p 0.5939 0.20524 1.0538 0.76040 0.4701 0.09416 1.0952 0.64448 260
hsa-miR-5617¢-3p+hsa-miR-519a-3p 1.3193 0.70321 1.0186 0.84902 1.1111 0.19655 1.0706 0.74291 261
hsa-miR-627-3p 1.0405 0.84929 1.1134 0.75864 1.1785 0.58358 0.7633 0.15333 262
hsa-miR-625-5p 1.0662 0.89575 0.7848 0.29865 0.6375 0.23572 0.8295 0.14417 263
hsa-miR-490-5p 1.7808 0.11316 1.5548 0.28738 2.6147 0.00399 0.9280 0.76132 264
hsa-miR-154-5p 0.4785 0.29431 0.6809 0.37057 0.6709 0.20639 0.7589 0.23044 265
hsa-miR-876-3p 0.5241 0.19924 0.7664 0.32680 1.9403 0.08169 0.9746 0.88942 266
hsa-miR-34¢-3p. 0.8064 0.62394 1.0447 0.52517 0.8458 0.29822 0.9910 0.96537 267
hsa-miR-153-3p 0.7865 0.68072 0.8307 0.57065 1.3449 0.20991 0.7399 0.42396 268
hsa-miR-337-3p 1.3653 0.20025 1.2794 0.37057 1.0961 0.59653 1.1935 0.38775 269
hsa-miR-299-3p 0.8786 0.38422 1.1055 0.37705 0.9582 0.75774 1.4921 0.17551 270
hsa-miR-571 0.7135 0.24702 0.8016 0.50515 0.3928 0.08169 0.7399 0.18990 271
hsa-miR-10b-5p 2.1879 0.00715 1.1829 0.35354 0.8599 0.65394 1.0475 0.67156 272
hsa-miR-1537-3p 5.5044 0.29146 1.2663 0.55709 1.3881 0.55723 0.7660 0.12767 273
hsa-miR-548g-3p 1.3610 0.20025 1.3954 0.05759 0.9862 0.97550 1.2941 0.17006 274
hsa-miR-593-3p_ 0.6264 0.10507 0.9009 0.67860 0.7210 0.39644 1.3563 0.02541 275
hsa-miR-377-3p 0.9690 0.89575 1.4989 0.22304 0.7168 0.11839 1.2878 0.18176 276
hsa-miR-372-3p 1.2314 0.69191 1.4001 0.02693 0.9994 0.99743 0.8160 0.27269 277
hsa-miR-501-3p 1.1329 0.54103 0.8182 0.50268 0.9151 0.37533 1.0259 0.72817 278
hsa-miR-208a-3p 0.8957 0.54310 1.0547 0.88984 0.6885 0.30259 1.0317 0.93322 279
hsa-miR-584-5p 0.6697 0.27544 0.9485 0.73860 1.0383 0.91302 1.1781 0.20893 280
hsa-miR-591 0.6923 0.43619 1.0754 0.81724 0.7435 0.31030 0.9069 0.43113 281
hsa-miR-520e 1.5832 0.29146 0.7777 0.35694 1.5750 0.07271 0.7169 0.19681 282
hsa-miR-369-3p 1.4563 0.29431 1.3818 0.37057 1.5414 0.14402 0.7895 0.14417 283
hsa-miR-1205 0.6212 0.18413 0.9032 0.44448 0.4578 0.10682 0.8697 0.54900 284
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hsa-miR-761 0.8597 0.61355 1.4229 0.22304 0.7146 0.19108 0.7891 0.06794 285
hsa-miR-339-5p 0.7910 0.56866 1.0428 0.86745 0.4275 0.00887 0.9660 0.86029 286
hsa-miR-514a-3p 0.8791 0.47085 1.4699 0.29960 1.0590 0.81296 0.8790 0.53674 287
hsa-miR-146b-5p 0.6852 0.36466 0.8207 0.40549 1.1454 0.58707 1.3400 0.15905 288
hsa-miR-641 0.7872 0.36218 1.1182 0.43834 0.8131 0.49269 0.7814 0.19586 289
hsa-miR-770-5p 1.0032 0.98999 0.9037 0.45899 13714 0.14034 0.7749 0.29625 290
hsa-miR-640 0.2089 0.02403 0.7509 0.28173 0.2655 0.01239 0.9247 0.45520 291
hsa-miR-142-5p 1.3956 0.14649 0.8100 0.60861 1.2652 0.05762 1.1397 0.76132 292
hsa-miR-520c-3p 1.6753 0.21647 1.0897 0.62188 0.5680 0.07459 0.8207 0.43113 293
hsa-miR-215-5p 1.1829 0.84839 1.1054 0.36869 1.5829 0.06283 0.9426 0.80103 294
hsa-miR-33b-5p 0.8980 0.87838 1.2331 0.40549 0.5214 0.06304 0.8453 0.40612 295
hsa-miR-330-5p 1.2212 0.15384 0.9726 0.92940 0.7837 0.25880 0.9357 0.67266 296
hsa-miR-499a-5p 1.1502 0.51070 1.1547 0.59879 1.6503 0.02032 0.8558 0.31055 297
hsa-miR-572 1.1828 0.76587 1.0884 0.58429 1.9200 0.15927 1.0965 0.74552 298
hsa-miR-877-5p 1.0031 0.99403 0.9473 0.65556 0.9362 0.90737 1.1017 0.12102 299
hsa-miR-1203 0.9898 0.98203 1.4341 0.18303 0.9968 0.98472 0.8437 0.31016 300

Supplementary Table 1: Statistical analysis of Nanostring miRNA profiling.

Table showing fold changes and g-values (see: Methods) for the top 300 most
highly expressed miRNAs in RTT-MT1 relative to WT1 NPs and immature neurons
(three weeks in vitro) (“NP1” and “Neuroni1”) and RTT-MT2 relative to RTT-WT2
NPs and immature neurons (three weeks in vitro) (“NP2” and “Neuron2”). miRNAs
are ranked from the highest to lowest in average expression with their rank shown

in the table.
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KEEG Pathway Gene number P-Value Fisher Exact
Endocytosis 28 0.000005 0.000002
Regulation of actin cytoskeleton 28 0.000092 0.000037
Axon guidance 20 0.000130 0.000043
Whnt signaling pathway 19 0.002500 0.001000
MAPK signaling pathway 28 0.002800 0.001400
Calcium signaling pathway 19 0.012000 0.006100
Focal adhesion 20 0.022000 0.012000
Ubiquitin mediated proteolysis 15 0.026000 0.012000
Neurotrophin signaling pathway 14 0.026000 0.012000
mTOR signaling pathway 8 0.029000 0.009400
Hedgehog signaling pathway 8 0.041000 0.015000
TGF-beta signaling pathway 10 0.063000 0.028000
ErbB signaling pathway 10 0.063000 0.028000
Glioma 8 0.070000 0.028000
Adherens junction 9 0.075000 0.033000
Cell adhesion molecules (CAMs) 13 0.078000 0.041000
insulin signaling pathway 13 0.089000 0.048000
Glycerophospholipid metabolism 8 0.096000 0.042000
Long-term potentiation 8 0.096000 0.042000

Supplementary Table 2: Pathway analysis of predicted targets of miR-199 and miR-
214.

