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The activity of pro-neural signaling molecules and transcription factors is sufficient to induce
the transdifferentiation of lineage-restricted fibroblasts into functional neurons; however, a
mechanistic model of the immediate-early events that catalyze this conversion has not been well
defined. We utilized a high-efficiency reprogramming system of NEUROG?2, forskolin (F), and
dorsomorphin (D) to characterize the genetic and epigenetic events that initiate an acquisition of
neuronal identity in fetal human fibroblasts. NEUROG2 immediately activates a neurogenic
program, but is only sufficient to impart a functional identity in the presence of FD. These small
molecules promote NEUROG2 and CREBI co-transcription, induce SOX4 expression, and
promote SOX4-dependent chromatin remodeling. Genome-wide occupancy analysis revealed
that SOX4 targets numerous SWI/SNF complex subunits and co-binds with NEUROG2 to
enhance the expression of diverse neurogenic factors. The overexpression of SWI/SNF
chromatin remodeling factors or treatment with small molecules that modify chromatin
accessibility enhanced NEUROG2-mediated neuronal reprogramming of adult human skin
fibroblasts. This work represents the first comprehensive mechanism for the immediate events

that catalyze neuronal transdifferentiation.
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CHAPTER 1

INTRODUCTION

Cell identity is defined by cellular function and this function is a product of time and
controlled transcription. Throughout fibroblast development, the transcriptome is defined by
diverse pro-fibroblast signaling cues that modulate the activity of transcription factors. Targeted
changes in the expression or activity of these transcription factors have enabled researchers to
re-define the identity of developmentally differentiated fibroblasts. In a remarkable example of
cellular engineering, the overexpression of only three pro-neural transcription factors is sufficient
to induce functional neurons from mouse fibroblasts (Vierbuchen et al. 2010). Broadening this
core set of transcription factors and integrating small molecules has enabled the production of
diverse neuron subtypes such as cholinergic, dopaminergic, GABAergic, glutamatergic, and
motor neurons (Table 1). While the activity of pro-neural transcription factors and signaling
molecules has been used to induce transdifferentiation, a mechanistic model of the early
molecular events that catalyze this conversion has not been well defined.

Recently, we demonstrated that the single transcription factor Neurogenin 2 (NEUROG?2)
combined with the small molecules forskolin (F) and dorsomorphin (D) efficiently
transdifferentiate human fetal lung fibroblasts into functional cholinergic neurons (Liu et al.
2013). This model’s reduced complexity enabled us to define the critical early molecular events
that catalyze this cell identity change. This dissertation research highlights the coordinated
transcriptional programs and chromatin remodeling events that underpin the genetic and

epigenetic reprogramming of fibroblast-derived cholinergic neurons.



1.1. Developmental and Engineered Cell Identity
1.1.1. Neural Development

The human central nervous system is an intricately structured network of diverse cell types
that cooperatively function to process and relay information. Primary neurulation is one of the
earliest events to occur in the developing human embryo preceded only by fertilization,
pro-nuclei fusion, and blastocyst implantation. Cascades of bone morphogenetic protein (BMP),
fibroblast growth factor (FGF), sonic hedgehog, and Wnt proteins pattern the emergent neural
plate opposite the primitive streak. Invagination of this region closes the neural tube and
establishes the birthplace of all neural cell types (Stiles et al. 2010). Proliferative neuroepithelial
cells residing in the neural tube divide asymmetrically to produce the neural stem cells
responsible for neurogenesis and gliogenesis. As these stem cell populations generate billions of
neurons throughout early development, local circuits and complex regional interconnections are
established by secreted guidance and survival cues. Neurogenesis slows in the maturing
postnatantal nervous system and non-neurogenic cell populations ultimately predominate the
adult brain and spinal cord. This limits the physiological capacity for functional regeneration of
adult neural circuits affected by aging-related neurodegenerative disorders such as Alzheimer
disease, Huntington disease, and Parkinson disease. Therefore, a central goal of reprogramming-
based regenerative therapies is the production of integration-competent functional neurons driven

by the principles of neural development and multipotency.

1.1.2. Cellular Potency and Neural Differentiation
Potency reflects the lineage-differentiation potential of stem and progenitor cells. Pioneering

nuclear transplantation studies used Rana pipens oocytes and nuclei from advanced blastula cells
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to demonstrate that cell nuclei regulate differentiation potential (Briggs et al. 1952). Reinforcing
this concept, nuclei transplanted from Xenopus laevis epithelial cells into enucleated oocytes
yielded viable embryos that developed into mature frogs (Gurdon et al. 1970). This remarkable
discovery confirmed that nuclei from differentiated somatic cells retain pluripotent potential and
suggested reversible genetic regulation underpins cell lineage identity (Smith et al. 2016).

The first in vitro experimental model of cellular pluripotency relied on mouse
teratocarcinoma cells with properties reminiscent of stem cells in the early mouse embryo
(Kleinsmith et al 1964, Stevens 1967). While these multipotential cells offered an unprecedented
opportunity to investigate the mechanisms regulating cell identity, these cell lines exhibited
limited differentiation potential relative to stem cells directly derived from totipotent embryos.
The subsequent isolation of embryonic stem cells (ESCs) from proliferating mouse (Evans et al.
1981), primate (Thomson et al. 1995), and human (Thomson et al. 1998) blastocysts established
a new paradigm in pluripotency and cell identity research. With the capacity to generate diverse
cell types of all three germ layers (Figure 1), these pluripotent cells enabled targeted
investigations into the molecular mechanisms of neural differentiation.

Pro-neural effector molecules bias mouse and human pluripotent stem cells toward a neural
identity in vitro. For instance, FGF2 activates a nestin-positive progenitor state differentiable to
neuron and glial fates (Okabe et al. 1996), while retinoic acid promotes GABAergic and
cholinergic identities (Bain et al. 1995, Fraichard et al. 1995). In vivo transplantation of stem
cell-derived neural progenitors has produced subtype-specific dopaminergic neurons (Deacon et
al. 1998), serotonergic neurons (Deacon et al. 1998), spinal motor neurons (Wichterle et al.
2002), and striatal medium spiny neurons (Aubry et al. 2008). While an advantageous model,
over proliferation and ethical debate restrict the therapeutic value of stem cell-derived neurons.
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1.1.3 Progenitor-Based Engineered Reprogramming

The viral overexpression of KLF4, MYC, POU5SF1, and SOX2 in embryonic and adult
mouse fibroblasts catalyzed an in vitro reversion to pluripotent identity that redefined the
concept of terminal differentiation (Takahashi et al. 2006). Induced pluripotent stem cells (iPSC)
were similarly generated from fetal and adult human fibroblasts using these factors (Park et al.
2008). Further, cultured fibroblasts exposed to a cocktail of small molecules acquired pluripotent
features highlighting the integral role for intracellular signaling in cell identity maintenance (Hou
et al. 2013). While patient-specific fibroblast-derived iPSCs offer a potentially novel platform for
regenerative therapeutics, a high propensity for teratoma formation inherently limits the in vivo
utility of these cells (Abad et al. 2013).

Cardiac, neural, pancreatic, and lineage-specific progenitor cells differentiated from iPSCs
have provided fundamental insights into lineage-specific transcription programs (Figure 1). For
instance, temporal restriction of POUSF1 expression to the first five days of iPSC
reprogramming induced fibroblasts to adopt a neural progenitor-like identity with properties
similar to tripotent endogenous neural stem cells (Their et al. 2012). Further, the transplantation
of iPSC-derived neural progenitors into the mouse brain (Wernig et al. 2008) and non-human
primate spinal cord (Emborg et al. 2013) demonstrated engraftment and neuronal differentiation
without tumor formation. While the tumorigenicity of pluripotent stem cells hinders therapeutic
application, these results suggest that engineered lineage-committed progenitor cells might be
effective clinical tools.

The direct in vitro reprogramming of fibroblasts into tripotent neural progenitors without
passing through a pluripotent intermediate was achieved using viral expression of transcription

factors (Han et al. 2012, Lujan et al. 2012) or small molecules in a hypoxic environment (Cheng
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et al. 2014). SOX2 promotes self-renewing neural stem cell identity in cultured human
fibroblasts and yields neurospheres that differentiate into mature functional neurons following
cortical transplantation in the mouse (Ring et al. 2012). Moreover, SOX2 induces in vivo
reprogramming of mouse brain and spinal cord astrocytes into neuroblasts poised to differentiate
into functional neurons upon valproic acid exposure (Niu et al. 2013, Su et al. 2014). Acquired
pluripotency and multipotency experiments established a direct link between cell identity and
transcriptional regulation suggesting lineage-specific differentiation factors might also catalyze

cell identity reprogramming.

1.1.4. Transdifferentiation

In a milestone discovery, MYODI1 overexpression induced the transdifferentiation of
fibroblasts into myogenic cells (Tapscott et al. 1988). This reprogramming event underscores the
pivotal role for direct regulators of lineage-specific transcription in the specification of cell
identity. Expanding this concept, the pioneer activity of ASCL1 together with MYTIL and
POU3F2 catalyzed mouse embryonic and postnatal fibroblasts to transdifferentiate into
functional neurons in vitro (Vierbuchen et al. 2010, Wapinski et al. 2013). The addition of
NEURODI1 to this reprogramming cocktail facilitated the neuronal conversion of human
fibroblasts (Pang et al. 2011).

Further reinforcing the notion that targeted changes in transcription can directly transform
cell identity, neurons were generated from human adult fibroblasts using pools of pro-neural
transcription factors and microRNAs (Ambasudhan et al. 2011, Yoo et al. 2011), as well as,
transcriptome-modifying chemical cocktails (Hu et al. 2015, Zhang et al. 2015). Diverse
protocols for the generation of subtype-specific cholinergic, dopaminergic, GABAergic,
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glutamatergic, and motor neurons quickly followed (Table 1). The in vivo transdifferentiation of
glia to functional neurons (Torper et al. 2013), cardiac fibroblasts to cardiomyocytes (Ieda et al.
2012, Song et al. 2012), and pancreatic exocrine cells to insulin-producing B-cells (Zhou et al.
2008) using exogenous transcription factors broadly highlights the transformative effects of

modified transcription on cellular physiology (Figure 1).

1.2. Engineered Neurons
1.2.1. Lineage-Specific Neuron Identity

The functional complexity of neural circuits in the brain relies on diverse neuron lineages
with characteristic regional and neurotransmitter properties. The region-specific degeneration of
these dopaminergic, GABAergic, glutamatergic, and motor neuron populations underlies
prevalent neurodegenerative disorders such as Parkinson disease, Huntington disease, Alzheimer
disease, and amyotrophic lateral sclerosis (ALS). Therefore, targeted genetic engineering
strategies are being explored in an effort to generate functional lineage-specific neurons for in
vitro disease modeling and in vivo transplantation.

The high-efficiency in vitro transdifferentiation of human fetal lung fibroblasts into
functional cholinergic neurons was demonstrated using NEUROG2 and the small molecules
forskolin and dorsomorphin (Liu et al. 2013). The efficient reprogramming of human adult skin
fibroblasts required these factors, FGF2, and SOX11 (Liu et al. 2013). Broadening this core set
of factors to include ISL1 and LHX3 enabled transdifferentiation to a functional motor neuron
identity and provided a platform for screening pro-survival compounds in ALS models using
neurons derived from the fibroblasts of ALS-afflicted individuals (Liu et al. 2016). Engineered
motor neurons transdifferentiated from mouse fibroblasts (Son et al. 2011) and fibroblast-derived
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iPSCs (Meyer et al. 2013, Kiskinis et al. 2014, Yoshida et al. 2015) have enabled molecular
investigations into the cause of motor neuron degeneration and the screening-based identification
of pro-survival small molecules.

The degeneration of striatal dopaminergic neurons is the primary underlying cause of
Parkinson disease symptoms. The transplantation of induced dopaminergic neurons generated by
iPSC differentiation (Wernig et al. 2008) and fibroblast transdifferentiation (Kim et al. 2011)
modestly improved mouse motor function. In addition to in vitro transdifferentiation and
electrophysiological analyses of fibroblast-derived dopaminergic neurons (Caiazzo et al. 2011,
Pfisterer et al. 2011, Liu et al. 2012, Jiang et al. 2015), mouse astrocytes transduced with
ASCL1, LMXI1B, and NR4A2 have been shown to directly adopt dopaminergic identity (Addis
et al. 2011). Further, human fibroblasts carrying inducible pro-dopaminergic reprogramming
factors were transplanted into the mouse neural microenviroment and in vivo differentiated into
synapse-forming tyrosine hydroxylase-positive neurons (Torper et al. 2013). In an effort to move
away from viral integration as a delivery system for exogenous reprogramming factors, CRE
recombinase-based excision of exogenous reprogramming factors was performed following
dopaminergic differentiation of iPSC lines (Soldner et al. 2009).

In addition to cholinergic and dopaminergic identities, engineered GABAergic and
glutamatergic neurons have been generated by both iPSC differentiation (Brennand et al. 2011)
and transdifferentiation (Vierbuchen et al. 2010). The in vitro transdifferentiation of human
fibroblasts (Victor et al. 2014, Colasante et al. 2015), mouse astrocytes (Heinrich et al. 2010),
and mouse NG2 glia (Guo et al. 2014) into GABAergic neurons demonstrated that dominant
pro-neural transcription factors can reprogram diverse cell types. In vivo, NEURODI1 drives
heterogeneous GABAergic and glutamatergic identities in NG2 glia (Guo et al. 2014). In
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contrast, NEUROG2 and NEURODI1 reprogram mouse striatal glia and cortical astrocytes into
functional glutamatergic neurons, respectively (Grande et al. 2013, Guo et al. 2014). This
suggests that the cell-of-origin genetic landscape primes adoption of a specific identity
post-reprogramming; for instance, NEUROG2-transduced mouse cortical astrocytes and
NEURODI-transduced human cortical astrocytes adopted exclusively glutamatergic identity
(Heinrich et al. 2010, Guo et al. 2014). Moreover, human cortical astrocytes treated with a
pro-neural small molecule cocktail in vitro transdifferentiated into functional glutamatergic

neurons (Zhang et al. 2015).

1.2.2. Genetic Properties of Engineered Neurons

The genetic and epigenetic maturation of reprogrammed neurons requires the acquisition of
RNA and protein expression patterns, chromatin condensation patterns, epigenetic signatures,
and cytoskeletal architecture resembling endogenous neurons. To determine whether the gene
regulatory networks and transcription in reprogrammed neurons parallels primary neurons of the
developed nervous system, the bioinformatics algorithm CellNet was used for genome-scale
comparison of ESC, fibroblast, primary neuron, ESC-derived neuron, and transdifferentiated
fibroblast-derived neuron transcription profiles (Cahan et al. 2014). Highly similar profiles were
observed for primary and ESC-derived neurons; however, transdifferentiated dopaminergic
neurons shared meaningful overlap with fibroblast genetic regulatory networks interspersed with
the activation of general neural transcription (Cahan et al. 2014, Caiazzo et al. 2011). This hybrid
genetic background was previously detected by hierarchical clustering of microarray datasets
indicating transdifferentiated dopaminergic neurons resemble midbrain dopaminergic neurons

but do not faithfully recapitulate the global genetic background of primary neurons (Caiazzo et
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al. 2011). The targeted activation of pro-neural transcription in reprogrammed dopaminergic
neurons has been demonstrated by quantitative real-time PCR enrichment of Foxa2, Lmxla,
Pitx3, Slc18a2, and similar lineage-specific factors (Addis et al. 2011, Kim et al. 2011). A
similar analysis of dopaminergic neurons induced by either two or six transcription factors
revealed that immature dopaminergic identity is evoked by ASCL1 and PITX3 overexpression;
however, transdifferentiation toward a state representative of physiological identity required four
additional transcription factors.

While some reprogrammed neurons exhibit a heterogeneous genetic background, others
adopt lineage-specific identities with remarkable fidelity. Fibroblast-derived GABAergic
medium spiny neurons exhibit expression profiles strongly correlated to primary human striatal
neurons isolated by laser capture microdissection from post-mortem neural tissue (Victor et al.
2014). Unlike engineered cortical GABAergic neurons characterized by RNA-seq (Colasante et
al. 2015), induced medium spiny neurons adopted a striatal-specific identity unique from other
GABAergic interneuron lineages (Victor et al. 2014).

In an effort to define how individual reprogramming factors contribute to neural
specification, chromatin immunoprecipitation sequencing (ChIP-seq) was used to identify the
genome-wide targets of ASCL1 and POU3F2 in neural precursor cells and reprogrammed
neurons (Wapinski et al. 2013). Interestingly, in both neural precursors and neurons ASCLI
genetic targets directly overlapped, while POU3F2 binding was primarily localized to
non-physiological ASCL1 occupancy sites in reprogrammed fibroblasts (Wapinski et al. 2013).
This prominent difference suggests the epigenetic environment of embryonic mouse fibroblasts
disrupts the transcriptional activity of non-pioneer transcription factors and supports the concept

that active pioneer factors such as ASCLI are required to jumpstart pro-neural transcription.
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In addition to transcriptional profiling, the characterization of engineered neurons relies on
immunocytochemical reactivity and measurements of electrical function. General hallmarks of
neuron identity such as MAP2, MAPT, RBFOX3, SYNI1, and TUBB3 have been extensively
used to identify reprogramming and quantify efficiency (Vierbuchen et al. 2011, Hu et al. 2015).
Excitatory differentiation toward cortical glutamatergic identity (Guo et al. 2014), deep layer
forebrain and hippocampal identity (Zhang et al. 2015), and cholinergic motor neurons (Son et
al. 2011, Liu et al. 2016) was detected by immunostaining for BCL11B, MNX1, SLC17A7, and
other lineage-determinative markers. Accompanying these genetic hallmarks, neurons derived
from the fibroblasts of individuals afflicted with Alzheimer disease exhibit aberrations in AP
peptide production that might have long-term deleterious physiological consequences
reminiscent of progressive neurodegeneration (Hu et al. 2015). Together, these findings
demonstrate that specific transcriptional networks control cell identity and targeted modifications

to these networks can promote a functional neuronal identity similar to primary neurons.

1.2.3. Functional Properties of Engineered Neurons

Neurons exhibit specialized membrane properties that enable the rapid transmission of ionic
current in response to stimuli. While fibroblasts and astrocytes lack the membrane structures
required to establish the ion gradients essential to this neurotransmission, exposure to pro-neural
reprogramming factors promotes the expression of membrane channels, kinases, and
neurotransmitter release machinery essential to neurotransmission. Neurons generated from
mouse and human fibroblasts acquire the ability to fire repetitive action potentials, exhibit fast
activating and inactivating sodium ion currents, respond to extracellular GABA and glutamate,

and exhibit spontaneous postsynaptic currents (Vierbuchen et al. 2011, Pang et al. 2011, Hu et al.

10



2015). While NEUROG?2 and DLX2 both reprogram astrocytes toward neuronal morphology in
vitro, NEUROG?2 is a significantly more potent driver of functional identity with 58% of induced
neurons firing action potentials relative to 6% of DLX2-induced neurons (Heinrich et al. 2010).
This functional characterization demonstrates how partial reprogramming via upregulated neural
transcription is not an indicator of physiological fidelity.