In silico analysis of the predicted targets of significantly altered miR-199 and miR-
214 miRNAs using Targetscan were subjected to KEEG pathway analysis on DAVID
bioinformatics database. Only brain-related pathways are shown. Number of
genes predicted to be targeted by either miR-199 or miR-214, p-values, and Fisher
exact test calculations are shown.
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Chapter IV

Aberrant neurogenesis in a 3D human model of Rett Syndrome
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Abstract

Rett Syndrome (RTT) is an X-linked neurodevelopmental disorder traditionally
characterized by a postnatal onset that involves developmental stagnation and
regression including the loss of motor and language skills. RTT is most often due to
mutations in the gene encoding Methyl CpG binding protein 2 (MeCP2), expressed
throughout the course of neurogenesis and into adulthood. Whereas the focus
surrounding MeCP2 has been largely on postnatal brain function, we sought to better
understand the roles of this pleiotropic gene during early neurogenesis and how its
absence during this time can contribute to the more well-characterized late stage RTT
pathology. We generated isogenic patient-derived cerebral organoids to assay
neuronal development in a human 3D MeCP2-deficient context. RTT organoids
develop gross morphological deficits suggestive of delayed differentiation during the
earliest stages of neuroepithelial cell expansion and division. We extended these
findings by demonstrating halted progression into the stages of intermediate progenitor
and post-mitotic neuron. Our results suggest a delay at a key timepoint in
neurodevelopment during which the subventricular zone expands with intermediate
progenitor cells destined to populate the cortex. Such a lag in development could have
wide-ranging consequences with respect to proper cortical lamination and connectivity
later in development, key phenotypes associated with RTT albeit not previously

thought related to early development.
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Introduction

iPSC modeling of RTT

Rett Syndrome (RTT) is an X-linked neurodevelopmental disorder caused by mutations
in the gene encoding Methyl CpG binding protein 2 (MeCP2). MeCP2 is a pleiotropic
regulator of gene expression and as such, a holistic view of its functions has been
difficult to grasp (Lyst and Bird, 2015). Whereas mouse models have informed us of
various behavioral, physiological, and molecular signatures of RTT, they lack the
phenotypic subtlety and genetic background necessary for a full understanding of
human RTT pathogenesis (Calfa et al., 2011; Feldman et al., 2016). Human stem cell
models of RTT —generated via the reprogramming of patient cells or genome editing—
have shed light on deficits in human RTT neurons including aberrant transcription
(Chen et al., 2013; Li et al., 2013), impaired neuronal maturation and
electrophysiological function (Kim et al., 2011a; Farra et al., 2012; Li et al., 2013; Tang
et al., 2016), and up- or down- regulation of key signaling pathways and activity-related
genes (Li et al., 2013). The vast majority of stem cell-based studies have focused on
post-mitotic neurons in order to shed light on the postnatal mechanisms of RTT.
However, recent clinical literature has begun to suggest an earlier onset of RTT (Fehr et
al., 2010; 2011; Marschik et al., 2013; Neul et al., 2014; Tarquinio et al., 2015).
Mounting evidence has emerged for the various roles of MeCP2 in neurogenesis
(Stancheva et al., 2003; Coverdale et al., 2004; Tsujimura et al., 2009; Petazzi et al.,
2014; Bedogni et al., 2015; Gao et al., 2015), including a study that demonstrated a
differentiation bias of neural stem cells towards the astrocytic lineage in a RTT patient-
derived stem cell model (Andoh-Noda et al., 2015). The processes of lineage
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determination of NPs varies significantly in rodent (lissencephalic) versus primate
(gyrencephalic) neurogenesis with respect to the absolute and relative number of NP
subtype, the type of cell division performed by NP subtypes, and the length of both cell
cycle and neurogenesis (Florio and Huttner, 2014). Thus, in order to gain a full
understanding of RTT patient pathology during neurogenesis, it is crucial to study
human cells. We previously demonstrated early deficits in human MeCP2-deficient
immature neurons and neural progenitors (NPs) including increased proliferation,
impaired migration, reduced dendritic branching, and altered expression of key
miRNA-regulated signaling pathways (Chapter 3). Here we sought to better
understand RTT physiology during neurogenesis using a 3D model that recapitulates
the development of the human cortex (Lancaster et al., 2013; Lancaster and Knoblich,

2014a)

Cerebral organoids serve as a model of human neurogenesis in vitro

Human cerebral organoids are unique in their development of progenitor-rich zones
akin to ventricular / subventricular zones from which NPs migrate radially to generate
the layers of the cortex (Lancaster et al., 2013). The ventricular zone (VZ) is formed by
neuroepithelial cells (NECs) during neurogenesis; it is a germinal layer at the apical
boundary of the cortical wall that contains the cell bodies of apical progenitors (APs)
that divide at the ventricular surface (Florio and Huttner, 2014). Progenitor cells in the
VZ undergo several modes of cell division: symmetrical division that expands the NP
pool, asymmetrical divisions that give rise to a single neuron and a single proliferative
cell, and symmetrical terminal divisions that produce two post-mitotic neurons.
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Symmetric progenitor divisions are more frequent during early stages of neurogenesis,
whereas the majority of late-stage divisions are asymmetric and produce a daughter
cell that migrates to the basally located germinal layer known as the SVZ (Noctor et al.,
2004). The SVZ contains intermediate progenitor cells and develops into two distinct
germinal zones in primates known as the inner SVZ (iSVZ) and the outer SVZ (0SVZ2).
The former largely resembles the SVZ of lissencephalic rodents, whereas the oSVZ,
specific to gyrencephalic species, thickens considerably during neurogenesis and
eventually contains up to four times as many progenitors as the VZ and SVZ combined
(Smart et al., 2002; Florio and Huttner, 2014). Thus, basal / SVZ progenitors, also
capable of undergoing symmetric cell division, may serve to increase the number of
neurons generated from apical / VZ progenitors (G6tz and Huttner, 2005). Indeed, the
majority of neocortical neurons in primates are generated by divisions of cells in the
SVZ (Smart et al., 2002; LaMonica et al., 2013; Florio and Huttner, 2014). Human
cerebral organoids are further unique in their corticogenesis modeling capability as
they generate an oSVZ-like region when generated from human (and not mouse)
embryonic stem cells (ESCs) (Lancaster et al., 2013). Accordingly, they have been used
to model neurogenesis-relevant human pathologies such as Zika virus infection (Dang
et al., 2016; Garcez et al., 2016; Qian et al., 2016) and microcephaly (Lancaster et al.,

2013).

Whereas our work and others have demonstrated a role for MeCP2 in human
neurogenesis (Andoh-Noda et al., 2015), and a delay in neuronal maturation in its

absence (Marchetto et al., 2010; Kim et al., 2011b), it remains unclear at what point(s)
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and to what degree NP maturation is impaired in RTT. We used RTT patient-derived
cerebral organoids to model neurogenesis in 3D, demonstrating unprecedented gross
morphological and expression-based deficits that inform our understanding of the

earliest stages of RTT.

Results

Cerebral organoids as a model of corticogenesis in vitro

We established the presence of key molecular and phenotypic signatures of RTT
during various stages of human neurogenesis in Chapter 2. In order to further
investigate in a 3D context, we generated isogenic cerebral organoids from RTT patient
2 (Chapter 2) separated on the basis of X-inactivation (XCI). Key to the use of cerebral
organoids as a model of corticogenesis is their development of progenitor-rich
ventricle-like zones (Figure 1A) from which NPs migrate radially from the apical (“a”) to
the basal (“b”) surface and beyond to form the layers of the cortex in an inside-out
fashion in which the newest neurons climb past the previously settled layer (Rakic,

1974).

We utilized electroporation to assess this migration process in organoids. By
electroporating a GFP construct into the center of a WT organoid, we were able to
track the migration of cells that received the plasmid from the center of the PAX6(+)
ventricle to the MAP2(+) surrounding zone (Figure 1B). Additionally, we demonstrated

the ability to map the fate of the electroporated cells, as seen in a Tbri(+) (layer VI)
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cortical neuron that migrated from a ventricle (Figure 1C). Of note, we also detected a
small number of GAD67(+) cells, demonstrating the presence of an inhibitory neuron

population in wild type organoids.
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Figure 1: Cerebral organoids as a 3D model for human neurogenesis and

corresponding deficits in RTT

(A) Cerebral organoids develop progenitor-rich, ventricle-like zones. DAPI stain
(feft) demonstrates the clear delineation of the ventricle structure including the
lumen (“lu”) and apical and basal surfaces (“a” and “b,” respectively).
Immunocytochemical staining (right) shows an enrichment of progenitor markers
Musashi (red) and Nestin (green) in the ventricular region, with surrounding
MAP2(+) neurons (blue) directly outside the ventricle. (Scale bar = 50 uM.) (B)
Representative image 7 days after the electroporation of GFP (green; top, left) into
the ventricle region delineated by PAX6(+) progenitors (red; top, right). Note the
MAP2(+) neurons that surround the ventricle but do not overlap with the progenitor
zone (blue; bottom, left). Note the migration of GFP(+) cells into the MAP2(+)
region in the merged image (bottom, right). (Scale bar = 50 uM.) (C) Representative
image demonstrating the fate determination of electroporated (GFP(+)) cells
(green; top, left). The GFP(+) neuron is Tbr1(+) (red; top, right), suggesting a layer
VI cortical neuron identity. Note the presence of GAD67(+) cells as well (cyan;
bottom, left), representative of an inhibitory neuron population in organoids. (Scale
bar = 25 uM.)

168



Generation of patient-derived cerebral organoids

We next sought to examine early neurogenesis in the context of RTT patients. Given
that embryonic or perinatal postmortem tissue from patients is not available, we
developed organoids from our isogenic RTT patient 2 line (harboring a nonsense
mutation in the transcription repressor domain; see: Chapter 2). Of note, RTT patient-
derived organoids did not successfully neuralize using the previously described
protocol used to generate WT2 organoids (Lancaster et al., 2013). Thus we modified
the existing protocol to include dual-SMAD inhibition as described previously (Shi et
al., 2012) during the neural induction phase (Figure 2A) in order to increase the yield of
high-quality organoids with a robust neural identity. Both RTT-WT2 and RTT-MT2
organoids formed embryoid bodies (Figure 2B, top) and developed an extended
neuroepithelial morphology post-neural induction (Figure 2B, middle). After 4 weeks in
culture, both RTT-WT2 and RTT-MT2 organoids had grown extensively and robustly
developed ventricle-like zones throughout their respective structures (Figure 2B,

bottom).
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Figure 2: Generation of RTT patient-derived cerebral organoids

(A) RTT organoids were generated using a modified version of the protocol
described by (Lancaster and Knoblich, 2014b). RTT iPSCs were used to generate
embryoid bodies (Day 0) in a non-adherent plate, which were transferred on Day 6
to neural induction media supplemented with dual SMAD inhibiting factors
Dorsomorphin and SB431542. The organoids were subsequently transferred to
matrigel droplets in order to provide structural support for expansion in addition to
growth factors; media was switched to neural differentiation media lacking vitamin
A (Day 11). After branching into the matrigel droplet, the organoids were
structurally sound enough to be moved to a shaker (Day 15); media was changed
to contain vitamin A (retinol), which is converted into retinoic acid and promotes
neuronal differentiation. (B) Representative images of the timeline of development
in both RTT-WT2 (/eft) and RTT-MT2 (right) organoids. The isogenic pair
successfully formed healthy EBs (4 DIV, top), and went on to develop a robust
neuroepithelial identity post-dual SMAD inhibition (75 DIV; middl/e). Both RTT-WT2
and RTT-MT2 organoids expanded rapidly upon matrigel embedding and grew to
develop ventricles visible in intact organoids (30 DIV, bottom). (Images acquired
via light microscopy. Scale bar (4 DIV; 15 DIV) = 100 uM. Scale bar (30 DIV) = 200

uM.)
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MeCP2-deficient NPs exhibit impaired neuronal migration from the ventricles of
cerebral organoids