In addition to the basic membrane potential properties acquired during reprogramming,
specialized neuron lineages synthesize specific neurotransmitters and exhibit brain-region
specific functional activity. Reverse-phase high performance liquid chromatography confirmed
the production of dopamine by induced dopaminergic neurons (Kim et al. 2011). Moreover, in
vitro reprogramed dopaminergic neurons exhibited calcium oscillations and pacemaker activity
representative of primary midbrain dopaminergic neurons (Addis et al. 2011). Similar functional
analyses demonstrated that induced mouse and human cholinergic motor neurons formed
neuromuscular junctions with co-cultured C2C12 myotubes and elicited rhythmic contraction in
these cellular structures (Son et al. 2011, Liu et al. 2016).

The transplantation and engraftment of GABAergic medium spiny neurons in the mouse
striatum enabled direct functional comparisons of endogenous primary neurons and engineered
cells (Victor et al. 2014). Remarkably, transplanted neurons survived in the striatal
microenvironment and exhibited functional properties highly similar to endogenous local
neurons (Victor et al. 2014). Likewise, transplantation of iPSC-derived neural progenitor cells
into the embryonic mouse brain confirmed the neural environment is amenable to in vivo
differentiation of functional neurons (Wernig et al. 2008).

In vivo astrocyte-to-neuron transdifferentiation by NEURODI yields functional integration-

competent neurons that fire repetitive actions and evoke spontaneous synaptic events during
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cortical slice recordings (Guo et al. 2014). The detailed functional characterization of in vivo
reprogrammed neurons by SOX2 and valproic acid revealed four predominant types of neurons
responsive to neurotransmitter stimulation and capable of firing repetitive action potentials (Niu
et al. 2015). These neurons exhibited diverse resting membrane potentials, action potential firing
rates, and broad spontaneous postsynaptic current frequencies suggesting individual astroglia

respond differently to exogenous reprogramming factors (Niu et al. 2015).

1.2.4. Network Integration of Engineered Neurons and Applications

The therapeutic value of cell identity engineering relies on the capacity of transplanted or in
vivo generated neurons to survive and functionally integrate into endogenous neural networks.
Immunogold labeling followed by transmission electron microscopy confirmed that primary
hippocampal neurons form direct synapses with GABAergic reprogrammed neurons in vitro
(Colasante et al. 2015). When transplanted into the hippocampus, these GABAergic neurons
integrated into hippocampal neuronal circuits (Colasante et al. 2015). Similarly, neurons
generated by chemical-mediated reprogramming survive transplantation and effectively integrate
into neuronal circuits (Zhang et al. 2015). Cortical and striatal neurons generated in vivo outgrow
dendritic branches and axons that form synaptic connections with endogenous interneurons (Guo
et al. 2014, Niu et al. 2013). In the developing spinal cord, induced motor neurons grafted into
the ventral horn recognized endogenous path finding cues and extended axons toward
musculature (Song et al. 2011).

With respect to models of neurodegeneration, the transplantation of induced dopaminergic
neurons into 6-hydroxydopamine lesioned rat brains reduced amphetamine-induced rotational

bias indicating that transplanted neurons can directly improve performance in motor coordination
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tests (Wernig et al. 2008). Moreover, fibroblast-derived dopaminergic neurons transplanted into
a mouse model of Parkinson disease improved basic motor function suggesting that
reprogrammed neurons might effectively remodel degenerated neural circuits in a functionally

meaningful manner (Kim et al. 2011).

1.3. Genetic and Molecular Mechanisms of Neuronal Transdifferentiation

The transdifferentiation of a somatic or glial cell into a specialized neuron requires
large-scale modifications to the transcriptome, proteome, DNA methylome, histone landscape,
chromatin structure, cytoskeleton, and membrane polarization properties. Remarkably, small
pools of transcription factors and pro-neural chemicals are sufficient to rapidly catalyze these

broad molecular changes to induce transdifferentiation.

1.3.1. Chemical-Mediated Transdifferentiation

Human cortical and midbrain astrocytes adopt glutamatergic deep layer forebrain and
hippocampal neuron identity in vitro when sequentially exposed to combinations of signaling
molecules (Zhang et al. 2015). Initial exposure to LDN193189, SB431542, thiazovivin, and
TTNPB primes cells for conversion. Neuronal differentiation occurs upon exposure to
CHIR99021, DAPT, purmorphamine, smoothened agonist, and valproic acid with maturation
enhanced by BDNF, IGF1, and NT-3 (Zhang et al. 2015). However, human spinal astrocytes and
mouse astrocytes treated with this same chemical reprogramming protocol do not adopt neuronal
identity highlighting the dynamic roles for intracellular signaling pathways in the maintenance of

unique regional cellular identities (Zhang et al. 2015).
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The transdifferentiation of human fibroblasts from healthy and Alzheimer disease-afflicted
individuals into glutamatergic neurons was also achieved using sequential chemical exposures
(Hu et al. 2015). Initial treatment with CHIR99021, forskolin, GO6983, RepSox, SP600125,
valproic acid, and Y-27632 induces morphological conversion and MAP2 expression (Hu et al.
2015). Survival and functional maturation are enhanced following mid-conversion exposure to
BDNF, CHIR99021, dorsomorphin, forskolin, GDNF, and NT-3 (Hu et al. 2015). Similar work
demonstrated the induction of heterogeneous GABAergic and glutamatergic neurons from mouse
fibroblast treated with CHIR99021, forskolin, I-BET151, and isoxazole 9 (Li et al. 2015). These
results demonstrate the potent roles for signaling pathways in the specification and maintenance

of cellular identity.

1.3.2. Transcription Factor-Mediated Transdifferentiation
1.3.2.1. Pioneer Transcription Factors

The potency of transcription factors used to reprogram cell identity depends on accessibility
to genetic regulatory regions and an ability to remodel occluded target sites. Lineage-restrictive
pioneer transcription factors passively bind closed heterochromatin and a subset of these factors
initiate local remodeling to promote the recruitment of cooperative transcriptional complexes
(Zaret et al. 2011). For instance, NEURODI displaces transcriptional repressors and converts
Polycomb-associated histone methylation to activating acetylation marks (Pataskar et al. 2015).
This pro-neural remodeling activity likely contributes to the rapid conversion of astrocytes into
neuron-like cells upon viral overexpression of NEURODI1 (Guo et al. 2014). ASCL1 similarly
pioneers high-density nucleosome conformations in pro-neural enhancer and promoter sequences

to drive the in vitro transdifferentiation of embryonic mouse fibroblasts into functional neurons
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(Wapinski et al. 2013). In constrast, the non-pioneer factor POU3F2 generally occupies
nucleosome-depleted regions; however, ASCL1 recruits this factor to non-physiological binding
sites when co-expressed in fibroblasts (Wapinski et al. 2013). This demonstrates the dominant
role for ASCLI pioneer activity in resetting the cellular transcriptome during transdifferentiation.
Active pioneer factors such as the NF-Y family also exhibit nucleosome repositioning and
cooperative binding properties during developmental pluripotency and neuron differentiation

(Oldfield et al. 2014).

1.3.2.2. Secondary Transcriptional Programs and Gene Regulatory Networks

Pioneer factors are often high-level lineage-specific transcriptional regulators that drive
secondary networks of hierarchical transcription. Exogenous ASCLI upregulates the
transcription factors Lmo2, Rfx1, Tcfl5, and Zbtb18 during fibroblast-to-neuron reprogramming
(Wapinski et al. 2013). The co-overexpression of ZBTB18 and MYTIL in mouse fibroblasts
induces a functionally immature MAP2-positive neuron-like identity (Wapinski et al. 2013). The
inclusion of LMO2, RFX1 or TCFL5 with these two factors significantly improves
reprogramming efficiency demonstrating that the parallel action of gene regulatory networks
activated by ASCL1 drive neuronal reprogramming (Wapinski et al. 2013).

Repurposing the differentiation mechanisms that sculpt the early nervous system, chemicals-
mediated astrocyte-to-neuron transdifferentiation utilizes intracellular signaling pathways to
downregulate hallmarks of astrocyte identity such as Gfap and upregulate the neuronal-lineage
transcription factors Neurodl and Neurog? (Zhang et al. 2015). NEUROG2 competes with the
transcriptional repressor REST for occupancy of the Neurod4 promoter during reprogramming
(Masserdotti et al. 2015). NEUROD4 and INSMI1, both induced by NEUROG?2, catalyze
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reprogramming in mouse astrocytes, human astrocytes, and mouse embryonic fibroblasts
(Masserdotti et al. 2015). The dominant roles for single transcription factors and their associated
gene regulatory networks in cell identity re-specification led to the creation of a computational
algorithm that identifies master transcription factors with a high transdifferentiation probability
(Rackham et al. 2016). This algorithm has successfully predicted transdifferentiation factors for
cardiomyocyte, hepatocyte, keratinocyte, macrophage, and other cell lineages (Rackham et al.

2016). Similar programs will likely become fundamental tools for neuron subtype engineering.

1.3.2.3. Lineage-Specific Transcriptional Programs

Lineage-specific transcription factors define three germ layers in the developing embryo.
These master regulators activate hierarchical networks of transcription in ectodermal cells to
promote glial and lineage-specific neuronal differentiation (Molyneaux et al. 2007, Schuurmans
et al. 2004). Interestingly, the neuron identity induced by ASCL1, NEURODI1, and NEUROG2
during transdifferentiation is cell-of-origin dependent. NEUROG?2 drives glutamatergic identity
in mouse astrocytes (Heinrich et al. 2010), but cholinergic identity in human fibroblasts (Liu et
al. 2013). While ASCLI drives astrocytes toward GABAergic identity (Heinrich et al. 2010),
embryonic mouse fibroblasts adopt a primarily glutamatergic identity (Wapinski et al. 2013).
Further, exogenous NEUROD1 converts astrocytes into glutamatergic neurons and NG2 glia into
both GABAergic and glutamatergic neurons (Guo et al. 2014).

ASCL1 and NEUROG?2 activate distinct transcriptional programs in astrocyte-derived
neurons with only 3% overlap in target gene expression (Masserdotti et al. 2015). The inclusion
of coordinating transcription factors with either ASCL1 or NEUROG?2 enables the generation of
brain region-specific neural subtypes. For instance, ASCL1, GBXI1, and LHX8 induce
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embryonic stem cells and human fibroblasts to adopt basal forebrain cholinergic neuron identity
(Bissonnette et al. 2011, Liu unpublished data). In contrast, NEUROG2 combined with ISL1,
LHX3, SOX11, growth factors, and small molecules convert adult skin fibroblasts into
functional motor neuron identity (Liu et al. 2016, Mazzoni et al. 2013). Further, the
differentiation of specialized spinal and cranial motor neurons is regulated by the expression of
either LHX3 or PHOX2A, respectively (Mazzoni et al. 2013). These results highlight how
established epigenetic landscapes, lineage-restrictive transcription factors, and coordinated

genetic programs converge to define cell identity during transdifferentiation.

1.3.2.4. NEUROG?2 Transcriptional Program

NEUROG?2 is one of three conserved Neurogenin transcription factors with diverse roles in
neural development and neuron differentiation (Gradwohl et al. 1996, Ma et al. 1996, Sommer et
al. 1996). As a basic helix-loop-helix (bHLH) transcription factor, NEUROG2 contains a basic
DNA binding domain immediately followed by two alpha helices that promote bHLH
heterodimerization and association with 5'-CANNTG-3' enhancer box DNA sequences (Murre et
al. 1989). Phylogenetic analyses have categorized bHLH proteins into six high-order clades
collectively containing 44 orthologous families (Ledent et al. 2002). NEUROG? is classified as a
member of the Atonal superfamily and is most closely related to the NEUROD family of
pro-neural transcription factors (Ledent et al. 2002).

The developing mouse telencephalon is patterned by dorsal NEUROG?2 and ventral ASCLI
expression (Fode et al. 2000, Parras et al. 2002, Britz et al. 2006). Neural cells of both the
ventricular and subventricular zones of the developing dorsal telencephalon transcribe Neurog?
mRNA in high quantities (Fode et al. 2000, Schuurmans et al. 2004, Osoério et al. 2010). These
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progenitor cells primarily differentiate into excitatory glutamatergic pyramidal neurons with
unipolar dendritic morphology (Hand et al. 2005). In addition to deep-layer cortical neurons
(Schuurmans et al. 2004), NEUROG?2 instructs the differentiation of spinal motor neurons
(Mizuguchi et al. 2001, Ma et al. 2008) and cranial sensory neurons in the peripheral nervous
system (Fode et al. 2000).

The transcriptional activity of NEUROG2 is tightly regulated by post-translational
phosphorylation and co-factor interactions. Cell cycle-related cyclin dependent kinases directly
target NEUROG2 for multi-site phosphorylation to negatively regulate the DNA affinity of
NEUROG?2 heterodimers (Ali et al. 2011, Hindley et al. 2012). Site-specific phosphorylation of
tyrosine 241 similarly modulates NEUROG2-chromatin interactions to promote radial migration
of cortical neurons in the developing brain (Hand et al. 2005). Additional phosphorylation by
GSK3 represses NEUROG?2 transcription during late corticogenesis in response to declining Wnt
signaling (Li et al. 2012). GSK3-mediated phosphorylation of serines 231 and 234 promotes
NEUROG?2 association with the LIM homeodomain transcription factors ISL1 and LHX3 (Ma et
al. 2008). These phosphorylation-dependent co-factor interactions are essential to the
specification of motor neurons in the mouse spinal cord (Lee et al. 2003, Ma et al. 2008).
Moreover, the retinoic acid receptor recruits histone acetyltransferase to NEUROG?2 target sites
in spinal motor neurons (Lee et al. 2009) and LMO4 acts as a co-activator in the developing
cortex (Asprer et al. 2011). Computational identification of adjacent binding motifs at known
NEUROG2 genomic target sites indicates NEUROG2 might directly associate with CREBI,
MEF2A, POU-domain containing transcription factors, TCF/LEF transcription factors, and

SOX9 (Gohlke et al. 2008).
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Dimerization is a prerequisite to NEUROG?2 function. Importantly, NEUROG2 homodimers
do not efficiently bind DNA (Bronicki et al. 2012) and, while NEUROG?2 has been shown to
heterodimerize with ASCL1 and TCF3, NEUROG2-TCF3 heterodimers are much stronger
transcriptional activators than NEUROG2-ASCL1 heterodimers (Gradwohl et al. 1996, Henke et
al. 2009, Bronicki et al. 2012). In addition to protein-protein interaction, NEUROG?2 indirectly
regulates ASCL1 expression (Kovach et al. 2013). NEUROG?2 also regulates the Notch ligands
DIll (Fode et al. 1998) and DII3 (Henke et al. 2009), the neurogenic transcription factors
Neurodl and Neurod4 (Seo et al. 2007), the neuronal markers Dcx, Ncam, and Sema3c (Mattar et
al. 2004), and lineage-specific factors Rnd2, Slc17A46, Slc17A7, Tbrl, Thr2, and Vglut2 (Li et al.
2012, Schuurmans et al. 2004). Interestingly, mouse knockout and overexpression studies
revealed that the reciprocal regulation of PAX6 and NEUROG?2 expression guides early motor

neuron differentiation (Scardigli et al. 2001).

1.3.2.5. SOX4 Transcriptional Program

The identification of sex-determining region Y marked the discovery of the first of at least 20
SOX transcription factors containing a high mobility group (HMG) DNA binding domain
(Gubbay et al. 1990, Sinclair et al. 1990). Homology-based classification distributes SOX factors
into six classes with SOXC representing SOX4, SOX11, and SOX12 (Schepers et al. 2002). The
SOX family of transcription factors associates with the degenerate DNA sequence
5'-(A/T)(A/T)CAA(A/T)G-3' (Harley et al. 1994) and SOX4 specifically targets the central DNA
heptamer 5'-AACAAAG-3' (van Beest et al. 2000). Nucleotide contacts in the minor groove of
the DNA helix enable SOX4 to induce a sharp bend in conformation and enhance accessibility to
DNA-binding co-factors (van de Wetering et al. 1992, van Houte et al. 1995).
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Sox4 is broadly expressed in the mouse heart, lungs, pancreas, thymus, and developing
central nervous system (van de Wetering et al. 1993, Cheung et al. 2000). SOX4 is
transcriptionally active in cells of the mouse uterus and mammary glands (Hunt et al. 1999),
adult B and pre-T lymphocytes (van de Wetering et al. 1993), pancreatic islet cells (Lioubinski et
al. 2003), retinal ganglion cells (Jiang et al. 2013), and mechanosensory hair cells of the inner ear
(Gnedeva et al. 2015). Loss of Sox4 expression in the developing endocardial ridge results in
cardiac defects and malformation of the semilunar valves (Schilham et al. 1996). In addition to
these diverse developmental roles, Sox4 has been implicated in the survival and proliferation of
human breast cancer (Graham et al. 1999), prostate cancer (Liu et al. 2006), bladder cancer
(Aaboe et al. 2006), and multiple other cancer subtypes (Vervoort et al. 2013).

In the developing nervous system, Sox4 and Sox// are expressed in similar patterns during
neurulation (Cheung et al. 2000). While independent knockout of either factor does not
significantly affect neural development, double knockout results in severe hippocampal
deformation, disrupted cortical lamination, and reduced neuron survival (Cheung et al. 2000,
Miller et al. 2013). In post-mitotic neural precursors, NEUROG2 outcompetes REST in the Sox4
promoter to drive Sox4 expression and neuronal differentiation (Bergsland et al. 2006). As the
central nervous system matures, Sox4 becomes primarily localized to the dorsal region of the
neural tube with strong expression in the cortical plate (Cheung et al. 2000). This expression
pattern suggests SOX4 is an important lineage-specification factor for cortical neurons and late
pyramidal neurons of the hippocampus (Cheung et al. 2000). Sox4 expression is downregulated
as neurons mature and prolonged overexpression results in cerebellar defects (Hoser et al. 2007)

and disrupted neuronal myelination (Potzner et al. 2007). Importantly, SOX4 functions as a
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pro-survival factor in late-stage sympathetic ganglia (Potzner et al. 2010) and mouse spinal
motor neurons (Thein et al. 2010).

SOXC factors often function as transcriptional activators in complex with other proteins.
While these factors share 94% homology in the C-terminal transactivation domain, domain swap
experiments demonstrated that SOX4 exhibits reduced transcriptional activation strength relative
to SOX11, but much higher DNA affinity (Dy et al. 2008). Further, this domain is critical to
association with neuronal POU3F2 (Dy et al. 2008) and POU3F3 in oligodendrocyte-lineage
cells (Kuhlbrodt et al. 1998). SOX4 also directly interacts with B-catenin to promote Wnt
signaling (Sinner et al. 2007), NEUROG?2 (Chen et al. 2015), SDCBP (Geijsen et al. 2001),
TBR2 (Chen et al. 2015), and TCF4 (Sinner et al. 2007).