To assess neuronal migration in an MeCP2-deficient context, we first electroporated
WT iPSC-derived 3D cerebral organoids with an MECP2 shRNA “shMeCP2” (or control
construct “shControl”) together with GFP (to visualize transfected neurons and control
for efficiency of electroporation) (Figure 3A). After 7 days of electroporation, most of
the control neurons attained a unipolar/bipolar shape and migrated out of the PAX6(+)
proliferative zone. MeCP2-depleted cells did not migrate as far and remained in the
ventricle-like PAX6(+) proliferative zones within the cerebral organoids. (Figure 3B). We
next assayed NP migration in RTT patient-derived organoids. We electroporated a GFP
construct in addition to non-migratory fluorescent beads, which served as a marker of
injection site within the ventricle (Figure 3C). As predicted, we found that migratory
NPs in RTT-MT2 organoids remained closer to the ventricle than NPs in RTT-WT2
organoids (Figure 3D). These results, in support of our previous findings of delayed
migration in Mecp2-deficient mouse neurons (Chapter 3; Figure 3A), provide evidence

for migration deficits during human neurogenesis in the context of RTT.
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Figure 3: MeCP2-deficient NPs exhibit impaired neuronal migration from the ventricles

of cerebral organoids

(A) Human iPSC-derived WT organoids co-electroporated with GFP plus a control
shRNA (“shControl,” left) or an shRNA targeting MECP2 (“shMeCP2,” right) and
examined after seven days. Representative images depict impaired migration of
GFP(+) cells (green) from the PAX6(+) ventricle (purple) in the MeCP2-deficient
context (right). (Scale bar = 100 uM.) (B) Quantification of the percentages of
Pax6(+) / GFP(+) cells reveals an increase in the number of electroporated cells
that remained as progenitors in the shMeCP2 group. More than 100 GFP(+)
neurons from three organoids were examined in each group. (Graph shows mean +
S.E.M. *p < 0.05; two-tailed Student's t-test.) (C) RTT-WT2 and RTT-MT2

172



organoids were electroporated with GFP and non-migratory fluorescent beads.
Electroporated GFP(+) cells in RTT-MT2 organoids exhibit reduced migration
distance as compared to cells in RTT-WT2 organoids. Fluorescent beads are used
to mark the ventricle. The right panel indicates the inset and the divided bins from
the adjacent ventricle. (Scale bar= 100 uM.) (D) Significant reduction of migration
distance in electroporated GFP+ cells in RTT-MT2 organoids. More than 700 GFP+
cells from seven organoids were examined in each group. (Bars in all graphs
represent mean + S.E.M. *p < 0.05; ***p < 0.005; two-tailed Student’s t-test.)
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MeCP2-deficient organoids exhibit expanded ventricle-like zones at 5.5 weeks of
differentiation in vitro

A robust morphological phenotype was observed following 5.5 weeks of organoid
differentiation, in which RTT-MT2 organoids exhibited increased ventricular area at the
expense of neuron-rich regions (Figure 4A). We quantified the area of ventricle-like
regions and unsurprisingly found a significantly higher percentage of ventricular area in
the RTT-MT2 organoids (Figure 4B). Accordingly, measurements of total DAPI area
were performed to serve as an inverse quantification of the total amount of space
occupied by ventricular lumens. As expected, RTT-MT2 organoids had a significantly
decreased DAPI-filled area relative to RTT-WT2 organoids indicative of more open
space within the mutant organoids (Figure 4C). In addition to the number of ventricles,
the type of ventricles in RTT-MT2 organoids appeared distinct from those in RTT-WT2
organoids. The ventricle walls of the latter appeared thicker in width, as defined by the
distance from the apical to the basal surface. We quantified the mean ventricle wall
thickness and found a significant decrease in RTT-MT2 organoids (Figure 4D).
Notably, the distribution of ventricle wall thicknesses across both groups and the
relative frequencies were significantly altered in RTT-MT2 organoids versus RTT-WT2

(Figure 4E, F).
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Figure 4: RTT-MT2 organoids exhibit gross morphological deficits indicative of delayed

maturation

(A) DAPI immunofluorescence reveals structural differences (i.e., expanded
ventricular zones) in RTT-MT2 (left) versus RTT-WT2 (right) patient-derived
organoids. (A’) Immunocytochemical staining of MeCP2 confirms the respective
presence and absence of protein in RTT-WT2 (red, top) and RTT-MT2 (red—not
seen, bottom) organoids. (Scale bar = 500 uM.) (B) Quantification of DAPI as a
percentage of total area in order to reflect the inverse of the ventricular lumen area
in RTT-WT2 versus RTT-MT2 organoids. (n = 42 slices distributed across 3
organoids (RTT-WT2) and 64 slices distributed across 4 organoids (RTT-MT2)). (C)
Quantification of ventricular zones as a percentage of overall DAPI content reveals
a significant increase in the percentage of ventricular zones in RTT-MT2 organoids
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(n = 6 slices taken from 3 organoids (RTT-WT2) and 8 slices taken from 4
organoids (RTT-MT2)). (Graphs B-C show mean + SEM. ***p < 0.001, ****p <
0.0001, two-tailed Student's t-test.) (D) RTT-MT2 organoids exhibit a reduction in
mean ventricle wall thickness, defined as the distance between apical and basal
surfaces of the ventricle. (Graph shows mean £+ SEM. n = 60 ventricles measured
across 6 slices taken from 3 organoids (RTT-WT2) and 148 ventricles measured
across 8 slices taken from 4 organoids (RTT-MT2). **p < 0.01, Mann-Whitney test.)
(E-F) Assessment of the distribution of ventricle wall thickness via contingency plot
(E) and cumulative distribution (F) reveals significant differences in RTT-MT2
versus RTT-WT2 organoids. (n = 60 ventricles measured across 6 slices taken from
3 organoids (RTT-WT2) and 148 ventricles measured across 8 slices taken from 4
organoids (RTT-MT2). **p < 0.01, ***p < 0.001, Chi-square test (E) and
Kolmogorov-Smirnov test (F)).
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RTT-MT2 organoids exhibit aberrant expression of neuronal markers

Our morphological analyses suggested impaired neuronal differentiation in RTT-MT2
organoids. We sought to gain a better understanding of the respective developmental
stages of RTT-WT2 and RTT-MT2 organoids at 5.5 weeks in vitro. We performed
immunostaining experiments to determine the expression levels of dendritic marker
Microtubule-associated protein 2 (MAP2), early neuronal marker Doublecortin (DCX),
and the sequentially expressed early NP marker PAX6, intermediate progenitor marker
Tbr2, and first born cortical neuron (layer VI) marker Tbr1 (Figure 5A). We found
reductions in the levels of neuronal markers MAP2 and DCX (Figure 5B, C).
Concurrently, RTT-MT2 organoids expressed a larger population of NP marker PAX6(+)
cells (Figure 5D), and a smaller population of cells expressing Tbr2 (Figure 5E) and
Tbr1 (Figure 5F), suggestive of impaired neurogenesis in RTT patient-derived 3D
cerebral organoids. Intriguingly, our monolayer cultures also revealed many rosette-like
structures in RTT-MT2 vs. RTT-WT2 neurons at three weeks in vitro (Chapter 2: Figure
1A), which coincides with the observed increased proliferative capacity of mutant
cultures. Taken together, these findings provide strong evidence for severe alterations

in early human neuronal development as a result of MECP2 deficiency.
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Figure 5: Immunocytochemical characterization reveals stunted neuronal
differentiation in RTT-MT2 organoids at 5.5 weeks in vitro.

(A) Representative immunostaining in RTT-WT2 (left, green) and RTT-MT2 (right,
red) organoids for (from top to bottom) MAP2 (dendrites), DCX (immature neurons),
PAX6 (early neural progenitors), TBR2 (intermediate neural progenitors), and Tbr1
(early-born layer VI cortical neurons). Note the small amounts of Tbr2 and Tbr1
present in RTT-MT2 organoids. (B) Representative thresholded images of the
staining performed in (A). (Scale bar = 500 uM). (C-G) Quantification of the
percentage of organoid expressing the aforementioned progenitor or neuronal
marker (normalized to DAPI) revealed: 1) significant decrease in the expression of
MAP2 in RTT-MT2 organoids (n = 26 sections from a total of 11 organoids (RTT-
WT2) and 33 sections from a total of 14 organoids (RTT-MT2), distributed across
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three independent organoid differentiation batches) (C); 2) significant reduction in
DCX in RTT-MT2 organoids (n = 25 sections from a total of 11 organoids (RTT-
WT2) and 35 sections from a total of 14 organoids (RTT-MT2), distributed across
three independent organoid differentiation batches) (D); 3) significant increase in
the expression of PAX6 in RTT-MT2 organoids (n = 26 sections from a total of 11
organoids (RTT-WT2) and 35 sections from a total of 14 organoids (RTT-MT2),
distributed across three independent organoid differentiation batches) (E); 4)
significant decrease in the expression of Tbr2 in RTT-MT2 organoids (n = 27
sections from a total of 12 organoids (RTT-WT2) and 36 sections from a total of 14
organoids (RTT-MT2), distributed across three independent organoid
differentiation batches) (F); and 5) a significant decrease in the expression of Tbr1
in RTT-MT2 (n = 26 sections from a total of 11 organoids (RTT-WT2) and 34
sections from a total of 14 organoids (RTT-MT2), distributed across three
independent organoid differentiation batches). (A total of 79 sections (RTT-WT2)
and 103 sections (RTT-MT2) were analyzed for this experiment. ***p < 0.001, ** p<
0.0001 Two-tailed Student's t-test.)
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We performed a staining of astrocyte marker and calcium-binding protein S100B (Vives
et al., 2003) in our patient-derived organoids at 7.5 weeks in vitro in order to determine
if glial cells were beginning to emerge in either WT or MT organoids (Figure 6A). We
found that in RTT-WT2 organoids, S100B staining was not strongly present in the
ventricle, but rather stained a population of cells outside the ventricle. This aligns with
previous findings that in the human fetal cortex, S100B is present mostly in the
intermediate zone (between the SVZ and the cortical plate). It has also been shown to
be absent from GFAP-expressing cells of the SVZ and its onset is suggested to align
with the terminal maturation of cortical astrocytes (Raponi et al., 2007). Interestingly,
the S100B staining in RTT-MT2 organoids exhibited a different pattern in which there
was increased S100B staining almost exclusively at the apical surface of the ventricle
(Figure 6B). Neither the location of the stain in RTT-MT2 organoids (apical boundary of
the VZ) nor the morphology of the cells (long, thin processes toward the basal surface)
align with the description of S100B(+) mature glia described in the literature or found in
the RTT-WT2 organoids. However, radial glia are also known to express S100B along
with other glial markers like GFAP and vimentin, observed during early neurogenesis in
the mouse (E10-E12) (G6tz and Huttner, 2005). S100B has also been detected in
progenitor cells lining the ventricles of the adult ependyma (Vives et al., 2003). Both the
staining pattern and morphology we observed closely matches that of radial glia, which
originate at the apical surface of the VZ and, following thickening of the ventricle,
elongate a thin process toward the basal surface (Rakic, 2003). At the time that radial
glia emerge, the number of basal progenitors increases as well, which form the SVZ

and are characteristically TBR2(+) (G6tz and Huttner, 2005; Malatesta et al., 2008). The
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morphology and distribution of S100B staining in the RTT-MT2 organoids suggest that
these are radial glial cells as opposed to astrocytes, indicating the concurrent
formation of the SVZ, which we identified in RTT-WT2 organoids to have taken place
two weeks prior. Thus, whereas we have identified S100B(+) astrocytes in RTT-WT2
organoids at 7.5 weeks in vitro, RTT-MT2 organoids are still generating an SVZ at this
point, indicative of a delay that supports our previous findings and a potential delay in

the onset of astrogenesis.
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Figure 6: Characterization of S100B expression in RTT patient-derived organoids at

7.5 weeks in vitro

(A) RTT-WT2 (/left) expresses S100B (green) minimally in the ventricular zone, and
with increased intensity directly outside the ventricle (white triangle). RTT-MT2
(right) expresses S100B (green) most intensely lining the apical surface of the
ventricular zone. Long processes extend from S100B(+) cells at the apical surface
in the basal direction toward the presumptive SVZ. Boxes (insets) represent
regions in which the distribution of S100B expression was quantified. (B) RTT-MT2
organoids express significantly increased S100B relative to WT in the basal region
of the ventricle, where long processes extend from the cell bodies found at the
apical surface. (N = 1 differentiation round; 2 organoids per genotype; 8 WT
ventricles and 9 mutant ventricles. *p < 0.05, Student’s t-test.)
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Due to the intrinsic heterogeneity of cerebral organoids, we performed three individual
differentiations and pooled sections / organoids from all batches. Representative

images acquired from each organoid included in this study are shown in Figure 7.
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Figure 7: Representative sections from RTT-WT2 and RTT-MT2 organoids at 5.5

weeks in vitro

Representative DAPI immunofluorescence images acquired from each of the 12
RTT-WT2 organoids (left) and 14 RTT-MT2 organoids (right) used in this study.
RTT-MT2 organoids exhibit a striking structure composed largely of thin
ventricular zones, whereas RTT-WT2 organoids display both ventricular zones and
dense, neuronal-rich regions. (Scale bar = 500 uM.)
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Intact imaging of cerebral organoids

Our analyses of cerebral organoids thus far have been performed in sectioned tissue
as opposed to intact 3D structures. Whereas there is much to glean from this
information, it does not provide the full picture of an organoid as one cohesive unit.
Intact imaging would be particularly useful for cerebral organoids as they are prone to
a high degree of heterogeneity both inter- and intra-organoid. We have begun efforts to
image 3D organoids in collaboration with the lab of Kwanghun Chung as described in
their previous work (Murray et al., 2015). We immunostained for dendritic marker MAP2
in addition to a pan-Sodium channel antibody and found that, whereas the stains
appears specific for their respective targets, they did not penetrate the organoid past
~100 uM (Figure 8A). We are currently working with the Chung lab to optimize this
staining procedure in order to characterize intact cerebral organoids with respect to the

developmental markers assayed in organoid slices.