Coordinated binding of SOX4 and POU3F2 upregulate Nes expression in neural primordial
cells (Tanaka et al. 2004). SOX4 similarly drives pro-neural expression of 7ubb3 (Bergsland et
al. 2006) and targets 7Tead? of the HIPPO signaling pathway (Bhattaram et al. 2010). When
overexpressed with NEUROG2, SOX4 efficiently reprograms cultured mouse astrocytes into
TUBB3-positive neurons with complex neurite outgrowth (Mu et al. 2012). This
transdifferentiation activity highlights how SOX4 enhances pro-neural transcription in the

development and specification of early neurons of the central nervous system.

1.3.3. Enzymatic Activity, Intracellular Signaling, and Metabolic Pathways

Cell identity reprogramming involves broad changes in metabolism, kinase activity, cell
cycle regulation, and intracellular signaling. The rapid changes in transcription induced by
reprogramming factors often dramatically increase energy expenditure and generate metabolic
byproducts that modify DNA methylation and histone marks (Ryall et al. 2015). Prolonged
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exposure to high concentrations of reactive metabolites can become toxic during reprogramming.
Neuron induction efficiency and survival is significantly improved with ferroptosis and lipid
peroxidation inhibitors, as well as, overexpression of the anti-apoptotic protein BCL2 (Gascon et
al. 2016). The small molecule forskolin boosts reprogramming efficiency and neuron survival by
considerably reducing lipid peroxidation in astrocytes, fibroblasts, and pericytes during
transdifferentiation (Gascon et al. 2016, Hu et al. 2015, Li et al. 2015, Liu et al. 2013). Further,
G1 phase cell cycle arrest significantly increases the efficiency of TET1-dependent fibroblast
reprogramming and demonstrates how cell cycle kinetics and metabolism potently regulate
changes in cellular identity (Jiang et al. 2015).

The mechanistic roles for intracellular signaling and active kinases during neuronal
specification have been demonstrated through chemical-mediated reprogramming strategies (Hu
et al. 2015, Li et al. 2015, Zhang et al. 2015). For instance, the GSK3 inhibitor CHIR99021
promotes neural induction, while thiazovivin and Y-27632 promote cell survival by inhibiting
Rho-associated kinase (Hu et al. 2015, Li et al. 2015, Zhang et al. 2015). GO6983 and SP600125
promote neuronal conversion by inhibiting of PKC and JNKs, respectively (Hu et al. 2015).
While dorsomorphin reduces the kinase activity of AMPK, this small molecule and LDN193189
also inhibit BMP type I receptor signaling to repress the activation of glial and somatic lineage
identities (Hu et al. 2015, Liu et al. 2013).

BMP, Notch, SHH, and TGFBI signaling pathways each exert significant influence over
transcription and cellular function. DAPT, an indirect inhibitor of Notch, in combination with the
SHH activators purmorphamine and smoothed agonist promote neuronal differentiation of
cultured astrocytes (Zhang et al. 2015). Inhibition of the pro-glial activin receptor and TFGB1
signal transduction cascade with RepSox or SB431542 enhances the adoption of neuronal
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identity during transdifferentiation (Hu et al. 2015, Zhang et al. 2015). Exposure to neurotrophic
growth factors like BDNF, FGF2, GDNF, and NT-3 during the maturation stage of neuronal
differentiation significantly improves the functional properties and survival of transdifferentiated
neurons (Jiao et al. 2013, Liu et al. 2013, Hu et al. 2015). While pro-neural transcription factors
and miRNAs often jumpstart reprogramming, it is these signal transduction pathways and

neurotrophic survival cues that drive neurogenic identity to completion.

1.3.4. Epigenetic Signatures

The epigenome of DNA methylation, histone marks, and chromatin condensation directly
influence the stability of cellular identity. The histone deacetylase inhibitor valproic acid has
been shown to induce neuroblast differentiation (Niu et al. 2013) and enhance human astrocyte
and fibroblast transdifferentiation efficiency (Hu et al. 2015, Zhang et al. 2015). Mechanistically,
histone acetylation and methylation patterns modulate transcription factor affinity for specific
chromatin sites to indirectly activate or repress the transcription of lineage-specific genes.

ASCLI1 preferentially occupies chromatin sites containing high levels of H3K4
mono-methylation and H3K27 acetylation, as well as, low-to-intermediate enrichment of H3K9
tri-methylation (Wapinski et al. 2013). Similarly, MYTI1L and POU3F2 primarily associate with
methylation and acetylation markers of active transcription. This dynamic interplay suggests
histone posttranslational modifications act as an atlas that directs pioneer and non-pioneer
transcription factors to specific genomic regulatory regions. During reprogramming, chromatin
modifiers activated by signal transduction pathways and recruited by pro-neural transcription

factors re-write this atlas. For instance, H3K27 acetylation was strongly enriched in the Neurog?2
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promoter during the first eight days of astrocyte-to-neuron reprogramming and H3K4
tri-methylation replaced H3K27 tri-methylation at the transcription start site (Zhang et al. 2015).
Coordinated histone mark and DNA methylation profiles stabilize cell identity and provide a
multi-layered regulatory system to prevent aberrant transcription. The differentiation of
ESC-derived neural precursor cells into neurons requires parallel changes in Polycomb
group-mediated histone tri-methylation and DNA methylation (Mohn et al. 2008). In the process
of astrocyte conversion, chemical reprogramming catalyzes broad methylation of the Gfap
promoter and targeted hypermethylation at APl and STAT3 binding sites to significantly
downregulate Gfap expression (Zhang et al. 2015). Similarly, fibroblast transdifferentiation is
dependent on the global 5-methylcytosine to 5-hydroxymethylcytosine DNA demethylation
activity of TET1 (Jiang et al. 2015). Collectively, these dynamic changes in DNA methylation
combined with multi-site histone modifications remodel the chromatin landscape and enable

mediators of pro-neural transcription to ultimately redefine cell identity.

1.3.5. Hybrid Genetic Background and Permanence of Cellular Identity

Differentiation collectively involves millions of changes in the proteome, kinome,
transcriptome, DNA methylome, histone landscape, chromatin architecture, and even
extracellular environment. Remodeling each of these diverse cellular properties during
reprogramming in an effort to mimic a developmentally differentiated cell is a monumental task.
A systematic computational comparison of fibroblast, endogenous neuron, and induced neuron
transcriptomes demonstrated that induced neurons adopt a functioning neuronal identity, yet
retain significant gene expression and epigenetic hallmarks specific to the fibroblast lineage
(Cahan et al. 2014). This failure to completely silence fibroblast gene regulatory networks in
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reprogrammed neurons results in the generation of cells with heterogeneous genetic and
epigenetic background that resemble functional neurons (Wapinski et al. 2013). This
cell-of-origin background effect is even observed in the transcriptome (Polo et al. 2010) and
DNA methylome (Ohi et al. 2011) upon reprogramming to pluripotency. This partial reset in the
epigenetic state produces adult-derived neurons with aging hallmarks and nucleocytoplasmic
deficits that limit therapeutic utility (Mertens et al. 2015). While some reprogramming and
transdifferentiation strategies are more efficient at removing cell-of-origin hallmarks, these

genetic elements remain a barrier to both induced neuron production and clinical translation.

1.4. Dissertation Research
1.4.1. Experimental Model

The high-efficiency in vitro transdifferentiation of human fetal lung and adult skin fibroblasts
into functional cholinergic neurons revealed important roles for cell-of-origin identity in the
design of reprogramming strategies (Liu et al. 2013). NEUROG2 and the small molecules
forskolin (F) and dorsomorphin (D) are sufficient to catalyze the rapid transdifferentiation of
fetal lung fibroblasts into neurons with greater than 90% efficiency (Liu et al. 2013). The
addition of SOXI11 and FGF2 to this cocktail was required to promote the efficient
reprogramming of adult skin fibroblasts (Liu et al. 2013).

NEUROG?2 and FD (NFD)-induced neurons express the mature neuronal proteins TUBB3,
MAP2, MAPT, RBFOX3, and SYTI, as well as, the cholinergic markers CHAT, ISL1, and
SLCI8A3 (Liu et al. 2013). These neurons fire action potentials, exhibit tetrodotoxin-sensitive
inward sodium current, respond to excitatory and inhibitory neurotransmitters, and exhibit
spontaneous synaptic currents in vitro (Liu et al. 2013). Further, NFD-induced neurons form
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functional neuromuscular junctions when co-cultured with C2C12 myotubes (Liu et al. 2013).
The overexpression of ISL1 and LHX3 significantly improves this motor neuron identity in
neurons derived from adult fibroblasts (Liu et al. 2016).

The reduced complexity of this single transcription factor transdifferentiation model enabled
us to define the critical immediate-early molecular events that catalyze this change in cellular

identity using high-through sequencing approaches.

1.4.2. Research Objective and Specific Aims

The objective of this research is to define the essential immediate-early molecular events that
catalyze fibroblast-to-neuron transdifferentiation. Three specific aims comprise this objective.

Aim 1: The focus of this aim is to characterize NEUROG2 pioneer activity, define
NEUROG2 chromatin occupancy genome-wide, and quantify the transcriptional changes
induced by NEUROG?2 overexpression in fibroblasts.

Aim 2: The focus of this aim is the identification of signal transduction pathways activated
by FD and changes in transcription induced by these small molecules that improve
reprogramming efficiency or neuron survival.

Aim 3: The focus of this aim is the identification of synergistic transcription and epigenetic
modifications induced by NFD. This includes FD-induced modifications to NEUROG2 and
heterodimeric partners that modulate DNA binding activity, the induction of co-factors that
associate with NEUROG?2 transcription complexes, FD-driven transcription factor activity or
silencing, genome-wide changes in histone acetylation or methylation, and FD-driven changes in

DNA accessibility that promote pro-neural transcription.
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Figure 1: Physiological and Engineered Cell Identity

Physiological differentiation proceeds from pluripotency to multipotency to defined cell identity.
Engineered cell identity is achieved through de-differentiation to a pluripotent or multipotent
intermediate (blue arrows) or direct transdifferentiation (red arrows).
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Table 1: Transdifferentiation of Subtype-Specific Human Neurons

Cell of Origin Neuron Subtype Reprogramming Factors Reference
Cortical Astrocyte | Undefined NEUROD4 Masserdotti et al. 2015
. ASCL1, MYTI1L, NEURODI,
Fibroblast Undefined POU3F2 Pang et al. 2011
Fibroblast Undefined miR-124, MYTI1L, POU3F2 Ambasudhan et al. 2011
. ASCL1, miR-124, miR-9/9*,
Fibroblast Undefined MYTIL, NEUROD2 Yoo etal. 2011
Fibroblast Undefined 7 Small Molecules Hu et al. 2015
. ) . Dorsomorphin, FGF2, .
Fibroblast, Adult Cholinergic Forskolin, NEUROG2, SOX11 Liu et al. 2013
. . . Dorsomorphin, Forskolin, .
Fibroblast, Fetal Cholinergic NEUROG? Liu et al. 2013
Fibroblast Dopaminergic ASCL1, LMX1A, NR4A2 Caiazzo et al. 2011
. . . ASCL1, LMX1A, miR-124, .
Fibroblast Dopaminergic NR4A2, TP53-shRNA Jiang et al. 2015
. . : ASCL1, NEUROG2, NR4A2, .
Fibroblast Dopaminergic PITX3, SOX2 Liuetal. 2012
. . . ASCL1, FOXA2, LMXIA,
Fibroblast Dopaminergic MYTIL, POU3E2 Pfisterer et al. 2011
. . ASCL1, DLXS, FOXGI,
Fibroblast GABAergic LHX6, SOX2 Colasante et al. 2015
Fibroblast GABAergic Striatal | BCL11B, DLX1, DLX2, Victor ef al. 2014

Medium Spiny

miR9/9*, miR-124, MYTIL

Cortical Astrocyte | Glutamatergic NEUROD1 Guo et al. 2014

Cortical Astrocyte | Glutamatergic 9 Small Molecules Zhang et al. 2015
Dorsomorphin, Forskolin,

Fibroblast Motor FGF2, NEUROG2, SOX11, Liu et al. 2016
ISL1, LHX3
ASCL1, ISL1, LHX3, MNX1,

Fibroblast Motor MYTIL, NEURODI, Son et al. 2011

NEUROG?2, POU3F2
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CHAPTER 2

EXPERIMENTAL METHODS

2.1. Cell Culture, Lentivirus Production, and Neuron Induction
2.1.1. Cell Culture

293T/17 and human fibroblast cell lines (Appendix 2) were cultured in Dulbecco’s modified
eagle medium (DMEM, GE Healthcare, SH30243.01) supplemented with 10% (v/v) (293T/17)
or 15% (v/v) (fibroblast cell lines) fetal bovine serum (Corning, 35-010-CV) and 1% (v/v)
penicillin-streptomycin (GE Healthcare, SV30010). Cells were maintained at 37°C in a

humidified incubator with 5% CO,.

2.1.2. Lentivirus Production

293T/17 cells were seeded at a density of 3x10° cells in a 10 cm polystyrene dish 16 hours
prior to transient transfection. 293T/17 cultures were treated with fresh medium 45 minutes prior
to transfection. Polyethylenimine (Polysciences, 23966) was used to transfect cells with
third-generation lentiviral packaging, envelope, transfer, and expression vectors (Appendix 3).
Cultures were treated with fresh medium 16 hours post transfection and replication-deficient
lentivirus was collected 24 and 48 hours following this medium change. Lentivirus-containing
medium was syringe filtered through a 0.22 pm polyvinylidene fluoride membrane (EMD

Millipore, SLGV033RS) and stored at 4°C.
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2.1.3. Neuron Induction
2.1.3.1. NEUROG?2, Forskolin, and Dorsomorphin

MRC-5 fibroblasts were seeded at a density of 0.8x10° cells in a 10 cm polystyrene dish or
2x10* cells on standard 24-well glass coverslips sequentially treated with 0.1% (w/v) gelatin
(Bio-Rad Laboratories, 170-6537) for 10 minutes at 24°C and Matrigel Basement Membrane
Matrix (BD Biosciences, 356234) diluted 200-fold in DMEM for 16 hours at 37°C. Fibroblasts
were transduced with NEUROG2-encoding lentivirus 24 hours after plating. The optimal
lentivirus titer was empirically determined as 4-fold dilution for 10 ml-capacity 10 cm dishes
and 10-fold dilution for 1 ml-capacity 24-well plates. These dilutions consistently yielded >90%
TUBB3-positive and MAP2-positive neurons. Transduced-fibroblast cultures were treated with
fresh medium 24 hours post infection. Cultures were transitioned to neuron induction medium
(DMEM, Ham’s F12 nutrient mixture (GE Healthcare, SH30026.02), neurobasal medium (Life
Technologies, 21103-049), N-2 supplement (Life Technologies, 17502-048), B-27 supplement
(Life Technologies, 17504-044), and penicillin-streptomycin at 1:1:0.5:0.02:0.01:0.025)
supplemented with 10 pM forskolin (Sigma Aldrich, F6886) and 1 uM dorsomorphin (Millipore,
171260) 48 hours post infection. Four days post infection half of the total volume of medium
was removed and replaced by one full volume of medium (for example, 500 pl removed and
1 ml added). Six days post infection half of the total volume of medium was removed and
replaced with half of the original volume of neuron induction medium supplemented with 10 uM
forskolin (for example, 750 ul removed and 500 pl added). Neuron induction medium
supplemented with 10 uM forskolin was then half changed every two days until replating (Liu et
al. 2013). Immunocytochemical staining, gene expression profiling, and electrophysiological

characterization of induced neurons was previously demonstrated (Liu et al. 2013). Neuron
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induction efficiency was calculated as the total number of cells expressing a neuron-specific
marker (TUBB3 or MAP2) with characteristic neuron morphology (rounded soma and neurites at

least five times the soma length) relative to the total number of viable GFP-expressing cells.

2.1.3.2. Forskolin Replacement Screen

MRC-5 fibroblasts were cultured, transduced with NEUROGZ2-encoding lentivirus, and
treated with neuron induction medium along the above-described time course. Neuron induction
medium was supplemented with 1 uM dorsomorphin and either 10 uM forskolin, 10 uM cyclic
AMP (cAMP, Sigma Aldrich, A6885) or 10 uM dibutyryl cAMP (Sigma Aldrich, D-0627).
TUBB3 immunocytochemical staining was performed in triplicate 12 days post infection and

reprogramming efficiency quantified using 10 random fields from each replicate.

2.1.3.3. NEUROG?2, Constitutively Active PRKACA, and Dorsomorphin

A constitutively active form of the human protein kinase A catalytic subunit (caPRKACA)
was generated by site-directed mutagenesis of the wild-type catalytic subunit (Addgene, 23495)
to introduce H88Q and W197R amino acid substitutions (Orellana et al. 1992) (Appendix 3).
MRC-5 fibroblasts were cultured, transduced with a NEUROGZ2+caPRKACA-encoding
lentivirus, and treated with neuron induction medium supplemented with 1 pM dorsomorphin
along the above-described time course. Immunocytochemical staining for TUBB3 and MAP2

was performed to quantify reprogramming efficiency.

2.1.3.4. NEUROG?2 Phosphomutant Screen
A multi-species alignment of the NEUROG2 gene identified nine potential GSK3- or
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PRKACA-targeted phosphorylation sites. Phosphomimetic and phospho-deficient NEUROG?2
constructs were generated for these sites by consecutive rounds of site-directed mutagenesis of
wild-type NEUROG?2 to introduce phosphomimetic (S24D, S91D, S193D, S207D, S209D,
S219D, S232D, S239D, S242D) and phospho-deficient (S24A, S91A, S193A, S207A, S209A,
S219A, S232A, S239A, S242A) mutations (Appendix 3). MRC-5 fibroblasts were cultured,
transduced with phosphomutant NEUROGZ2-encoding lentivirus, and treated with neuron
induction medium or neuron induction medium supplemented with 10 uM forskolin and 1 uM
dorsomorphin along the above-described time course. Immunocytochemical staining for TUBB3

and MAP2 was performed to quantify reprogramming efficiency.

2.1.3.5. NEUROG?2 Deletion Construct

A NEUROG?2 deletion construct (NVEUROG?2 coding sequence positions 328 to 651 or
NEUROG?2 residue positions 110 to 217) was cloned into pCSC-SP-PW-IRES/GFP using Agel
and Pstl restriction sites. MRC-5 fibroblasts were cultured, transduced with NEUROG?2 deletion
construct-encoding lentivirus (10-fold dilution for 1 ml-capacity 24-well plates), and treated with
neuron induction medium with or without 10 uM forskolin and 1 pM dorsomorphin along the
above-described time course. MAP2 immunocytochemical staining was performed in triplicate
14 days post infection and reprogramming efficiency quantified using three random fields from

each replicate.

2.1.3.6. Adult Fibroblast Transdifferentiation: NEUROG2 and SOX4
Adult fibroblast lines (AG05811, AG09969, ND29563, and ND39027) were plated at a

density of 0.3x10° cells in a 6 cm polystyrene dish or 1x10” cells in a 48-well plate treated with
y
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500 ul DMEM containing 100-fold diluted Matrigel Basement Membrane Matrix for 16 hours at
37°C. Fibroblasts were transduced with NEUROG2- or NEUROG2+SOX4-encoding lentivirus
24 hours after plating. The optimal lentivirus titer was empirically determined for each cell line.
Transduced-fibroblast cultures were treated with fresh medium 24 hours post infection. Cultures
were transitioned to neuron induction medium supplemented with 10 uM forskolin, 1 uM
dorsomorphin, and 20 ng/ml FGF2 48 hours post infection. Four days post infection half of the
total volume of medium was removed and replaced by one full volume of medium (for example,
250 pul removed and 500 pl added). Six days post infection half of the total volume of medium
was removed and replaced with half of the original volume of neuron induction medium
containing supplements (for example, 375 pl removed and 250 pl added). Neuron induction
medium with supplements was then half changed every two days until analysis of neuron
induction efficiency. Efficiency was calculated as the total number of GFP- and TUBB3-
expressing cells with rounded morphology and at least one neurite relative to the total number of
viable GFP-expressing cells. Alternatively, neurons were replated 14 days post infection.
Replated neurons were washed twice with 2 ml phosphate-buffered saline (PBS, GE Healthcare,
SH30028.02), incubated in 1 ml of 10-fold diluted trypsin (GE Healthcare, SH30042.01) for
10 minutes at 37°C, and suspended in 6 ml 15% (v/v) fetal bovine serum-containing medium.
Cells were transferred to a 10 cm polystyrene dish pre-treated with 6 ml of 0.1% gelatin for
10 minutes at room temperature and incubated for 30 minutes at 37°C. Medium was collected
without disturbing adherent fibroblasts and neurons were collected by centrifugation (500 x g,
3 minutes, 23°C). Neurons were suspended in 100 pl neuron maturation medium (DMEM,
Ham’s F12 nutrient mixture, neurobasal medium, N-2 supplement, B-27 supplement, and
penicillin-streptomycin at 1 : 1:0.5:0.02:0.01 : 0.025) supplemented with 5 uM forskolin, 20
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ng/ml BDNF (PeproTech, 450-02), 20 ng/ml GDNF (PeproTech, 450-10), and 20 ng/ml NT-3
(PeproTech, 450-03). Neuron suspensions were plated in 1 ml neuron maturation medium on
standard 24-well glass coverslips treated with 500 pl coating solution (5 pg fibronectin
(ThermoFisher Scientific, CB-40008A), 5 pug laminin (ThermoFisher Scientific, CB-40232), and
Matrigel Basement Membrane Matrix diluted 500-fold in DMEM for 48 hours at 37°C then
washed once with PBS before plating). Medium was half changed every 48 hours for the

remainder of neuron culture.

2.1.3.7. Adult Fibroblast Transdifferentiation: NEUROG2 and SWI/SNF Factors

AGO05811 adult skin fibroblasts were plated at a density of 1x10* cells in a 48-well plate
treated with 100 pl DMEM containing 500-fold diluted Matrigel Basement Membrane Matrix,
1 pg fibronectin, and 1 pg laminin for 48 hours at 37°C. Fibroblasts were transduced with
NEUROG2- and SMARCA4- or NEUROG2-, SMARCA4- SMARCBI-, and SMARCC2-encoding
lentiviruses 24 hours after plating. Transduced-fibroblast cultures were treated with fresh
medium 24 hours post infection then transitioned to neuron induction medium supplemented
with 10 uM forskolin, 1 uM dorsomorphin, and 20 ng/ml FGF2 48 hours post infection.
Reprogramming was performed in both the presence and absence of 20 ng/ml BDNF, 20 ng/ml
GDNF, and 20 ng/ml NT-3. Neuron induction medium was changed along the above-described

time course until TUBB3 immunocytochemical staining 10 days post infection.

2.1.3.8. Adult Fibroblast Transdifferentiation: NEUROG?2 and Chemicals
AGO05811 adult fibroblasts were plated at a density of 1x10" cells in a 48-well plate treated
with 100 ul DMEM containing 500-fold diluted Matrigel Basement Membrane Matrix, 1 pg
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fibronectin, and 1 pg laminin for 48 hours at 37°C. Fibroblasts were transduced with 25 pl
NEUROG2-encoding lentivirus 24 hours after plating. Fibroblast cultures were treated with fresh
medium 24 hours post infection then transitioned to neuron induction medium supplemented
with 10 pM forskolin, 1 uM dorsomorphin, 20 ng/ml FGF2, and one or a combination of the
following small molecules: 15 pM 5-azacitidine (Selleck Chemicals, L1700), 32 uM decitabine
(Selleck Chemicals, L1700), 0.5 uM DZNep (Selleck Chemicals, L1700), 1 uM EPZ5676
(Selleck Chemicals, L1700), 1 uM FK228 (Selleck Chemicals, L.1700), 2 uM (EMD Millipore,
500580), 0.5 uM I-BET151 (Selleck Chemicals, L1700), 0.5 uM I-BET762 (Selleck Chemicals,
L1700), 0.5 pM JQI1 (Selleck Chemicals, L1700), 1 puM liproxstatin-1 (Sigma Aldrich,
SML1414), 25 uM RepSox (Selleck Chemicals, L1700), 50 uM RG108 (Selleck Chemicals,
L1700), 2.5 uM SAHA (Selleck Chemicals, L1700), 2.5 uM SGI1027 (Selleck Chemicals,
L1700), 10 uM UNC669 (Selleck Chemicals, L1700), 1 mM valproic acid (Sigma Aldrich,
P4543) or 10 uM zebularine (Selleck Chemicals, L1700) 48 hours post infection. Small
molecule-enhanced reprogramming was performed in both the presence and absence of 20 ng/ml
BDNF, 20 ng/ml GDNF, and 20 ng/ml NT-3. Neuron induction medium was changed along the
above-described time course until immunocytochemical staining 10 days post infection. The
optimization of FK228 treatment was performed using 1 uM, 0.5 uM, 0.1 uM, and 0.01 pM

concentrations for 7 hour and 24 hour exposure periods with and without 1 pM kenpaullone.

2.2. Chromatin Immunoprecipitation and Next Generation Sequencing
2.2.1 Assay for Transposase-Accessible Chromatin Using Sequencing

MRC-5 fibroblasts were cultured, transduced with GFP-encoding, NEUROG2-encoding or
NEUROG2+S0OX4-shRNA-encoding lentivirus, and treated with DMEM containing 15% fetal
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bovine serum, neuron induction medium or neuron induction medium supplemented with 10 pM
forskolin and 1 pM dorsomorphin for 4 days, respectively. Approximately 5x10° cells were
treated with Accutase cell detachment solution (Innovative Cell Technologies) for 3 minutes and
collected in ice-cold PBS by centrifugation (525 x g, 5 minutes, 4°C). Cells were resuspended by
repeated gentle pipetting in 2 ml ice-cold resuspension buffer (PBS containing 25 mM HEPES
(pH 7.0) and 5 mM EDTA). GFP-expressing viable cells were isolated using fluorescence-based
sorting on a MoFlo platform (Beckman Coulter). Exactly 50,000 cells were sorted into lysis
buffer (10 mM Tris (pH 7.5), 10 mM NaCl, 3 mM MgCl,, and 0.1% (v/v) IGEPAL CA-630) at
4°C then collected by centrifugation (21,130 x g, 2 minutes, 4°C). The pellet was resuspended in
50 pl transposition mix (25 pl 2X TD buffer, 22.5 ul nuclease-free H,O, and 2.5 pl Nextera Tn5
transposase (Illumina, FC-121-1030)) and incubated exactly 30 minutes at 37°C with gentle
agitation (400 rpm). Chromatin was purified with a MinElute PCR purification kit (Qiagen,
28004) and twice eluted in 10 pl elution buffer. Amplification reactions of 20 pl eluted
chromatin, 2.5 pl universal ATAC primer (25 uM, Appendix 4), 2.5 ul barcoded ATAC primer
(25 uM, Appendix 4), and 25 pl NEBNext High-Fidelity 2X PCR Master Mix (New England
Biolabs, M0541S) were amplified for 1 cycle (5 minutes, 72°C) followed by 5 cycles
(10 seconds, 98°C; 30 seconds, 63°C; 1 minute, 72°C). To determine the number of additional
amplification cycles required, quantitative real-time PCR using 5 pul ATAC library reaction,
2.5 ul NEBNext High-Fidelity 2X PCR Master Mix, 0.125 pl universal ATAC primer (25 pM),
0.125 pl barcoded ATAC primer (25 pM), and 2 pl 5X SYBR Green I (ThermoFisher Scientific,
S7563) was performed for 1 cycle (30 seconds, 98°C) followed by 20 cycles (10 seconds, 98°C;
30 seconds, 63°C; 1 minute, 72°C). The appropriate number of additional amplification cycles

was determined for each library (11 total cycles) and amplified libraries were purified with a
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MinElute PCR purification kit then eluted in 20 pl elution buffer. Right side size selection with
0.4X Agencourt AMPure XP beads (Beckman Coulter, A63881) was used to reduce fragments
larger than 1,000 nucleotides and left side size selection with 1X Agencourt AMPure XP beads
was used to eliminate fragments smaller than 150 nucleotides. Fragment length and size selection
were evaluated after library amplification using a high-sensitivity DNA analysis kit (Agilent
Technologies, 5067-4626). Library quantification prior to flow cell loading was performed using
bioanalyzer traces and a Quant-iT PicoGreen dsDNA assay kit (ThermoFisher Scientific,

P11496).

2.2.2. Crosslinking Chromatin Immunoprecipitation

MRC-5 fibroblasts were cultured, transduced with lentivirus (HA-NEUROG2-encoding or
NEUROG2+HA-SOX4-encoding), and treated with neuron induction medium or neuron
induction medium supplemented with 10 uM forskolin and 1 uM dorsomorphin along the above-
described time course. AGO05811 fibroblasts were cultured, transduced with
NEUROG2+HA-SOX4-encoding lentivirus, and treated with neuron induction medium
supplemented with 10 pM forskolin, 1 uM dorsomorphin, and 20 ng/ml FGF2 along the above-
described time course. Approximately 1x107 cells were treated with 16% (w/v) methanol-free
formaldehyde (Thermo Scientific, 28908) at a final concentration of 1% (v/v) for 8 minutes at
room temperature with gentle rotation following 0.5, 1, 2 or 4 days in neuron induction medium.
Crosslinking was quenched with 1.375 M glycine at a final concentration of 0.125 M for
5 minutes at room temperature with gentle rotation. Cells were immediately placed on ice,
washed twice with 10 ml ice-cold PBS, scraped from the dish surface, and collected by
centrifugation (525 x g, 5 minutes, 4°C). Pelleted cells were resuspended in 5 ml lysis buffer
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(100 mM HEPES (pH 8.0), 85 mM KCI, 1% (v/v) IGEPAL CA-630, and 1% (v/v) cOmplete
EDTA-free Protease Inhibitor Cocktail (Roche, 11873580001)) and incubated on ice for
20 minutes. Cells were Dounce homogenized (15 repetitions) on ice and nuclei collected by
centrifugation (525 x g, 5 minutes, 4°C). Pelleted nuclei were resuspended in 260 ul briefly
chilled shearing buffer (50 mM HEPES (pH 8.0), 10 mM EDTA (pH 8.0), 1% (w/v) SDS, and
1% (v/v) cOmplete EDTA-free Protease Inhibitor Cocktail) and transferred to a TPX microtube
(Diagenode, C-30010010-50) on ice. Chromatin was sheared for 45 minutes (sonication for
30 seconds followed by a 30 second pause for 45 cycles, power setting: high) using a Bioruptor
(Diagenode, B01010002) equipped with a 4°C refrigerated water bath. Sheared chromatin was
purified by centrifugation (21,130 x g, 10 minutes, 4°C) to remove precipitated detergent and
insoluble debris. Chromatin concentration was measured using a microvolume
spectrophotometer (DeNovix, DS-11+) and 150 pg (MRC-5) or 200 pg (AG05811) was 5-fold
diluted in ice-cold immunoprecipitation buffer (50 mM HEPES (pH 8.0), 20 mM NaCl, 1 mM
EDTA (pH 8.0), 0.1% (v/v) Triton X-100, and 1% (v/v) cOmplete EDTA-free Protease Inhibitor
Cocktail). CREBI1-bound DNA fragments were immunoprecipitated with 5 pg rabbit
anti-phospho-CREB1  monoclonal antibody (Cell Signaling Technology, 9198S),
HA-NEUROG2-bound and HA-SOX4-bound DNA fragments were immunoprecipitated with
5 pg rabbit anti-HA polyclonal antibody (Abcam, AB9110), NEUROD1-bound DNA fragments
were immunoprecipitated with 5 pg rabbit anti-NEUROD1 monoclonal antibody (Abcam,
AB109224), and NEUROD4-bound DNA fragments were immunoprecipitated with 5 pg rabbit
anti-NEUROD4 polyclonal antibody (Abcam, AB90484) for 18 hours at 4°C with gentle
nutation (Labnet, S0500). One aliquot of 10 pg sheared chromatin was stored at -20°C as input.
Another aliquot of 10 pg sheared chromatin was sequentially treated with 10 pg RNase A
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(Roche, 10109142001) for 1 hour at 37°C, 40 ng Proteinase K (ThermoFisher Scientific,
BP1700-50) for 2 hours at 55°C, and 2 pl 5 M NaCl for 16 hours at 67°C. This sample was
loaded to a 1% (w/v) agarose gel, electrophoresed at 100 volts for approximately 2 hours, and
stained with ethidium bromide to confirm fragmentation within a range of 100-500 nucleotides.
The following day, 100 pul Magnetic Protein G Dynabeads (Life Technologies, 10003D) were
washed three times with 1 ml ice-cold PBS containing 0.2% (v/v) Tween 20 then transferred to a
1.5 ml microtube on a MagneSphere separation stand (Promega, Z5332) at 4°C. The wash
solution was removed and the beads were resuspended in immunoprecipitation samples for
2 hours at 4°C with gentle nutation. The bead complexes were magnetically isolated, twice
washed by resuspension in ice-cold immunoprecipitation buffer for 2 minutes, twice washed by
resuspension in ice-cold wash buffer (100 mM Tris-HCI (pH 9.0), 500 mM LiCl, 1% (v/v)
IGEPAL CA-630, 1% (w/v) deoxycholic acid, and 1% (v/v) cOmplete EDTA-free Protease
Inhibitor Cocktail) for 1 minute, and finally resuspended in ice-cold high-salt wash buffer (wash
buffer containing 150 mM NaCl) for transfer to a 1.5 ml microtube on ice followed by bead
collection. Chromatin was eluted from collected beads by addition of 100 pl elution buffer (1%
(w/v) SDS and 50 mM NaHCOs) for 30 minutes at 27°C with vigorous agitation (1,400 rpm,
Eppendorf Thermomixer). Beads were magnetically collected and eluted chromatin was
transferred to a sterile 1.5 ml microtube. Input chromatin was thawed on ice and treated with
85 ul elution buffer for 30 minutes at 27°C. Input and immunoprecipitated chromatin were
sequentially treated with 10 pg RNase A for 1 hour at 37°C, 80 pg Proteinase K for 2 hours at
55°C, and 15 pul 5 M NaCl for 18 hours at 67°C. Chromatin was purified with a QIAquick PCR
purification kit (Qiagen, 28104). Each sample was mixed with 1.4 ml PB binding buffer, isolated
on a QIAquick column matrix by centrifugation (15,800 x g, 1 minute), twice washed with
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750 pl PE wash buffer, and eluted with 50 pl elution buffer into 1.5 ml DNA LoBind microtubes
(Eppendorf, 022431021). Enrichment of CREB1-, NEURODI1-, NEUROD4-, NEUROG?2-, and
SOX4-targeted chromatin sites was evaluated by quantitative real-time PCR. Chromatin

concentration was determined using a Qubit fluorometer and Qubit dsDNA HS assay kit (Life

Technologies, Q32850).

2.2.3. Crosslinking Chromatin Co-Immunoprecipitation

MRC-5 fibroblasts were cultured, transduced with NEUROGZ2-encoding lentivirus, and
treated with neuron induction medium supplemented with 10 uM forskolin and 1 uM
dorsomorphin along the above-described time course. Chromatin was isolated from
approximately 1x107 cells, sheared into 100-500 nucleotide fragments, immunoprecipitated with
appropriate antibodies (Appendix 1), captured, washed, and eluted as described for crosslinking
chromatin immunoprecipitation experiments. Input (25 pg) and immunoprecipitation (20% of
eluted volume) samples were treated with Laemmli denaturing buffer, electrophoresed on 4-15%
Mini-PROTEAN TGX precast gels, transferred to Immobilon-P polyvinylidene difluoride
membrane (EMD Millipore, IPVH00010), incubated with appropriate antibodies (Appendix 1),
and treated with enhanced chemiluminescence horseradish peroxidase substrate for detection

(Life Technologies, 32106).