We have concurrently been developing third harmonic generation (THG) imaging
methods to assess the structure of label-free intact organoids throughout the time
course of neurogenesis. THG belongs to a class of nonlinear microscopies that can
generate micron-scale images from highly scattering materials (e.g., 3D tissues). It can
be used to detect the interface between materials of different excitability such as the
aqueous cytoplasm of cells and a nearby lipid membrane. THG imaging has been
applied recently to the non-invasive monitoring of human adipose tissue (Chang et al.,
2013), cell nuclei and cytoplasm in liver tissue (Lin et al., 2014), and subcortical

structures within an intact mouse brain (Horton et al., 2013). THG imaging provides the
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advantages of micron-scale resolution, label-free imaging, deep tissue penetration
depth, and non-destructiveness. As such, we’ve sought to use THG imaging in human
iPSC-derived organoids for label-free, non-destructive structural imaging. We have
generated preliminary, proof-of-concept results demonstrating that a THG signal can
be acquired throughout the entire depths of the cerebral organoid, fixed and imaged at
8 weeks post-differentiation (Figure 8B). We performed concurrent THG and 3-photon
fluorescence imaging in organoids fixed and cleared as described above, and
subsequently stained with tubulin marker Tuj1 (Figure 8C). Whereas the Tuj1 stain
(middle, red) is no longer visible at a depth of 200 uM, the THG signal (top, pseudo-

colored green) was acquired throughout the sample.
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Figure 8: Intact imaging in 3D cerebral organoids

(A) Immunocytochemical staining of cleared organoids for pan-sodium channel
(red) and dendritic marker MAP2 (green) and corresponding zoomed insets
(bottom). Staining appears specific for its target albeit shallow in its penetration
depth. (Scale bar top = 100 uM; bottom = 20 uM). (B) Representative example of
THG imaging of WT organoid at 8 weeks in vitro. Signal extends from the top of
the organoid (Z = 0 uM; top) to the bottom of the organoid (Z = 850 uM; bottom).
Note the clear signal without attenuation throughout the organoid. (Scale bar = 50
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uM). (C) Comparison of immunostaining (Tuj1) versus THG imaging in fixed and
cleared WT organoids at 8 weeks in vitro. Tuj1 staining (red, middle) provides a
clear image of tubulin structure (processes) at the surface of the organoid (Z =0
uM) but does not penetrate past 200 uM. THG signal (green, top) remains
consistent throughout. (Scale bar = 50 uM).
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Discussion

Organoids successfully recapitulate key stages of human neurogenesis

We have demonstrated the ability to generate cerebral organoids that recapitulate key
stages of neurogenesis such as progenitor-rich ventricle formation from which
newborn neurons migrate. Impaired migration of MeCP2-deficient cells within WT
organoids suggests a cell-autonomous defect in neuronal migration that supports our
previous work in mouse (Chapter 3), among that of others (Bedogni et al., 2015).
Interestingly, a recent study using cerebral organoids from patients with idiopathic ASD
revealed a significant cell-specific acceleration in neuronal differentiation (Mariani et al.,
2015), which was accompanied by increased levels of FOXG1, whose deficiency
results in perturbed prenatal brain development and a congenital RTT-like phenotype

((Shoichet et al., 2005; Ariani et al., 2008; Das et al., 2014)).

Our findings of gross morphological alterations in RTT organoids include an increase in
ventricular area, a decrease in mean ventricle wall thickness, and altered distribution of
ventricle wall thickness in mutant organoids. The radial unit hypothesis (Rakic, 1988;
2009) suggests that two successive stages of neurogenesis determine the surface area
and neocortical thickness, respectively. The former is established by proliferative
divisions of NECs and the latter, termed the “differentiative phase,” is the point at
which asymmetric divisions generate neurons that migrate radially to the SVZ and then
to the cortical plate to settle according to birth order (Rakic, 1974; Florio and Huttner,
2014). It is this switch from proliferative to differentiative divisions that causes the radial
growth that thickens the SVZ and, subsequently, the cortical plate. Conversely,
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increased lateral expansion of the ventricular zone corresponds to an increase in the
number of NPs and an increase in self-amplifying divisions (Florio and Huttner, 2014).
Our findings of increased ventricular area and decreased radial thickness support our
previous findings of enhanced proliferation and decreased dendritic maturity in
monolayer human MeCP2-deficient cultures (Chapter 2). Furthermore, these changes
suggest a delay in the division switch that accompanies the formation and
development of the SVZ. Of note, as SVZ expansion is uniquely different in human
versus mouse neurogenesis (Florio and Huttner, 2014), it is likely that this phenotype

would go unobserved in mouse (or other lissencephalic) models of RTT.

Our immunocytochemical analysis supports our morphological data that suggests a
delay in RTT organoids during early neurogenesis and SVZ expansion. The observed
decrease in neuronal markers MAP2 and DCX is unsurprising given our corresponding
findings in monolayer human neuronal MeCP2-deficient cultures (Chapter 2). Whereas
this aberration in expression suggests general delays in maturation, it does not
independently point to a specific developmental stage during which RTT NPs are
arrested. Thus, we performed staining of the sequentially expressed progenitor marker
PAX®6, intermediate progenitor marker Tbr2, and first-born layer VI cortical marker Tbr1.
PAX®6, increased in our RTT-MT2 organoids, has been shown to be critically
responsible for progenitor cell proliferation during early cortical development, with
identified direct targets that regulate the cell cycle such as Cdk4, Cdk6, Mcm3, Cdca2,
Cdca7, and p27kip1 (Sansom et al., 2009; Mi et al., 2013; Manuel et al., 2015b). PAX6