2.2.4. Flow Cytometry and Low-Cell Native Chromatin Immunoprecipitation

MRC-5 fibroblasts were cultured, transduced with NEUROG2-encoding lentivirus, and
treated with neuron induction medium or neuron induction medium supplemented with 10 uM
forskolin and 1 pM dorsomorphin for 2 days. Approximately 1x10” cells were treated with
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Accutase cell detachment solution (Innovative Cell Technologies) for 3 minutes and collected in
ice-cold PBS by centrifugation (525 % g, 5 minutes, 4°C). Cells were resuspended by repeated
gentle pipetting in 4 ml ice-cold resuspension buffer (PBS containing 25 mM HEPES (pH 7.0)
and 5 mM EDTA). GFP-expressing viable cells were isolated using fluorescence-based sorting
on a MoFlo platform (Beckman Coulter). Approximately 500,000 cells were collected by
centrifugation (525 x g, 5 minutes, 4°C) then washed with 1 ml ice-cold PBS for chromatin
digestion (Gilfillan et al. 2012). Cells were resuspended in 95 pl Micrococcal Nuclease digestion
buffer (New England Biolabs, B0247S) supplemented with 0.01 png BSA (New England Biolabs,
B9001S), 0.2% (v/v) Triton X-100, and 1% (v/v) cOmplete EDTA-free Protease Inhibitor
Cocktail. Resuspended cells were treated with 100 gel units Micrococcal Nuclease (New
England Biolabs, M0247S) at 37°C for 5 minutes. Cells were immediately transferred to ice,
treated with 10 pl ice-cold quench buffer (100 mM HEPES (pH 8.0) and 55 mM EDTA), and
sonicated in a 1.5 ml TPX microtube for 60 seconds (power setting: high) using a Bioruptor
equipped with a 4°C refrigerated water bath. Chromatin was diluted with 110 pl ice-cold
immunoprecipitation buffer (50 mM HEPES (pH 8.0), 40 mM NaCl, 5 mM EDTA (pH 8.0),
0.2% (v/v) Triton X-100, 0.2% (w/v) SDS, and 1% (v/v) cOmplete EDTA-free Protease Inhibitor
Cocktail), cell debris removed by centrifugation (21,130 x g, 10 minutes, 4°C), and 100 pl of
supernatant transferred into two 0.2 ml microtubes (VWR, 732-0547). Chromatin was incubated
with 1 pg rabbit polyclonal histone H3 acetyl K27 (Abcam, ab4729) or mouse monoclonal
histone H3 tri-methyl K27 (Abcam, ab6002) antibody for 18 hours at 4°C with gentle nutation.
The remaining 20 pl of supernatant was stored at -20°C as input. The following day, 20 pl
Magnetic Protein G Dynabeads were washed three times with 200 pl ice-cold PBS containing

0.2% (v/v) Tween 20 on a MagneSphere separation stand at 4°C. The wash solution was
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removed and the beads were resuspended in 10 pl immunoprecipitation buffer then added to
immunopreciptation samples for 2 hours at 4°C with gentle nutation. The bead complexes were
magnetically isolated, twice washed by resuspension in 150 pl ice-cold immunoprecipitation
buffer for 2 minutes, twice washed by resuspension in 150 pl ice-cold wash buffer (100 mM
Tris-HCI (pH 9.0), 500 mM LiCl, 1% (v/v) IGEPAL CA-630, 1% (w/v) deoxycholic acid, and
1% (v/v) cOmplete EDTA-free Protease Inhibitor Cocktail) for 1 minute, and finally
resuspended in 150 pl ice-cold high-salt wash buffer (wash buffer containing 150 mM NaCl) for
transfer to a 1.5 ml microtube on ice followed by bead collection. Chromatin was eluted from
collected beads in 50 pl elution buffer (1% (w/v) SDS and 50 mM NaHCOs) by two sequential
additions of 25 pl elution buffer for 30 minutes at 27°C with vigorous agitation (1,400 rpm).
Beads were magnetically collected and eluted chromatin was transferred to a sterile 1.5 ml
microtube. Input chromatin was thawed on ice and treated with 50 pl elution buffer for
30 minutes at 27°C. Input and immunoprecipitated chromatin were sequentially treated with
10 ug RNase A for 15 minutes at 37°C and 80 pg Proteinase K for 3 hours at 55°C. Chromatin
was purified with a QIAquick PCR purification kit and concentration was determined using a

Qubit fluorometer and Qubit dsDNA HS assay kit as described above.

2.2.5. Massively Parallel DNA Sequencing

ChIP-seq libraries were synthesized from 20 ng purified input chromatin and 3.5-10 ng
purified immunoprecipitated chromatin using a NEBNext ChIP-Seq Library Prep Master Mix
Set for Illumina (New England Biolabs, E6240S) with NEBNext Multiplex Oligos for Illumina
(New England Biolabs, E7335S). Replicate libraries for each experimental condition and time

point were prepared from independent immunoprecipitations. Condition-dependent replicates
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were not performed for ATAC-seq libraries. Single-end 50-base length sequencing reads were
generated on an Illumina HiSeq 2500 System. Reads were aligned to the human reference
sequence GRCh37/hg19 with the Bowtie algorithm (version 1.0.0) (Langmead et al. 2009). Peak
calling, peak-gene annotation, motif discovery (parameter: 200 nucleotide window from peak
center), and generation of heatmap matrices were performed using HOMER (version 4.7)
(Heinz et al. 2010). Heatmaps were generated by hierarchical clustering using Cluster (version
3.0) (Eisen et al. 1998) and Java TreeView (version 1.1.6) (Saldanha, 2004). Gene ontology
classification was performed using HOMER and Genomic Regions Enrichment of Annotations
Tool (version 2.0.2) (McLean et al. 2010). The UCSC Genome Browser was used to visualize
tag densities and multi-experiment datasets (Kent et al. 2002). Sequences under peaks annotated
to the 100 greatest upregulated and downregulated genes were extracted from the UCSC
Genome Browser for enhancer box motif compositional analysis (NEUROG2 peak height >4 in
the NFD condition, genomic sequence was defined between two points where the peak height
equals 2 units, peak assignment required a maximum distance of 100 kilobases from the
annotated gene and a minimum of 15 kilobases from any neighboring gene with exception for
peaks within 10 kilobases of the annotated gene). Super-enhancer analysis was performed with
HOMER using a 12.5 kilobase stitching window and NEUROG2 ChIP-seq and ATAC-seq
normalized tag count cutoffs of 10.1 (Whyte et al. 2013). Positional analysis of histone 3 lysine

27 acetylation and tri-methylation reads was performed with NGSplot (Shen et al. 2014).

2.2.6. Quantitative Real-Time PCR
Enrichment of transcription factor-targeted chromatin sites was validated for

immunoprecipitation experiments on a 7900HT Fast Real-Time PCR System (Applied
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Biosystems, 4329002) using FastStart Universal SYBR Green Master Mix (ROX) (Roche,
04913922001) and primers specific to target genes containing enhancer box, high mobility group
box or cAMP response element motifs, as well as, controls for non-targeted chromatin and
chromatin shearing efficiency (Appendix 4). DNA amplification was performed for 2 minutes at
50°C, 10 minutes at 95°C, 40 cycles of 14 seconds at 95°C, and 60 seconds at 58°C.

Amplification specificity was confirmed using a heat dissociation protocol during the final cycle.

2.3. Electrophoretic Mobility Shift Assay

PRKACA, NEUROG?2, and N-terminal HA-tagged TCF3 (E12 isoform, Harvard Medical
School Plasmid Repository), TCF3 (E47 isoform, Addgene, 16059), TCF4 (Harvard Medical
School Plasmid Repository), and TCF12 (Harvard Medical School Plasmid Repository) were
cloned into bacterial expression vectors. An in-frame GFP-flexible-linker-NEUROG?2 fusion
protein was generated in a bacterial expression vector using a 22 amino acid linker peptide
(Neuhold et al. 1993). Recombinant protein was generated using a TNT T7 Quick Coupled
Transcription/Translation System (Promega, L1170). Single stranded oligos corresponding to
DLL3 (chr19:39,988,668-39,988,693) or DLL3 with destroyed enhancer box (AAGCAA) were
end-labeled using Titanium Taq DNA polymerase (Takara, 639242) with *°P-dCTP
(PerkinElmer, BLU513A250UC) and annealed for 5 minutes at 95°C then 68°C for 15 minutes.
Double stranded oligos were purified using a 1 ml hand-packed column containing Sephadex
G-25 resin (Sigma Aldrich, S5772) pre-soaked in TE buffer (10 mM Tris (pH 8.0) and 1 mM
EDTA) for 24 hours at 4°C. Labeling efficiency was determined using a scintillation counter
(Beckman). Recombinant proteins were incubated with 12,500 units PRKACA (New England
Biolabs, P6000S) supplemented with protein kinases buffer (New England Biolabs, B6022S) and
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200 uM adenosine 5’-triphosphate magnesium salt (Sigma Aldrich, A9187) for 45 minutes at
30°C. Binding reactions containing recombinant protein (1, 2 or 3 pl TCF3 isoform E47 and
GFP-NEUROG?2 or NEUROG?2), 2 ul reaction buffer (100 mM Tris (pH 7.5), 500 mM NaCl,
10 mM DTT, 10 mM EDTA, 50% glycerol), 0.1 nM **P-labeled double stranded oligo, and 2 pg
Poly(dI-dC) (Sigma Aldrich, P4929) were mixed, incubated at 30°C for 60 minutes, and
electrophoresed on a 1.5-hour pre-run 5% native polyacrylamide gel at 4°C for 2 hours at 200
volts. Each polyacrylamide gel was transferred to 3 mm chromatography paper (GE Healthcare,
3030-6461) and vacuum dried for 1.5 hours at 80°C. Protein-DNA interactions were visualized
following 30 minute to 12 hour phosphorscreen exposure using a STORM 820 phosphorimager

(GE Healthcare).

2.4. Luciferase Assay

An analysis of NEUROG?2 transcriptional repression was performed using chromatin
immunoprecipitation sequencing-identified genomic sequences annotated to significantly
downregulated genes (CD44, chrl11:35,166,898-35,167,156; EMPI, chrl12:13,428,228-
13,428,875; GDF5, chr20:34,029,331-34,029,429; TEK, chr20:34,029,331-34,029,429). These
sequences were cloned into CS-CDF-CG-PRE engineered to replace the CMV promoter with a
minimal promoter sequence derived from pGL4.23[luc2/minP]. MRC-5 fibroblasts were seeded
at a density of 2x10* cells in a 24-well plate and infected with 150 pl reporter sequence-encoding
lentivirus combined with NEUROG?2-encoding lentivirus or GFP-encoding lentivirus.
Transfected-fibroblast cultures were treated with neuronal induction medium 24 hours post

transfection. Transfected cells were lysed in 50 pl Tropix Lysis solution 48 hours post
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transfection and 10 pl lysate assayed using a Dual-Light Luciferase Gene Assay System

(ThermoFisher Scientific, T1004) on a FLUOStar Optima platform (BMG LABTECH).

2.5. Mass Spectrometry

MRC-5 fibroblasts were cultured, transduced with NEUROGZ2-encoding lentivirus, and
treated with neuron induction medium or neuron induction medium supplemented with 10 uM
forskolin and 1 pM dorsomorphin along the above-described time course. Approximately
1.25x10 cells were placed on ice, washed twice with 10 ml ice-cold PBS, scraped from the dish
surface into ice-cold PBS, and collected by centrifugation (525 % g, 5 minutes, 4°C). Cells were
suspended in 500 pl ice-cold lysis buffer (100 mM Tris (pH 7.5), 100 mM KCI, 5 mM MgCl,,
0.2% (v/v) Triton X-100, 0.1% (v/v) Tween 20, and 1% (v/v) cOmplete EDTA-free Protease
Inhibitor Cocktail) and homogenized for 10 repetitions using a 25 G x 5/8 inch sterile
PrecisionGlide needle (BD Biosciences, 305122). Cell lysate was treated with 1,000 units of
Pierce Universal Nuclease (ThermoFisher Scientific, 88701) and incubated on ice for 30 minutes
with 3-second bursts of vortexing every 10 minutes. Cell debris was removed by centrifugation
(21,130 x g, 10 minutes, 4°C). In parallel, 100 pl Pierce Anti-HA magnetic beads (ThermoFisher
Scientific, 88836) were washed with 1 ml ice-cold lysis buffer then transferred to a 1.5 ml
microtube on a MagneSphere separation stand at 4°C. The wash solution was removed and the
beads were resuspended in 500 pl cell lysate for 16 hours at 4°C with gentle nutation. The
following day, bead complexes were magnetically isolated, washed three times by resuspension
in ice-cold lysis buffer for 2 minutes, and protein eluted with 20 pl glycine (pH 2) at 27°C and
1,000 rpm shaking for 7 minutes. Eluate was transferred to a 1.5 ml microtube, neutralized with
4 ul 1 M Tris (pH 8), mixed with 24 pl Laemmli denaturing buffer (Sigma Aldrich, S3401), and
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incubated at 100°C for 5 minutes. Protein was electrophoresed 1 cm into a 10% Mini-PROTEAN
TGX precast gel (Bio-Rad Laboratories, 456-1033) using NuPAGE MOPS SDS Running Buffer
(Life Technologies, NP0001). Protein was visualized with blue silver stain (10% (v/v)
phosphoric acid, 10% (w/v) ammonium sulfate, 0.12% (w/v) Brilliant blue G 250 (Sigma
Aldrich, 27815), and 20% (v/v) anhydrous methanol) for 12 hours at room temperature with
gentle rotation (Candiano et al. 2004). The gel was washed for 2 hours in HyPure Molecular
Biology Grade Water (GE Healthcare, SH30538.02) then gel bands were removed by sterile
excision and transferred into a 1.5 ml microfuge tube rinsed one time with 50% ethanol. Samples
were reduced and alkylated with DTT (Sigma Aldrich, 9779) and iodoacetamide (Sigma Aldrich,
16125) then digested overnight with trypsin (Promega, V5280). Protein was purified by solid-
phase extraction using an Oasis HLB plate (Waters, WATO058951) then analyzed by liquid
chromatography-mass spectrometry-mass spectrometry using an Ultimate 3000 RSLC-Nano
liquid chromatography system (Dionex) coupled to a Q Exactive mass spectrometer (Thermo
Electron). Raw data files were converted to peak-list format and analyzed using the central
proteomics facilities pipeline (version 2.0.3) (Trudgian et al. 2010, Trudgain et al. 2012). Peptide
identification was performed using the X!Tandem (Craig et al. 2004) and open mass
spectrometry search algorithm (Geer et al. 2004) engines against the Uniprot human protein
database with common contaminants and reversed decoy sequences flagged (Elias et al. 2007).
Fragment and precursor tolerances of 20 parts per million and 0.1 Daltons were specified with
three missed cleavages permitted. Label-free quantitation of proteins was performed using SINQ
normalized spectral index software (Trudgian et al. 2011). Three replicates from
NEUROG2-transduced fibroblasts and two replicates from NFD-treated fibroblasts were used for
analysis. Classification as a NEUROG?2 interactor protein required spectral counts >4 in at least
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two replicates of one condition with the ratio of normalized spectral counts indicating no
detection in the untreated fibroblast control sample. Interactors were assigned as unique if

undetected in any replicate of the opposite condition.

2.6. Microscale Thermophoresis

GFP-NEUROG?2 fusion and N-terminal HA-tagged TCF3 (E12 isoform), TCF3 (E47
isoform), TCF4, and TCF12 recombinant proteins were prepared as described above (see
electrophoretic mobility shift assay). Single stranded oligos corresponding to DLL3
(chr19:39,988,668-39,988,693) or DLL3 with mutated enhancer box (CAGATG or CATCTG)
were annealed in thermophoresis buffer (25 mM HEPES (pH 7.3), 50 mM NaCl, 2.5 mM MgCl,,
0.025% IGEPAL CA-630, and 1% (v/v) cOmplete EDTA-free Protease Inhibitor Cocktail) using
a 98°C to 4°C gradient at a cooling rate of 0.5°C per 20 seconds. GFP-NEUROG?2 was mixed at
a 1:1 (v/v) ratio with each E protein and incubated at 30°C for 30 minutes. In parallel, 1:1 (v/v)
NEUROG?2-E protein mixtures were incubated with 12,500 units PRKACA in the presence of
200 uM adenosine 5’-triphosphate magnesium salt for 30 minutes at 30°C. Recombinant protein
heterodimer mixtures were added to double stranded oligos (1:7 (v/v) dilution) in a titration
series from 208 uM to 6 nM. Binding reactions were loaded into standard treatment capillaries
(NanoTemper Technologies, MO-K002) and thermophoretic mobility quantified using a
Monolith NT.115 Platform (NanoTemper Technologies). Thermophoretic traces were collected
from three positions in each capillary using 100% light emitting diode power, 40% infrared laser
power, and standard thermophoresis program (fluorescence before: 5 seconds, laser on: 30

seconds, fluorescence after: 5 seconds, delay: 25 seconds). NTControl (version 2.2.1) and
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PALMIST (Chad Brautigam, Ph.D., The University of Texas Southwestern Medical Center)

were used to derive average binding curves and apparent K4 values.

2.7. PRKACA Phosphorylation Assay

Escherichia coli Rosetta (DE3) cells (EMD Millipore, 70954) were transformed with
GFP-NEUROG2, NEUROG2, HA-TCF3 (isoform E12), HA-TCF3 (isoform E47), HA-TCF4,
and HA-TCF12 constructs independently or co-transformed with PRKACA. Single colonies were
used to inoculate 2 ml Luria broth containing 100 pg/ml ampicillin (Fisher Scientific,
BP1760-25). Co-transfected cells were dual-selected with 25 pg/ml kanamycin (Fisher
Scientific, BP906-5). Cultures were grown 16 hours at 37°C with shaking (225 rpm) then 500 pl
was transferred to 50 ml antibiotic-containing Luria broth and grown to an optical densitysgo of
0.6. Protein overexpression was induced with 1 mM isopropyl-p-D-thiogalactopyranoside
(Fisher Scientific, BP1620-10) for 16 hours at 30°C with shaking (225 rpm). Protein-expressing
cells were collected by centrifugation (525 x g, 5 minutes, 4°C), lysed in 250 pl ice-cold lysis
buffer (50 mM Tris (pH 7.4), 150 mM NacCl, 1% (v/v) Triton X-100, 1% (w/v) deoxycholic acid,
0.1% (w/v) SDS, and 1% (v/v) cOmplete EDTA-free Protease Inhibitor Cocktail), and incubated
on ice for 30 minutes with 3 second vortex bursts every 10 minutes. Lysed cell debris was
removed by centrifugation (21,130 % g, 10 minutes, 4°C) and protein concentration quantified by
colorimetric assay (Bio-Rad Laboratories, 500-0006). Protein extracts were treated with calf
intestinal alkaline phosphatase (New England BioLabs, M0290S) for 2 hours at 37°C. Protein
extracts were treated with Laemmli denaturing buffer for 5 minutes at 100°C then
electrophoresed on an 8% denaturing polyacrylamide gel with and without 50 uM Phos-tag

reagent (NARD Institute, 300-93523) and 100 uM MnCl, in NuPAGE MOPS SDS Running
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Buffer. Each gel was rinsed two times with 10 ml transfer buffer (250 mM Tris, 2 M glycine,
20% (v/v) methanol) then consecutively incubated two times in 15 ml transfer buffer containing
10 mM EDTA for 10 minutes with gentle rotation followed by one 15 minute incubation in
transfer buffer without EDTA. Protein was transferred to Immobilon-P polyvinylidene difluoride
membrane, blocked with 5% (w/v) non-fat dry milk solution (5% (w/v) non-fat dry milk
dissolved in TBST (100 mM Tris (pH 7.4), 150 mM NaCl, and 0.1% (v/v) Tween 20) for 1 hour
at room temperature, incubated with anti-HA polyclonal antibody (Appendix 1) for 18 hours at
4°C with gentle rotation, washed five times with TBST for 5 minutes per wash, incubated with
secondary antibody for 1 hour at room temperature with gentle rotation, washed three times with
TBST for 5 minutes per wash, and treated with enhanced chemiluminescence horseradish

peroxidase substrate for detection.

2.8. Reverse Transcription and Quantitative Real-Time PCR

Total RNA was isolated from cells using TRIzol (Life Technologies, 15596-018) followed
by chloroform extraction and column-based purification (Zymo Research, R1016). Reserve
transcription was performed using 1.5 pg purified RNA and SuperScript III Reverse
Transcriptase (Invitrogen, 18080-093) with random primers. Amplification was performed for 2
hours at 42 °C then 15 minutes at 72°C. Samples were cooled to 4°C then analyzed by

quantitative real-time PCR using target-specific primers (Appendix 4) as described above.