is particularly highly expressed in radial glial cells (RGCs), which are self-renewing and
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can also give rise to basal progenitors in the SVZ, which are Tbr2(+). This Tbr2(+) SVZ
population gives rise to Tbr1(+) post-mitotic neurons (LaMonica et al., 2013; Bizzotto
and Francis, 2015). The expression of PAX6 is temporally graded, with the highest
levels occurring during the onset of corticogenesis and extending to mid-stages, at
which point Tbr2 expression rises (Manuel et al., 2015a). Whereas the sequential
expression of PAX6, Tbr2, and Tbr1 in the developing neocortex is clearly delineated in
rodents (Englund et al., 2005), the transitions are less sharp in primate neurogenesis,
where a number of SVZ progenitors co-express PAX6 and Tbr2 during mid-stage
neurogenesis (Florio and Huttner, 2014; Manuel et al., 2015a). We demonstrate here
that RTT-MT2 organoids express a larger population of PAX6(+) cells and decreased
populations of Tbr2 and Tbr1-postive cells relative to isogenic RTT-WT2 organoids.
This expression pattern suggests once again that RTT-MT2 organoids develop an
excess number of early progenitors at the expense of intermediate progenitors (i.e.,
lateral versus radial expansion) and, as a result, a decrease in the number of post-
mitotic neurons. Interestingly, this pattern of elevated PAX6 and decreased Tbr2 / Tbr1
expression has been reported in the case of a disrupted apical adhesion complex
composed of genes DCHS1 and FAT4 (Cappello et al., 2013). Mutations in either gene
also resulted in increased progenitor proliferation, impaired neuronal migration, and
reduced neuronal differentiation. This increase in progenitors does not result in a larger
brain in patients with the analogous Van Maldergam syndrome, but rather a reduction
of cortical gray matter volume and periventricular heterotopia, in which neurons remain

clustered at the ventricular margins.
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Human neurogenesis is both spatially and temporally expanded as compared to the
relatively condensed process in mouse. For reference, the human ventricular zone at
8.5 gestational weeks is approximately three times larger than that of the analogous
embryonic day 13.5 mouse ventricular zone (Tyler and Haydar, 2010). Despite these
inter-species differences, we were able to recapitulate the migration deficits shown
previously in mouse (Chapter 2) in human cerebral organoids. We expanded on these
findings by identifying deficits in a key stage of neurogenesis during the formation and
expansion of the SVZ. Further efforts to characterize the RTT VZ/SVZ population may
aim to include comparison of Tis21 expression, an anti-proliferative gene expressed
exclusively in neuroepithelial cells that are about to switch from proliferative to
neurogenic divisions (lacopetti et al., 1999). Additionally, the balance of proliferation
and differentiation can be probed by tracking the cleavage planes of VZ cells during
mitosis (Florio and Huttner, 2014). The cleavage plane, determined primarily by the axis
of the mitotic spindle (Lancaster and Knoblich, 2012), determines the self-renewing
potential of the daughter cells (Konno et al., 2008). Mapping the neurogenic versus
self-renewing potential of NPs in the RTT and WT VZ/SVZ throughout the course of
neurogenesis will provide further insight into the RTT pathology that arises as a result

of early insults to the NPs that will form the cerebral cortex.
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Methods

Cerebral organoid generation

Cerebral organoids were generated from control WT cells (WT2) as previously
described (Lancaster et al., 2013). Briefly, iPSCs were detached from irradiated MEFs
and plated at 9x10* per well of an ultralow attachment 96-well plate (Corning) in human
ES media supplemented with FGF (4 ng/mL) and Rho associated protein kinase
(ROCK) inhibitor (50 pM; Y-27632, Tocris) (Day 0). Embryoid bodies (EBs) were
subsequently transferred to N2-based neural induction media (Day 6) in an ultra-low
attachment 24-well plate (Corning). EBs were embedded in Matrigel droplets (Corning)
on Day 11 and transferred to neural differentiation media supplemented with B27
without vitamin A (Gibco, Life Technologies). On Day 15, embedded EBs were
transferred to a shaker and grown in neural differentiation media supplemented with
B27 with vitamin A (Gibco, Life Technologies). Patient-derived organoids (RTT-MT2
and RTT-WT2) were generated as described above with the modification of the
addition of dual-SMAD inhibition [10 pM SB431542 (Tocris Bioscience); 1 uM
dorsomorphin (Stemgent)] during the neural induction phase in order to increase yield

of high-quality organoids with a robust neural identity.

Electroporation
Organoids (specifically, the "ventricles" or progenitor zones) were electroporated with
either a MECP2 shRNA construct (validated sequence from Sigma; TRCN0O000330971)

or control (SHCOO01, Sigma), each co-injected with a Venus construct (pCAGIG-Venus,
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gift from Omar Durak and Prof. Li-Huei Tsai) at 8 weeks post-EB formation. Indicated
plasmids were mixed at the following concentrations: shRNA/control plasmids, 1ug/pl;
pCAG-Venus plasmid, 0.5ug/pl. Immediately after DNA injection into the organoid, four
50-ms electrical pulses (40V) were applied at 1-s intervals using a 5-mm electrode and
an electroporator (EM830, BTX). After 7 days, organoids were fixed (4%
paraformaldehyde (PFA)) and cryoprotected in 20% and 30% sucrose solutions,
respectively, overnight. Fixed organoids were sliced on a cryostat (Leica, CM 3050 S)

into 20 pM sections.

Immunocytochemistry

Cerebral organoids were fixed in 4% PFA for 3 hours at 4 °C and transferred to PBS.
For slicing, organoids were embedded on ice in OCT (TissueTek) and sliced at 20 uM
on a cryostat (Leica). Primary staining was performed overnight at 4 °C in 0.1% triton
X100 (Sigma) and 3% bovine serum albumin (Sigma). Secondary staining was
performed in the same buffer at room temperature for 1 hour (Alexa Fluor, Molecular
Probes). Coverslips were affixed with ProLong Gold antifade reagent with DAPI (Life
Technologies) and z-stacks were acquired using either a Leica TCS SP8 or a Zeiss
Axiovert microscope. Analysis was performed in ImageJ.