2.9. RNA Sequencing
Total RNA was isolated in triplicate from fibroblasts transduced with GFP-encoding
lentivirus (control), fibroblasts exposed to FD, fibroblasts transduced with NEUROG2-encoding
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lentivirus, and fibroblasts transduced with NEUROG2-encoding lentivirus and exposed to FD.
RNA isolation was performed 0.5, 1, and 2 days post transition to neuron induction medium
using TRIzol (Life Technologies, 15596-018) followed by chloroform extraction and column-
based purification (Zymo Research, R1016). Libraries were synthesized from 4 pg purified RNA
using a TruSeq Stranded Total RNA Sample Preparation Kit (Illumina, RS-122-2201).
Single-end 50-base length sequencing reads were generated on an Illumina HiSeq 2500 System.
Reads were aligned to the human reference sequence GRCh37/hgl19 with the TopHat (version
1.4.1) algorithm and transcript assembly performed with Cufflinks (version 2.1.0) (Trapnell et al.
2012). Expression levels of RefSeq-annotated genes were calculated in units of fragments per
kilobase of exon per million mapped fragments (FPKM) and differential expression analysis was
performed with Cuftdiff (version 2.1.0). Genes were defined as significant if the following three
criteria were satisfied: Student’s t-test p value >0.05, at least 2-fold gene expression change
relative to the GFP-transduced control, and the triplicate average of In(FPKM) >1 in either the
experimental condition or fibroblast control. Gene ontology analysis was performed using the

DAVID Functional Annotation Tool (version 6.7) (Huang et al. 2009a; Huang et al. 2009b).

2.10. Short Hairpin RNA-Mediated Gene Knockdown

Multiple rounds of PCR were used to introduce miR30 regulatory sequences at the 3' end of a
NEUROG2-IRES-GFP lentiviral construct. Two restriction sites, Xhol and Pstl, were engineered
into these regulatory sequences at optimized processing locations to permit efficient generation
of shRNAs targeting CREBI, GADD454, GADD45G, SOX4, and SOX11 (Fellmann et al. 2013)
(Appendix 4). MRC-5 fibroblasts were cultured, transduced with NEUROG2+shRNA-encoding
lentivirus, and treated with neuron induction medium supplemented with 10 uM forskolin and
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1 uM dorsomorphin along the above-described time course. Approximately 6x10° transduced
cells were scraped from the dish surface in ice-cold PBS and collected by centrifugation
(525 x g, 5 minutes, 4°C). Cells were suspended in 75 pl ice-cold lysis buffer (50 mM
Tris (pH 7.4), 150 mM NaCl, 1% (v/v) Triton X-100, 1% (w/v) deoxycholic acid, and
0.1% (w/v) SDS) and incubated on ice for 30 minutes with 3 second vortex bursts every
10 minutes. Lysed cell debris was removed by centrifugation (21,130 x g, 10 minutes, 4°C) and
protein concentration quantified by colorimetric assay. Protein extracts (25 pug) were treated with
Laemmli denaturing buffer for 5 minutes at 100°C then electrophoresed on 4-15%
Mini-PROTEAN TGX precast gels (Bio-Rad Laboratories, 456-1083) and transferred to
Immobilon-P polyvinylidene difluoride membrane. Membranes were blocked with 5% (w/v)
non-fat dry milk or 5% (w/v) bovine serum albumin dissolved in TBST for 1 hour at room
temperature, treated with target-specific antibodies (Appendix 1) for 18 hours at 4°C with gentle
rotation, washed five times with TBST for 5 minutes per wash, treated with corresponding
secondary antibodies (Appendix 1) for 1.5 hours at room temperature with gentle rotation,
washed three times with TBST for 5 minutes per wash, and treated with enhanced
chemiluminescence horseradish peroxidase substrate for detection. In the absence of a
functioning antibody, RNA was isolated as described above for reverse transcription and
quantitative real-time PCR analysis. In addition, MAP2 immunocytochemical staining was
performed in triplicate 12 days post infection and reprogramming efficiency quantified using 10

random fields from each replicate.
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CHAPTER 3

NEUROG2 CHROMATIN OCCUPANCY AND TRANSCRIPTIONAL REGULATION

3.1. Small Molecules Modulate NEUROG2 Chromatin Occupancy

MRC-5 fibroblasts transduced with NEUROG2 do not exhibit neuronal morphology or
express hallmark neuronal proteins. In contrast, NEUROG2-transduced fibroblasts exposed to
controlled dosages of FD undergo rapid morphological remodeling and adopt functional
neuronal morphology within 50 days of treatment (Liu et al. 2013). The neuron induction
protocol used to generate these neurons follows a stepwise procedure of 24-hour lentiviral
infection, 24-hour recovery in FBS-containing media, and long-term exposure to neuronal
induction media containing small molecules to jumpstart and maintain conversion. Fibroblasts
immediately respond to FD with elongated morphology and significant transgene upregulation
visible by enhanced GFP fluorescence. Within three days, fibroblasts elongate and outgrow
low-complexity neurites. TUBB3- and MAP2-expressing high-complexity neurons emerge
within 10-12 days of initial small molecules treatment.

To investigate how FD catalyze the reprogramming process, we performed ChIP-seq using
crosslinked chromatin from NEUROG2-transduced fibroblasts in both the presence and absence
of FD at 0.5, 1, and 2 DPT (Figure 2A). Replicate datasets were generated for each time point
and condition with no individual dataset exhibiting less than 83% enrichment for the canonical
enhancer box motif (Figure 2B). A comparative analysis of binding events in the presence and
absence of FD at each time point revealed an immediate and sustained increase in NEUROG2
binding upon FD exposure (Figure 2C-F, Figure 3A). For instance, 12 hours following FD

treatment 21,697 peaks were detected in the NFD condition, while only 8,164 of those peaks
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were detected in the absence of small molecules (Figure 2C). This trend for enhanced occupancy
continued at 1 DPT and 2 DPT (Figure 2D,E). Interestingly, the total number of NFD binding
sites rapidly increased from 21,697 to 29,166 during the 0.5 DPT to 1 DPT transition indicating
that these datasets collected information during the establishment phase of NEUROG?2 action
(Figure 2C,D). An NFD condition-dependent comparison of binding events in 0.5, 1, and 2 DPT
datasets revealed a common core of 10,993 shared targets across all time points with smaller
populations of dynamic binding events distributed over each time point (Figure 3A). This
conditional analysis confirmed the genome-wide FD-enhanced NEUROG2 binding detected in
the time point-specific analyses (Figure 2) and similarly detected thousands of NFD-specific
binding events (Figure 3B).

In addition to thousands of new binding events, FD enhanced NEUROG?2 signal intensity for
17% of targets detected at 0.5 DPT and 5.4% of targets detected at 2 DPT (Figure 2F). This
suggests FD both facilitates NEUROG2 binding at novel genomic sites and enhances NEUROG2
binding at specific genomic targets. Independent of time and condition, NEUROG2 occupied
5,376 chromatin sites in transduced fibroblasts with an additional 1,393 sites specific to the NFD
condition (Figure 3C). The genomic distribution of this shared and unique NEUROG2
occupancy relative to annotated genes indicates a bias toward intergenic and intronic sites.
Although FD modestly enhanced promoter and transcription start site occupancy, NEUROG?2

seems to dominantly regulate transcription via distal regulatory elements (Figure 3D).

3.2. NEUROG?2 Functions as a Pioneer Factor and FD Induce Chromatin Remodeling
With ChIP-seq analyses identifying thousands of genomic binding sites for NEUROG2 and

an interesting enhancement of this binding upon FD exposure, we next investigated the relative

54



accessibility of NEUROG?2 binding sites in transdifferentiating fibroblasts using an assay for
transposase-accessible chromatin coupled with massively-parallel sequencing (ATAC-seq). The
genomic locations of the 1,000 highest scored peaks from 2 DPT NEUROG2 ChIP-seq datasets
were probed for enrichment in 4 DPT ATAC-seq datasets collected from MRC-5 fibroblasts,
NEUROG2-transduced fibroblasts, and NEUROG2-transduced fibroblast also treated with FD.
Interestingly, the majority of these binding events occurred in the absence of ATAC-seq peaks
indicating that NEUROG?2 functions as a pioneer factor to access these sites in closed chromatin
(Figure 4A, Zaret et al. 2011). While only a modest increase in open chromatin is detected at
these sites upon NEUROG?2 expression, a significant increase is observed upon addition of FD
(Figure 4A). Narrowing this analysis to the single gene level, it becomes clear that NEUROG2
binds closed chromatin in the INSRR-NTRK 1, LRRC10B-SYT7, and GADD45G loci highlighting
the pioneer function of this transcription factor (Figure 4B). This local view also highlights the
dramatic increase in chromatin accessibility induced by FD treatment (Figure 4B). Strong
enrichment of FD-induced open chromatin is detected within the /NSRR and SY77 gene bodies,
as well as, the GADD45G enhancer demonstrating that these small molecules directly influence
chromatin accessibility during transdifferentiation (Figure 4B). Fate- and lineage-determinative
transcription factors like NEUROG2 have been shown to bind in regions of high density histone
modifications, known as super-enhancers, to regulate gene expression (Whyte et al. 2013).
Analysis of H3K27 acetylation (H3K27AC) ChIP-seq datasets from NFD-treated fibroblasts at 1
DPT identified 454 potential super-enhancers containing at least one NEUROG2 bound site, of
which, 277 were localized to regions without ATAC-seq open chromatin signatures (Figure 4C).

While an increase from 50 to 118 open chromatin sites was detected upon FD exposure, the vast
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majority of super-enhancers remained localized to regions of compact chromatin. This highlights
the functional importance of NEUROG2 pioneer activity during reprogramming (Figure 4C).

A genome-wide comparison of MRC-5 and NFD ATAC-seq datasets demonstrated that FD
treatment substantially increased the number of open chromatin sites in MRC-5 fibroblasts. An
analysis of the peaks uniquely detected upon treatment with NEUROG2 and FD revealed that
newly open chromatin was primarily localized to intergenic and intronic regions, while
approximately 8% of events occurred at promoter-TSS sites (Figure 4D). This distribution of
open chromatin mimics the distribution of ChIP-detected NEUROG?2 binding events that occur
at distal regulatory elements (Figure 3D). A functional classification of genes annotated to newly
detected NFD ATAC-seq peaks revealed a strong enrichment of differentiation and neurogenesis
related genes (Figure 4E). Importantly, these peaks were enriched for the enhancer box motif
with 50.1% of peaks containing the motif, as well as, CRE half-site and HMG box motifs with
4,672 peaks and 2,075 peaks containing each motif, respectively (Figure 4E). This motif-based
search approach hints that FD might improve the accessibility of genetic regulatory elements via
activation of transcription factors critical to transdifferentiation. To determine the potential
transcriptional effects of this newly open chromatin signature, we performed a pair-wise analysis
of RNA-seq expression datasets for genes annotated to NFD-unique ATAC-seq peaks (Section
3.3, Figure 4F). This analysis revealed a significant upregulation of pro-neural genes involved in
neurogenic transcription, the Notch and Wnt signaling pathways, and chromatin remodeling
genes (Figure 4F). Collectively, these results demonstrate that NEUROG?2 functions as a pioneer
transcription factor, FD promote significant changes chromatin structure during reprogramming,
and these chromatin changes are directly correlated to the upregulation of pro-neural gene
ontologies. In an effort to systematically characterize the effects of NEUROG2 and FD on
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transcription during transdifferentiation, we performed a multi-time point analysis of gene
regulation by whole transcriptome RNA-seq.
3.3. NEUROG?2 and FD Synergize to Activate Pro-Neural Transcription

With evidence that NEUROG?2 acts as a pioneer transcription factor and small molecules
modulate NEUROG?2 chromatin interactions, we next investigated how NEUROG2 and FD
synergize to promote pro-neural transcription. Whole transcriptome RNA-seq was performed at
0.5, 1, and 2 DPT in parallel with NEUROG2 ChIP-seq. This design enabled us to capture
profiles of both NEUROG2 genomic occupancy and transcription at identical time points in early
converting neurons. Sequence reads from RNA libraries isolated from FD-treated, NEUROG2-
transduced, and NFD-treated fibroblasts were normalized to RNA from time point-specific
GFP-transduced fibroblasts for differential expression analysis.

NEUROG2 immediately induced a dramatic upward shift in the expression of neuronal genes
such as DLL3 and HES6, while FD independently activated relatively few neural-specific genes
(Figure 5A). However, in combination, NEUROG2 and FD synergistically modified the
expression of 1,398 additional genes unaltered by individual factors at 2 DPT (Figure 5B,C). The
synergistic induction of NEURODI, NEUROD4, and SOX4 highlights the significance of this
gene pool to the survival and maturation of engineered neurons.

Functional classification of NFD-regulated genes revealed an immediate repression of
mitotic cell cycle and cell motion-related genes (Figure 5D). Similar classification of upregulated
genes revealed a progressive enrichment of factors related to nervous system development and
neuron differentiation (Figure 5E). Induction of the brain region-specific forebrain markers

NTRKI and SSTR2, as well as, the cholinergic receptor CHRNA3 and vesicular transporter
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SLC18A43 suggests these early neurons are initially biased toward an excitatory cholinergic
forebrain fate at 2 DPT (Figure 6A).

A temporal analysis of gene expression during active reprogramming underscores the rapid
rate of change induced by NFD (Figure 5C). Synergistic regulation accounted for 53% of the
total change in gene expression at 2 DPT and the total number of these genes exhibiting >5-fold
change increased from 4% to 10% within the 36-hour window from 0.5 to 2 DPT (Figure 5C).
This quantitative analysis demonstrates that NEUROG2 is the primary driver of pro-neural gene
expression and FD compliment this neurogenic program by modulating transcription in a
NEUROG2-sensitive manner.

Integrating ChIP-seq and RNA-seq datasets, peak-to-gene assignment by nearest-neighbor
correlation followed by functional categorization of annotated genes revealed direct overlap with
RNA expression changes ranging from high-level pan-neuronal gene ontologies to single gene
targets such as DLL3 and SOX4 (Figure 6B). To identify how specific binding events correlate to
the gene expression changes detected by RNA-seq, proximity-based peak-to-gene annotation
was used to identify differentially expressed genes targeted by NEUROG2. FD exposure
immediately enhanced the transcriptional activation of 679 genes with 13% exhibiting greater
than 5-fold upregulation relative to NEUROG?2 activation alone (Figure 6C). Surprisingly, FD
similarly enhanced the downregulation of 898 NEUROG?2-target genes at 2 DPT (Figure 6C). To
determine whether NEUROG?2 acts as a direct repressor of fibroblast-associated genes, we
generated four lentiviral luciferase reporter constructs using ChIP-identified sequences derived
from promoter, intronic, and distal regulatory regions of GDFS5, CD44, TEK, and EMPI.
Although these genes were significantly downregulated during reprogramming, NEUROG2 was
not observed to repress luciferase expression via these genetic elements, which suggests that
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NEUROG?2 is not a direct transcriptional repressor. NEUROG?2 might instead occupy these sites
to competitively inhibit activation by fibroblast-lineage factors or recruit active repressor
complexes to adjacent sites (Kovach et al. 2013). Additionally, proximity-based gene annotation
does not reflect the multi-dimensional architecture of folded chromatin and the linear assignment
binding sites to annotated genes might mask higher-complexity spatial regulatory functions.

In addition to enhanced expression and repression, FD initiate the transcription of
NEUROG2-target genes unaffected by NEUROG2-transduction alone (Figure 6D). To determine
how FD drives these changes in NEUROG2-mediated transcription, we next investigated
whether FD exposure modifies NEUROG2 phosphorylation, heterodimer composition,

sequence-specific enhancer box affinity, and association with co-activating transcription factors.
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Figure 2: Small Molecules Enhance NEUROG2 Chromatin Occupancy

(A) Experimental design and time course of neuron induction (DPI, days post infection; DPT,
days post treatment with FD).

(B) The enhancer box motif is significantly enriched at NEUROG2 occupancy sites in
NFD-treated fibroblasts (2 DPT, 91% of targets). This motif is similarly enriched in ChIP-seq
datasets across all conditions and time points.

(C-E) Condition-dependent analysis using area-proportional Venn diagrams to depict the number
of NEUROG?2 binding events at 0.5, 1, and 2 DPT. Shared events are detected in both the
presence and absence of FD, while NFD unique events are detected only in the presence of FD.
(F) The effect of FD exposure on the intensity of NEUROG?2 binding events detected each time
point. The change in intensity is represented as a ratio of the peak score for NEUROG2 binding
events in the presence and absence of FD. This analysis represents only peaks shared between
both NEUROG2 and NFD conditions at the indicated time point.

*Portions of figure reproduced from Smith et al. 2016
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Figure 3: Condition-Dependent NEUROG2 DNA Binding and Genomic Distribution

(A) Analysis of NEUROG2 binding events detected at 0.5, 1, and 2 DPT following NFD
treatment and the effects of FD exposure on peak score. The change in intensity is represented as
a ratio of the peak score for NEUROG?2 binding events in the presence and absence of FD. This
analysis represents all peaks detected following NFD treatment for all time points.

(B) An area-proportional Venn diagram that depicts the number of NEUROG2 binding events
unique to the NFD-condition at 0.5, 1, and 2 DPT.

(C) Heatmaps representing NEUROG2 genome-wide occupancy profiles in the presence and
absence of FD. Treatment with FD prompts 1,393 unique NEUROG2 binding events shared
across all early time points. Input-normalized tag densities are plotted in log, scale and centered
in a 4-kilobase window around the peak apex (n=2 biological replicates for each condition and
each time point; N, NEUROG2-transduced fibroblasts; NFD, NEUROG2-transduced fibroblasts
exposed to FD).

(D) The genome-wide distribution of NEUROG?2 binding events relative to annotated gene
structures (TSS, transcription start site; UTR, untranslated region).

*Portions of figure reproduced from Smith et al. 2016
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Figure 4: NEUROG?2 Functions as a Pioneer Factor and FD Opens Chromatin

(A) Heatmaps representing ATAC-seq detected open chromatin events at NEUROG2 binding
sites (2 DPT ChIP-seq) in MRC-5 fibroblasts (black), MRC-5 fibroblasts treated with
NEUROG?2 (N, blue), and MRC-5 fibroblasts treated with NEUROG?2 and FD (NFD, rightmost
red). Input-normalized tag densities are plotted in log, scale and centered in a 4-kilobase window
around each peak.

(B) NEUROG?2 ChIP-seq track (2 DPT NFD) and ATAC-seq tracks generated from fibroblasts
(MRC-5), NEUROG2-transduced fibroblasts (N), and NEUROG2-transduced fibroblasts exposed
to FD (NFD) for INSRR/NTRKI, LRRCI0B/SYT7, and GADD45G. Gray shading highlights
regions representing NEUROG?2 pioneer activity or FD-induced chromatin remodeling.

(C) Plot representing the 454 NEUROG?2-targeted super-enhancers identified from 1 DPT
H3K27AC and NEUROG2 ChIP-seq datasets. A Venn diagram depicts the distribution of
super-enhancers in open (NFD, red or N, blue) and closed (black) chromatin in each condition.
(D) The genomic distribution of ATAC-seq peaks newly detected upon NFD treatment is biased
toward intergenic and intronic regions.

(E) Gene ontology analysis revealed enrichment of neurogenesis- and differentiation-related
classifications for open chromatin peaks newly detected following NFD treatment. Additionally,
the enhancer box, cAMP regulatory element (CRE) half-site, and HMG box motifs were detected
in this population of open chromatin sites.