Primary antibodies used: mouse a Map2 (Encor Biotechnology, 1:1000); chicken a
Doublecortin (Aves Labs, 1:200); mouse a PAX6 (Millipore, 1:200); mouse a Pax6
(Developmental Studies Hybridoma Bank, 1:100); rabbit a TBR2 (Abcam, 1:400); rabbit

a TBR1 (Abcam, 1:400); mouse a GAD67 (Abcam, 1:300).
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Contributions

The organoid protocol was introduced to the Sur lab by Yun Li, Ph.D. (Jaenisch lab).
Line-specific protocol optimization was performed by Danielle Feldman with the
technical assistance of Stephanie Chou. Immunocytochemical analyses were
performed by Danielle Feldman and Chloe Delepine, with the technical assistance of
Stephanie Chou. Electroporation and associated analyses were performed by Jacque
Ip, Danielle Feldman, and Stephanie Chou. Clearing of intact organoids and
subsequent immunocytochemical analyses were performed by Danielle Feldman and
Justin Swaney (Chung lab). THG imaging of intact organoids was performed by Murat

Yildirim, Ph.D. in the lab of collaborator Chris Xu (Cornell University).
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Characterizing late-stage cortical development in RTT organoids

We have demonstrated deficits in MeCP2-deficient human cells throughout the course
of neurogenesis in both monolayer and 3D iPSC-derived cultures. Neurogenesis
proceeds on a finely regulated timeline, the events of which are dependent upon the
successes of prior events (Gétz and Huttner, 2005; Florio and Huttner, 2014). Thus, our
observed deficits including excessive proliferation, delayed migration, and stunted
development of basal / subventricular zone (SVZ) progenitors are likely to have
subsequent downstream effects including altered cell fate specification and cortical
lamination. MeCP2 has been shown to inhibit astrocyte differentiation and promote
neuronal differentiation of mouse stem cell-derived neurons in vitro (Tsujimura et al.,
2009); accordingly, loss of MeCP2 accelerates astrogenesis (Okabe et al., 2010;
Forbes-Lorman et al., 2014). The hypermethylation of astrocyte-specific promoters (i.e.
GFAP) prevents astrocyte differentiation until mid-gestation (Qian et al., 2000;
Takizawa et al., 2001; Namihira et al., 2004; Fan et al., 2005). MeCP2 binds these
methylated regions and prevents the differentiation of NPs into astrocytes (Setoguchi
et al., 2006; Kohyama et al., 2008). Further evidence of a role for MeCP2 in cell fate
determination has been demonstrated in zebrafish (Gao et al., 2015), Xenopus
(Stancheva et al., 2003), mesenchymal stem cell-derived neurons from a RTT patient
(Squillaro et al., 2012), and olfactory neurons in the MeCP2-deficient mouse
(Matarazzo et al., 2004). A logical next step from our observed findings would be to
thoroughly track the emergence and maturation of upper cortical layers and astrocytes

in RTT-WT2 and RTT-MT2 organoids based on gene and protein expression patterns.
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Based on our previously observed deficits in cortical lamination (Chapter 2; Figure 3),
and reports of reduced cortical density in adulthood (Kishi and Macklis, 2004), we
expect that RTT-MT2 organoids will proceed to develop basal and intermediate
progenitors, in addition to all six cortical layers, albeit in a delayed fashion that may
result in aberrant formation. Whereas outer subventricular zone (0SVZ) progenitors
largely give rise to the upper layers of the cortex, and we find aberrant SVZ
development in RTT-MT2 organoids, we expect to find altered lamination in late stage
organoids. Interestingly, previous experiments in postmortem human patient samples
have demonstrated aberrant cortical formation including microdysgenesis (Jellinger
and Seitelberger, 1986; Belichenko et al., 1997). Whereas organoids are subject to a
great deal of inter- and intra-organoid variability, it would be preferable to track the
development of the cortex in intact organoids with the use of clearing techniques
(Murray et al., 2015) (see also: Chapter 4). Multiple rounds of staining in each organoid
would provide a more cohesive picture of developmental progression that is currently

unattainable with the use of thin sections.

Generating organoids that mimic RTT patient X-inactivation

Our RTT patient-derived organoids, despite harboring a clinically relevant mutation,
lack a critical component of genetic accuracy: whereas RTT patients are mosaic with
respect to their expression of MeCP2, our organoids are homogeneously WT or
mutant. This model has informed our notions of early development in an MeCP2-

deficient context, but it does not provide an accurate window into the developing RTT
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brain. Future experiments should involve the study of mosaic RTT organoids, which
can theoretically be accomplished via several routes. The use of naive embryonic stem
cells would be ideal in that they would undergo X-inactivation (XCI) to generate a
mosaic organoid in a manner most closely related to that in vivo. However, the
experimental feasibility of this approach is close to null. Alternatively, methods exist to
reversibly reactivate the inactive X chromosome, using small molecule inhibitors of
trans-acting X-inactivation factors (XCIFs) (Bhatnagar et al., 2014). Simulating XCl in
our patient-derived iPSCs during the generation of organoids would inform our
understanding of potential allelic skewing during early development, in addition to
providing insight into potential growth advantages of one allele over another during
organoid expansion. The most feasible approach, however, would likely be to mix stem
cell cultures that express either the mutant or WT allele post-XCI. This mixing of lines
and subsequent organoid generation would inform our understanding of relative
growth patterns in WT versus mutant cells. Most importantly, this technique would
provide a more accurate picture of the developing RTT brain. Existing literature has
demonstrated non-cell autonomous effects of MeCP2 toxicity, suggesting that WT
cells within mosaic organoids would not develop normally. However, differences in
maturation, morphology, and potentially localization during early cortical patterning
may be evident in WT versus mutant cells in mosaic organoids. Whereas
microdysgenesis has been observed in a small number of RTT postmortem samples
(Jellinger and Seitelberger, 1986), it is not clear whether the ectopic neurons are those

that lack MeCP2.
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Timeline of rescue in organoids

The reversibility of RTT phenotypes at mature stages of neuronal development
suggests that the circuits involved in RTT pathogenesis are labile and immature, as
opposed to degenerative (Chang et al., 2006; Guy et al., 2007; Tropea et al., 2009;
Castro et al., 2014; Sztainberg et al., 2015). Whereas the demonstrated ameliorations
of RTT phenotypes tend not to restore fully to WT levels, a question remains given the
early developmental component of RTT described within whether earlier intervention
may provide a more complete rescue of neuronal function and downstream maturation.
Future efforts to restore proper cortical development in organoids can include
previously established methods to overexpress MeCP2 or BDNF (Chang et al., 2006;
Guy et al., 2007), or can alternatively attempt to target the pathways we have
demonstrated to be transiently aberrantly regulated during neurogenesis. For example,
inhibitors of the Akt pathway may prevent the excessive proliferation observed in both
monolayer culture and in the lateral expansion of RTT-MT2 organoid ventricles. It
remains unclear if an early push toward differentiative versus proliferative divisions in
mutant cells would prevent and/or alleviate the delay in cortical development that may
contribute to later stage pathology. Interestingly, pathway interventions that may speed
maturation in RTT cells during early development could have the opposite effect at
later stages when signaling signatures are reversed (Ricciardi et al., 2011). This has the
potential to inform treatment efforts in both a specific manner, and as a proof-of-
principle that suggests a need for timeline-specific pharmacological intervention in RTT

syndrome.
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