(F) Pair-wise scatter plot representing the change in expression of genes annotated to ATAC-seq
open chromatin peaks newly detected upon NFD treatment. Upregulated genes (red) were
enriched for pro-neuronal identity, while downregulated genes (blue) had non-neural function.
*Figure reproduced from Smith et al. 2016
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Figure 5: Immediate-Early Changes in Global Transcription Induced by NFD

(A) Hierarchical clustering and heatmap of changes in genome-wide transcription detected by
RNA-seq relative to GFP-transduced control fibroblasts (n=3 biological replicates for each
condition and each time point; FD, fibroblasts exposed to FD; N, NEUROG2-transduced
fibroblasts; NFD, NEUROG2-transduced fibroblasts exposed to FD).

(B) Pie diagram representing the respective number of genes induced by NEUROG2, FD, and
synergistic action in actively converting cells at 2 DPT. Synergy represents genes induced only
in the NFD condition.

(C) Time-course representation of the change in transcript expression intensity for genes
regulated by FD, NEUROG?2 or NFD synergy.

(D) The five most significant gene ontology terms that represent the genes sets immediately
repressed by NFD treatment at 0.5 DPT. The significances of each functional classification at
0.5, 1, and 2 DPT are compared to represent the progressive or transient enrichment of individual
ontologies.

(E) The five most significant gene ontology terms representing the genes sets upregulated by
NFD treatment at 2 DPT.

*Portions of figure reproduced from Smith et al. 2016
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Figure 6: Enhanced and Synergistic Transcription Promotes Neuron Identity

(A) Heatmap representing the change in expression of subtype-specific neuron genes detected by
RNA-seq relative to GFP-transduced control fibroblasts. Genes exhibiting at least 2-fold
enrichment, logo(NFD FPKM) > 1, and p value < 0.05 are labeled red. (BFCN, basal forebrain
cholinergic neuron; FD, fibroblasts exposed to FD; FPKM, fragments per kilobase per million
reads for NFD 2 DPT RNA-seq replicates; N, NEUROG2-transduced fibroblasts; NFD,
NEUROG2-transduced fibroblasts exposed to FD).

(B) Sunburst diagram depicting upregulated and downregulated genes at each time point, the
intensity of expression change at 2 DPT, and corresponding NEUROG2 ChIP-seq annotation
data. Each segment of the sunburst plot represents one collection of time points. For example, the
section with pink, red, and deep red segments represents genes with significant differential
expression at all time points, while the segment with pink alone represents genes differentially
expressed only at 0.5 DPT. The outer gradient represents the intensity of change in expression
observed for the genes in each time segment. The inner blue marks represent the fraction of
genes in each time segment with annotated NEUROG2 binding events.

(C) Time-course representation of GREAT-annotated NEUROG2-bound genes that exhibit
enhanced transcriptional upregulation or downregulation upon FD exposure relative to
NEUROG2-transduced fibroblasts not exposed to FD. The vertical axis indicates the total
number of genes with enhanced regulation determined from RNA-seq datasets. Each bar is
subdivided to illustrate the intensity of change in transcription upon FD exposure.

(D) The total number of GREAT-annotated NEUROG2-bound genes induced or repressed only
upon FD exposure.

*Portions of figure reproduced from Smith et al. 2016
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CHAPTER 4
NEUROG2 HETERODIMER COMPOSITION AND TRANSCRIPTIONAL
CO-ACTIVATORS
The observation that small molecules initiate potent changes in transcription and significantly
enhance NEUROG2 chromatin binding led us to propose four hypothetical mechanisms
underlying NEUROG2-FD synergy (Figure 7). These mechanisms involve FD-activated kinases
that target NEUROG2 or NEUROG?2 heterodimers to modify DNA binding kinetics, the
activation of NEUROG?2 co-factors or coordinating transcription factors, and modification of the

epigenetic landscape to promote accessibility to pro-neural genetic elements.

4.1. Cyclic AMP and Protein Kinase A

Forskolin is a well-established activator of cAMP synthesis. To evaluate whether increased
intracellular cAMP promotes NEUROG2-mediated reprogramming, forskolin was replaced
during transdifferentiation with cAMP or dibutyryl cAMP, a cell-permeable PRKACA activator.
These treatments similarly promoted NEUROG2-mediated reprogramming (Figure 4A,B);
however, these molecules generated a significantly smaller population of neurons potentially due
to lower thermostability in culture medium. Higher concentrations and frequencies of cAMP
infusion enhanced neuron survival but were not sufficient to induce transdifferentiation on the
same scale as forskolin.

High intracellular concentrations of cAMP stimulate protein kinase A activity by catalyzing
the release of PRKACA from an associated regulatory subunit. To define the roles for this kinase
in reprogramming, NEUROG2 was co-expressed with a constitutively active isoform of
PRKACA in MRC-5 fibroblasts in the presence of dorsomorphin. This combination induced
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rapid neurite outgrowth and produced TUBB3- and MAP2-positive cells within 12 days
(Figure 4C). Importantly, these neurons exhibited slightly larger cell bodies than neurons
generated by forskolin and total population of neurons generated by this co-expression method

was significantly smaller.

4.2. NEUROG?2 Phosphorylation

NEUROG?2 phosphorylation by cyclin dependent kinases and GSK3 has been demonstrated
to regulate NEUROG2 DNA affinity (Ali et al. 2011), neuron differentiation (Hindley et al.
2012), and motor neuron specification (Ma et al. 2008). To identify whether FD activates these
kinases or PRKACA to increase NEUROG2 phosphorylation during reprogramming, we
performed site-directed mutagenesis to introduce phospho-deficient and phosphomimetic amino
acids at serine residues with a high probability for phosphorylation (Figure 8D,E). Surprisingly,
alanine or aspartate replacement of S24, S91, S193, S207, S209, S219, S232, S239 or S242 had
no effect on reprogramming efficiency or speed of conversion. Even fibroblasts transduced with
lentivirus encoding a NEUROG?2 construct with seven combined substitutions exhibited no
differences in reprogramming efficiency, conversion speed, morphological complexity or
TUBB3 immunoreactivity. Although not an exhaustive analysis, this mutagenesis screen
suggests that FD-induced phosphorylation of NEUROG?2 is not a likely mechanism for the

enhanced NEUROG2 chromatin binding observed in prior ChIP-seq datasets.

4.3. NEUROG?2 Heterodimer Composition, Phosphorylation, and Chromatin Affinity
Homodimeric and heterodimeric NEUROG2 complexes exhibit variable chromatin affinity
and functional stability (Bronicki et al. 2012, Henke et al. 2009, Li et al. 2012). Secondary
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associations with LIM domain factors (Lee and Pfaff, 2003, Asprer et al. 2011), retinoic acid
receptors (Lee et al. 2009), and other transcriptional activators fine-tune NEUROG2-target gene
expression to define neuronal subtype identity (Ma et al. 2008).

To evaluate whether any of these interactions enhance immediate-early neuronal
transcription in fibroblasts, we generated a minimal NEUROG2 truncation construct containing
only the DNA binding domain and a single transactivation domain (Li et al. 2012). MRC-5
fibroblasts transduced with NEUROG?2,0.225-encoding lentivirus and exposed to FD exhibited
significant reductions in reprogramming efficiency (Figure 9A). Importantly, this reduced
structure did not entirely abolish the capacity of NEUROG2 to induce neuron-like MAP2-
positive cells indicating NEUROG2¢.225 is a functional but inefficient transcriptional activator.

We next used mass spectrometry to identify NEUROG2-associated co-factors and the effects
of FD exposure on NEUROG?2 complex composition at 1 DPT (Figure 9B). This screen revealed
direct interaction between NEUROG2 and TCF3, which has been shown to modulate
NEUROG2 chromatin binding dynamics in a phosphorylation-dependent manner (Li et al.
2012). To investigate whether forskolin-induced PRKACA activity might target factors that
heterodimerize with NEUROG2, we co-expressed PRKACA with NEUROG2, TCF3 isoform
E12, TCF3 isoform E47, TCF4, and TCF12. Electrophoretic analysis revealed that PRKACA
catalyzes phosphatase-sensitive TCF3, TCF4, and TCF12 phosphorylation, but does not target
recombinant NEUROG?2 (Figure 9C).

We next performed a comprehensive analysis of phosphorylation-dependent changes in
NEUROG?2 heterodimer affinity for sequence-specific enhancer boxes. We utilized RNA-seq
datasets from NFD-treated fibroblasts to identify the 100 most upregulated and downregulated
genes with NEUROG2-annotated ChIP-seq binding events. Genomic sequences were extracted
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from 284 occupancy sites annotated to upregulated genes and 192 occupancy sites annotated to
downregulated genes then directionally searched to identify the distribution of enhancer box
sequences at these sites (Figure 9D). Three unique sequences, 5'-CAGCTG-3', 5'-CAGATG-3',
and 5'-CATCTG-3', were identified with similar distributions of enhancer box motifs detected
for upregulated and downregulated genes.

Phosphorylation-dependent binding of NEUROG?2 heterodimers to each of these enhancer
box sequences was next investigated using high-throughput microscale thermophoresis
(Timofeeva et al. 2012). DNA binding-induced changes in the thermophoresis of recombinant
amino-terminal GFP-labeled NEUROG2 enabled us to quantitatively define the affinity of
NEUROG?2 and TCF3 (E47 isoform), TCF3 (E12 isoform), TCF4 or TCF12 heterodimers for
sequence-specific enhancer box motifs. A preliminary electrophoretic mobility shift assay
(EMSA) was performed to ensure GFP fusion did not affect the ability of NEUROG2 to
heterodimerize or associate with DNA (Figure 9E). This foundational assay confirmed that
NEUROG2 homodimers do not bind DNA (Bronicki et al. 2012), GFP fusion does not affect
NEUROG?2 association with TCF3 (E47 isoform), and NEUROG?2 efficiently binds a ChIP-
identified DLL3 enhancer box in vitro. Next, thermophoretic traces were collected for each
NEUROG2-E protein heterodimer using a genomic DLL3 5'-CAGCTG-3' enhancer box
sequence and this same sequence with the internal dinucleotide pair mutagenized to encode 5'-
CAGATG-3' and 5'-CATCTG-3' sequences. Interestingly, NEUROG2-TCF3 (E47 isoform)
heterodimers associated with all three enhancer box sequences with modest differences in
sequence-specific affinity (Figure 10). TCF3 (E12 isoform) preferentially associated with 5'-
CAGATG-3' and 5'-CATCTG-3' enhancer boxes, TCF4 exhibited low affinity (K4: 20-40 uM)
for 5'-CATCTG-3' upon PRKACA-induced phosphorylation, and association of NEUROG2-
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TCF12 heterodimers was not detected for any of the three sequences. This suggests NEUROG2
selectively heterodimerizes with TCF3 to bind DNA.

To investigate whether TCF3 phosphorylation affects heterodimer affinity for DNA,
PRKACA-phosphorylated recombinant TCF3 was incubated with NEUROG2 and DNA binding
assessed by microscale thermophoresis. Surprisingly, phosphorylation induced sequence-specific
reductions in DNA affinity with greater than 4-fold lower affinity for the 5'-CAGCTG-3'
enhancer box motif (Figure 10). Among several possibilities, this result suggests FD-induced
TCF3 phosphorylation might be a mechanism for enhancing the specificity and resolution of
NEUROG?2 binding in a sequence-dependent manner requiring coordination with additional

factors to stabilize NEUROG?2 heterodimer association at specific motifs (Figure 13F related).

4.4. CREBI1 Transcriptional Program and Chromatin Co-Occupancy with NEUROG2

To investigate whether PRKACA might also function to change the expression of
reprogramming-induced genes not targeted by NEUROG2, we performed sequence-based
discovery of regulons using RNA-seq datasets for upregulated genes without NEUROG2
ChIP-seq annotation (Janky et al. 2014). Within a 10-kilobase window centered at the
transcription start site, CAMP responsive element motifs were detected adjacent to 79 of 111
FD-induced genes. CREBI is an established target of PRKACA phosphorylation and interacts
with this FD-enriched motif (Gonzalez et al. 1989). High-efficiency short hairpin RNA
(shRNA)-mediated knockdown of CREBI significantly reduced the survival of NFD-treated
fibroblasts undergoing active reprogramming (Figure 11A,B). This suggests forskolin initiates a

CREBI1-driven transcriptional program that promotes neuron survival.
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To identify the genetic targets of activated CREB1, we performed ChIP using a CREB1
antibody specific for PRKACA-mediated phosphorylation at serine 133 (Figure 11C). We
confirmed functional IP using the established CREB1 target genes NR4A41 (Impey et al. 2004)
and SIK1, which also exhibited FD-induced upregulation in RNA-seq datasets. Exposure to FD
enhanced CREBI1 enrichment at these sites and, more interestingly, at CRE elements in direct
overlap with NEUROG2 occupancy sites in the enhancer regions of GADD45G and SOX4
(Figure 11D). To determine whether these co-binding events occur on a genome-wide scale, the
co-binding of NEUROG2 and CREBI was assessed using chromatin co-IP (Figure 11E).
Immunoblot of NEUROG2-bound chromatin fragments exposed positive for CREB1 protein and
CREBI1-bound chromatin fragments validated this result with NEUROG2 detected in NFD-
treated cells but not control fibroblasts.

Growth arrest and DNA damage inducible (GADDA45) alpha, beta, and gamma are three
related proteins with diverse roles in p38/JNK-mediated apoptosis (Takekawa et al. 1998), DNA
demethylation, and neurogenesis (Ma et al. 2009). CREB1 co-binding potentiates NEUROG2-
driven GADD454 and GADD45G expression to 4-fold and 139-fold induction at 0.5 DPT,
respectively (Figure 12A,B). Therefore, we performed gene knockdown using -efficient
GADD45A4- (Figure 12C) and GADD45G-targeted (Figure 12D) shRNA constructs, which even
in combination did not affect transdifferentiation efficiency, time of conversion or morphological
complexity of induced neurons (Figure 12E,F). While the GADD45 family executes critical
activity-dependent roles in functionally mature neurons, these knockdown results suggest that the
earliest events in neuron specification might rely on key modulators of transcription such as

SOX4 (Figure 5).
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4.5. SOX4 Chromatin Occupancy Analysis and Roles in Chromatin Remodeling

To identify whether SOX4 upregulation is essential to early reprogramming, we performed
gene knockdown using two SOX4-specific shRNA constructs expressed in NFD-treated
fibroblasts (Figure 13A). Disrupted SOX4 expression nearly abolished reprogramming potential
with only 7+1% of fibroblasts activating MAP2 expression in the most stringent condition
(Figure 13B,C). In addition, striking defects in morphological conversion occurred in the
absence of SOX4 (Figure 13C).

To define the genetic targets of SOX4, we performed ChIP-seq using crosslinked
chromatin isolated in triplicate at 1 DPT from NFD-treated MRC-5 fibroblasts overexpressing
SOX4. A comparison of genome-wide SOX4 and NEUROG?2 binding profiles revealed broad
overlap with 413 of 1,119 SOX4 binding events also detected in NEUROG2 ChIP-seq datasets
(Figure 13D,E). Sequence-specific analysis of the enhancer boxes neighboring SOX4-bound
HMG motifs revealed a strong enrichment of CAGCTG motifs suggesting NEUROG2-
TCF3(E47) heterodimers preferentially associate with SOX4-bound chromatin (Figure 13F).

To identify whether co-binding events affect gene expression, peak-to-gene annotation was
used to identify upregulated genes targeted by SOX4 and NEUROG?2. Relative to NEUROG?2
alone, FD-induced SOX4 binding enhanced transcription for 81% of co-bound genes such as
NEURODI and NEUROD4 (Figure 13E). A functional classification of these targets revealed an
enrichment of genes associated with RNA transcription, cell cycle regulation, and chromatin
remodeling (Figure 13G). The SWI/SNF complex is a multiunit nucleosome remodeling
complex essential to neuron specification and maturation (Kwon et al. 1994, Son et al. 2004).
SOX4 targets at least nine components of this complex including ARIDIA, ARIDIB, SMARCA?2,
SMARCADI, SMARCCI, SMARCC2, SMARCDI, SMARCD2, and SMARCE]I. This not only
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provides SOX4 with genetic regulatory functions via direct chromatin binding, but additional
indirect chromatin remodeling functions which increase accessibility to neurogenic
heterochromatin regions for pro-neural transcription factors targeted by NEUROG2 and SOX4.
These indirect remodeling functions were intensively investigated using SOX4 knockdown
coupled with ATAC-seq in NFD-treated fibroblasts. NEUROG2 binding and FD-induced
chromatin decondensation at the NEURODI and NEUROD4 loci drives strong upregulation of
these genes during reprogramming. However, knockdown of SOX4 in NFD-treated fibroblasts
significantly reduced open chromatin signatures in the regulatory regions of both genes (Figure
14A). Expanding this analysis to a genome-wide view, SOX4 knockdown results in the loss of
51,123 ATAC-seq peaks or approximately 59% of total open chromatin sites (Figure 14B). In
addition, 22% of peaks detected in both conditions have an increased peak score in the presence
of SOX4 (Figure 14B). To define the importance of newly open chromatin sites during
reprogramming, ChIP-qPCR analysis of potential NEUROD1 and NEUROD4 binding sites was
used to probe bidning within or neighboring regions of newly opened chromatin (Figure 14C).
To define putative binding sites, publicly available NEUROD1 ChIP-seq datasets from mouse
cortical tissue were analyzed to identify potential regulatory sites in direct overlap with human
NEUROG?2 binding sites or ATAC-seq identified open chromatin (Pataskar et al. 2016). For
instance, NEURODI1 enrichment was observed at NEUROG?2 occupancy sites in the regulatory
regions of DLL3, HES6, and NHLHI (Figure 14C). Interestingly, NEURODI1 also exhibited
modest enrichment in the NEUROD4 promoter at an open chromatin site lost upon SOX4
knockdown. Similarly, NEUROD4 was modestly enriched at these neurogenic genetic elements,

but to a significantly lower extent than NEUROD1 (Figure 14C).
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Figure 7: Hypothetical Mechanisms for NEUROG2-FD Synergy

Four hypothetical mechanisms might underlie NEUROG2-FD synergy. First, FD-activated
kinases might target NEUROG2 to modify chromatin association kinetics or, second, might
similarly target NEUROG?2 heterodimers. Third, FD might induce the expression or activation of
NEUROG2 co-factors or coordinating transcription factors that promote neurogenic
transcription. Finally, FD might modify the epigenetic landscape to promote accessibility at
pro-neural genetic elements.

*Figure reproduced from Smith et al. 2016
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Figure 8: Forskolin Replacement and NEUROG?2 Phosphorylation

(A) Reprogramming efficiency for NEUROG2-transduced cells treated with dorsomorphin and
cAMP synthesis activators. Efficiency is calculated as (GFP-positive TUBB3-positive cells) /
(total GFP-positive cell population).

(B) Dorsomorphin-treated NEUROG2-transduced fibroblasts reprogram to TUBB3-positive
neurons when treated with 10 pM forskolin, 10 uM dibutyryl cAMP, and 10 uM cAMP for 12
days. Reductions in reprogramming efficiency and diminished morphological complexity might
be the result of reduced stability of dibutyryl cAMP and cAMP in neuronal culture media
relative to forskolin, scale: 20 pm.

(C) Representative TUBB3 staining of fibroblast-derived neurons 12 days after lentiviral
delivery of NEUROG?2 and caPRKACA, scale: 25 um.

(D-E) Site-directed mutagenesis of NEUROG2 at putative GSK3- and PRKACA-targeted
phosphorylation sites. (D) Alanine-substitution models permanent dephosphorylation, while (E)
phosphomimetic aspartate-substitution models constitutive phosphorylation. Multi-site
designates a NEUROG?2 construct containing substitutions at S193, S207, S209, S219, S232,
S239, and S242. None of the serine substitutions modified the ability of NEUROG?2 to induce
TUBB3-positive neurons from fibroblasts at 14 DPI, scale: 50 um.

*Portions of figure reproduced from Smith et al. 2016
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Figure 9: PRKACA Phosphorylates Co-Factors Essential to NEUROG2 Function

(A) Reprogramming efficiency for NEUROG2;¢.22s-transduced fibroblasts. Efficiency was
calculated as (GFP-positive MAP2-positive cells) / (total GFP-positive cell population).

(B) NEUROG2-interacting proteins identified in the absence (blue) and presence (red) of FD by
mass spectrometry.

(C) Analysis of PRKACA-mediated E protein phosphorylation by denaturing polyacrylamide gel
electrophoresis. TCF3 (E12 isoform), TCF3 (E47 isoform), TCF4, and TCF12 were
overexpressed (OE), co-overexpressed with PRKACA (PKA), and co-overexpressed with
PRKACA then incubated with calf intestinal alkaline phosphatase (CIP). TCF3 isoform E12 is
moderately overexposed to demonstrate partial CIP dephosphorylation and the corresponding
within sample mobility shift.

(D) Distribution of enhancer box motif sequences identified within NEUROG?2-target sequences
for the 100 most significantly upregulated genes (red, 284 binding events) and 100 most
significantly downregulated genes (blue, 192 binding events).

(E) EMSA illustrating NEUROG2 and GFP-NEUROG?2 binding at an enhancer box upstream of
DLL3 (chr19:39,988,668-39,988,693). Probe, 32p_labeled double-stranded probe only; TNT, T7
reticulocyte lysate expressing control vector; N, recombinant NEUROG2; GN, recombinant
GFP-NEUROG?2; E, recombinant TCF3 isoform E47; EP, recombinant TCF3 isoform E47
incubated with PRKACA. Filled ramps represent increased recombinant protein per reaction.

*Figure modified from Smith et al. 2016
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Figure 10: NEUROG?2 Heterodimers Exhibit Sequence-Specific Chromatin Affinity
Thermophoretic binding curves depicting the effect of phosphorylation (red) on the affinity of
GFP-NEUROG?2 heterodimers for sequence-specific enhancer box motifs.

*Figure modified from Smith et al. 2016
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Figure 11: CREB1 Promotes Neuron Survival and Co-Binds with NEUROG2

(A) Immunoblot validation of shRNA-mediated CREB1 knockdown.

(B) CREB1 knockdown reduces the total number of surviving induced neurons. Relative survival
was calculated in triplicate as (GFP-positive Hoechst 33342-positive cells) / (total GFP-positive
Hoechst 33342-positive cells at 1 DPT).

(C) Phospho-CREB1 (pS133) ChIP-gPCR at known CREBI-regulated genes (NR4A41, SIKI),
NEUROG2-target genes with enhanced expression upon FD exposure (GADD45G, SOX4), and
controls (NEUROG?2 target, DLL3; within gene, NR4A1 open reading frame) for NEUROG2-
transduced fibroblasts (blue) and NEUROG2-transduced fibroblasts exposed to FD (red) at
1 DPT. Error is represented as the standard deviation of ACr.

(D) NEUROG?2 occupancy around the GADD45G and SOX4 loci. NEUROG2 occupancy is
represented as overlays of 0.5 (light), 1 (medium), and 2 DPT (dark) binding event traces. Purple
hashes indicate CRE motif sequences. The genomic scale is 10 kilobases (kb).

(E) Chromatin co-immunoprecipitation (co-IP) of NEUROG2 and CREB1 from 2 DPT
hemagluttinin (HA) tagged-NEUROG2-transduced fibroblasts exposed to FD. NEUROG2 and
CREBI are both detectable when chromatin is immunoprecipitated with either HA or CREBI1
(pS133) antibodies demonstrating chromatin co-occupancy.

*Figure modified from Smith et al. 2016
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Figure 12: GADD45A and GADD45G are Not Essential to Transdifferentiation

(A) FPKM of GADD454 and GADD45G transcript expression from RNA-seq datasets.
GADD45B expression was repressed in reprogrammed neurons and was not evaluated for roles
in reprogramming (FD, fibroblasts exposed to FD; N, NEUROG2-transduced fibroblasts; NFD,
NEUROG2-transduced fibroblasts exposed to FD).

(B) NEUROG?2 occupancy around the GADD454 and GADD45G loci. NEUROG?2 occupancy in
NEUROG2-transduced (N) and NFD-treated (NFD) fibroblasts is represented as overlays of 0.5
(light), 1 (medium), and 2 DPT (dark) binding event traces.

(C) gPCR validation of shRNA-mediated GADD454 knockdown in NFD-treated fibroblasts at
5 DPT. HPRTI-normalized knockdown efficiency was calculated from triplicate samples using
the AACt method.

(D) Immunoblot validation of shRNA-mediated GADD45G  knockdown using
NEUROG2-transfected 293T/17 cells 3 days after transfection.

(E) GADD454 and GADD45G knockdown do not affect the reprogramming potential of NFD-
treated fibroblasts. Reprogramming efficiency was calculated as (GFP-positive MAP2-positive
cells) / (total GFP-positive cell population) at 12 DPT. (F) Representative MAP2 staining of
fibroblast-derived neurons treated with GADD45A-targeted shRNA and GADD45G-targeted
shRNA. Combined knockdown of both GADD454 and GADD45G had no effect on

reprogramming potential, scale: 50 um.
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Figure 13: SOX4 Knockdown and Genome-Wide Occupancy Analysis

(A) Immunoblot validation of shRNA-mediated SOX4 knockdown.

(B) Reprogramming efficiency for SOX4 shRNA-transduced fibroblasts. Efficiency was
calculated as (GFP-positive MAP2-positive cells) / (total GFP-positive cell population).

(C) Representative MAP2 staining of NFD-treated fibroblasts 14 days after co-expression of
SOX4 shRNAs, scale: 50 um.

(D) Heatmaps representing SOX4 genome-wide occupancy and corresponding NEUROG2
occupancy at those genomic coordinates. Input-normalized tag densities are plotted in log, scale
and centered in a 4-kilobase window around the peak apex (n=3 biological replicates for SOX4).
(E) Area-proportional Venn diagram that depicts the total number of SOX4 binding events and
proportion of occupancy sites that directly overlap with NEUROG2 occupancy sites.
Neighboring pie diagram represents the relative change in transcription of genes co-bound by
SOX4 and NEUROG2 in NEUROG2-transduced MRC-5 fibroblasts in the presence and absence
of FD. Fold increase represents the relative change in normalized transcript number detected in
RNA-seq datasets.

(F) The distribution of sequence-specific enhancer box motifs neighboring HMG binding motifs
within the 1119 SOX4-bound peaks.

(G) The five most significantly enriched gene ontology classifications from SOX4-targeted
genes.

*Portions of figure reproduced from Smith et al. 2016
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Figure 14: SOX4 Enhances Chromatin Accessibility During Transdifferentiation

(A) NEUROG?2 ChIP-seq track (2 DPT NFD) and ATAC-seq tracks generated from fibroblasts
(MRC-5), NEUROG2-transduced fibroblasts (N), NEUROG2-transduced fibroblasts exposed to
FD (NFD), and fibroblasts co-transduced with NEUROG?2 and SOX4 shRNA then exposed to FD
(NFD) at the NEURODI and NEUROD4 loci. Gray shading highlights regions representing
FD-enhanced chromatin accessibility that is lost upon SOX4 knockdown.

(B) An area-proportional Venn diagram that depicts the total number of ATAC-seq events in
NFD-treated fibroblasts relative to the number of events detected at the same locations upon
SOX4 knockdown. The neighboring pie diagram represents the relative change in peak score for
sites shared in both conditions (NFD peak score / NFD+SOX4 shRNA peak score).

(C) NEUROD1 and NEUROD4 ChIP-gPCR at sites of newly open chromatin or significant
transcriptional upregulation. Error is represented as the standard deviation of ACr.

*Figure modified from Smith et al. 2016
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CHAPTER 5

ADULT HUMAN SKIN FIBROBLAST-TO-NEURON TRANSDIFFERENTIATION

5.1. Mouse and Human SOXC Factors Exhibit Differential Reprogramming Kinetics

The time required for neuronal conversion varies significantly for adult fibroblasts
transduced with mouse-derived Sox// (Liu et al. 2013) and human-derived SOX4 or SOX11. The
rate of genetic and morphological reprogramming induced by mouse SOX11 is rapid with cells
adopting a rounded morphology at 3 DPT, extending branched neurites between 5-7 DPT, and
high-signal TUBB3 expression detectable at 10 DPT (Liu et al. 2013). Comparatively,
transdifferentiation of adult fibroblasts by human SOX4 or SOX11 is relatively slow with initial
rounding (5-10 DPT), extension of low complexity neurites (10-20 DPT), and activation of the
early neuronal marker TUBB3 (14 DPT) proceeding at a significantly reduced pace relative to
cells expressing mouse Sox//. Multiple protein sequence alignment revealed 88% similarity
between mouse and human SOX11 homologues with regions of divergence immediately 3' to the
HMG DNA binding domain. Differences in DNA binding kinetics or recognition of these
regions by repressor proteins might account for this temporal difference in conversion rate.

Early ChIP-seq and RNA-seq datasets from transdifferentiating MRC-5 fibroblasts indicate
SOX11 is not significantly upregulated (Figure 15A), targeted by NEUROG2 (Figure 15B) or
essential to the early reprogramming of MRC-5 fibroblasts (Figure 15C-E). This indicates
overexpressed SOX11 might, in part, perform physiological roles that overlap with SOX4
function to promote neuronal transdifferentiation.

Interestingly, adult fibroblasts exhibited comparatively lower basal SOX4 expression than

fetal MRC-5 fibroblasts (Figure 16A). To investigate whether SOX4 overexpression is sufficient
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to replace SOX11 in adult skin fibroblast reprogramming, adult fibroblasts were transduced with
SOX4- and NEUROG2-encoding lentivirus in combination with FD and FGF2 treatment. These
factors induced TUBB3 expression and slow neurite outgrowth in four adult fibroblast lines with
69% to 83% efficiency (Figure 16B,C).

A time-course analysis of SOX4 chromatin binding in AG05811 adult fibroblasts provided
insight into the varied genetic landscapes of adult and fetal fibroblast lines. While significant
binding events were detected by ChIP-seq at 1 DPT in MRC-5 fibroblasts, these same sites were
not significantly enriched until 4 DPT in aged fibroblasts (Figure 16D). This suggests limited
access to densely compact chromatin regions might inhibit the rapid activation of neurogenic
transcription programs by reprogramming factors and consequently slows the transdifferentiation
of adult fibroblasts. Further, NFD might not be sufficient to sustain SOX4 expression at a level
required to catalyze the activation of SOX4-targeted SWI/SNF genes localized to densely
compact chromatin and, therefore, necessitates SOX4 overexpression to promote successful adult

fibroblast transdifferentiation.

5.2. Adult Fibroblast Transdifferentiation using NEUROG?2 and SWI/SNF Factors
NEUROG?2, FD, and endogenous SOX4 upregulation should be sufficient to catalyze the
transdifferentiation of adult fibroblasts if functional chromatin interactions can be achieved.
Since SOX4 targets numerous subunits of the SWI/SNF complex in MRC-5 fibroblasts,
SMARCA4 and NEUROG?2 were co-expressed to determine whether chromatin remodeling could
potentiate adult cell reprogramming (Figure 16E). A fraction of transduced fibroblasts rounded,
outgrew neurites, and exhibited modest TUBB3 expression. However, similar to SOX4

overexpression, these fibroblasts did not adopt highly complex neuronal morphology. The
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further co-expression of SWI/SNF subunits, SMARCBI and SMARCC2, with NEUROG2 and
SMARCAH4 failed to further improve conversion. As precise stoichiometry of multiple SWI/SNF
complex subunits is required for efficient function, we instead turned to a chemical

reprogramming approach to improve the efficiency of chromatin remodeling.

5.3. Adult Fibroblast Transdifferentiation using NEUROG?2 and Chemicals

As demonstrated with FD in MRC-5 fibroblasts, small molecules are potent reprogramming
factors with diverse target specificity. A chemical screen of compounds targeting chromatin
modifiers was performed to identify whether enhancements in chromatin accessibility and
epigenetic histone modifications could improve NEUROG2-mediated reprogramming in
AGO05811 fibroblasts (Figure 16E). Numerous chemicals induced rounding and modest neurite
outgrowth, but only the class I histone deacetylase inhibitor FK228 was sufficient to rapidly
induce neuron-like morphology in large populations of fibroblasts (Figure 16F). Remarkably,
high-efficiency conversion occurred within 20-24 hours of exposure. However, cells treated with
1 uM FK228 failed to survive beyond 5 DPT in culture. The addition of BDNF, GDNF, NT-3,
and 1 pM kenpaullone at the outset of reprogramming, as well as, dosage- and time-dependent
optimizations improved cell survival. Treatment with neurotrophic factors, 1 uM kenpaullone ,
and 0.5 uM FK228 promoted strong TUBB3 expression at 3 DPT (figure 16G). This chemical
approach to chromatin modification and SOX4 replacement demonstrates that NEUROG2 and
small molecules are sufficient to induce neurogenic programs in fibroblasts refractory to

reprogramming in the absence of epigenetic barriers to activity.

94



Percent Relative

FPKM

Expression

SOX11 Expression

9 -
FD
6 - NFD
N
3 MRC5
0 T T
0.5 1 2
DPT
SOX11 Knockdown
120
100
80
60
40
20
0 Q \g
v
X (gs\ 83\
=) =)
0\0 ,\'\
& 0+
e °

SOX11 Knockdown

Scramble GFP
shRNA

O

Reprogramming Efficiency

95

10 kb

Chr2: 5,823,402

100
80
60
40
20

(MAP2*GFP*/GFP*)

T —————————— 5,848,360



Figure 15: SOX11 is Not Required for Immediate-Early Transdifferentiation

(A) SOXI1 FPKM from RNA-seq datasets (FD, fibroblasts exposed to FD; N,
NEUROG2-transduced fibroblasts; NFD, NEUROG2-transduced fibroblasts exposed to FD).

(B) NEUROG?2 exhibits limited occupancy around the SOX// locus. NEUROG2 occupancy in
NEUROG2-transduced (N) and NFD-treated (NFD) fibroblasts is represented as overlays of 0.5
(light), 1 (medium), and 2 DPT (dark) binding event traces.

(C) gPCR validation of shRNA-mediated SOX// knockdown in NFD-treated fibroblasts at
5 DPT. HPRT-normalized knockdown efficiency was calculated from triplicate samples using
the AACt method.

(D) SOX11 knockdown does not affect the reprogramming potential of NFD-treated fibroblasts.
Reprogramming efficiency was calculated as (GFP-positive MAP2-positive cells) / (total GFP-
positive cell population) at 12 DPT.

(E) Representative MAP2 staining of fibroblast-derived neurons treated with SOX1 I-targeted

shRNA, scale: 50 um.
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Figure 16: SOX4-Mediated Adult Fibroblast Transdifferentiation and DNA Occupancy

(A) The basal expression of SOX4 in four adult fibroblast lines relative to MRC-5.

(B) Neuron induction efficiency for adult fibroblast lines treated with FD, FGF2, and mouse
Sox4+NEUROG?2-encoding lentivirus (red) or human SOX4+NEUROG2-encoding lentivirus
(gray). Efficiency was calculated as (GFP-positive TUBB3-positive cells with at least one
neurite) / (total GFP-positive cell population).

(C) Progressive neuronal maturation of adult fibroblasts treated with reprogramming factors.
Fibroblasts adopt a rounded morphology (5-10 DPT) then outgrow low complexity neurites (10-
20 DPT), which gradually mature in complexity (=21 DPT), scale: 20 um.

(D) ChIP-gqPCR time-course analysis of SOX4 chromatin occupancy at 1, 2, and 4 DPT in adult
fibroblasts treated with reprogramming factors. SOX4 (black) and NEUROG2 (red) ChIP-seq
tracks depicting genomic sub-regions containing site analyzed by qPCR. Error is represented as
the standard deviation of ACt (ORF, open reading frame).

(E) Screen for chromatin modifying chemicals and SWI/SNF factors that promote neuronal
reprogramming. The presence (+) or absence (-) of morphological change, soma rounding,
neurite outgrowth, and TUBB3 expression at 8§ DPT was evaluated.

(F) Exposure to FK228 for 20-24 hours induces rapid neuron-like morphology. Arrows indicate
cells with advanced morphology, while partially converted cells in the bottom left are still
undergoing morphological restructuring.

(G) Percent of adult fibroblasts expressing TUBB3 in the presence and absence of FK228 at
3 DPT.

*Figure modified from Smith et al. 2016
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CHAPTER 6
H3K27 ACETYLATION AND TRI-METHYLATION SIGNATURES DURING
TRANSDIFFERENTIATION

6.1. The Dynamics of H3K27 Acetylation and Tri-Methylation during Reprogramming

We next characterized how the intertwined genetic regulatory networks of NEUROG2,
SOX4, and CREBI collectively initiate transcription using a condition-dependent analysis of
H3K27 acetylation. A quantitative analysis of H3K27AC read densities surrounding NEUROG?2
genomic occupancy sites revealed that FD only modestly enhanced NEUROG2-mediated
acetylation (Figure 17A). This directly correlates with DNA binding and transcription events
identified in ChIP-seq and RNA-seq datasets demonstrating that NEUROG?2 is sufficient to
induce transcription in the absence of FD. However, FD strongly enhanced H3K27AC signal
within a 400-nucleotide window centered at SOX4-targeted genomic sites (Figure 17B). This
FD-induced enrichment of acetylation is even more pronounced at genomic elements for
upregulated genes targeted by both NEUROG?2 and SOX4 (Figure 17C). These findings suggest
that NEUROG?2-FD synergistic transcription could be mediated, in part, by SOX4.

Histone acetylation is primarily localized to the TSS of NEUROG2-targeted genes (Figure
17D). This promoter-centered enrichment generally precedes transcriptional activation with only
the upper quartile exhibiting greater than 7-fold induction at 1 DPT (Figure 17E). Importantly,
this group of early-response genes indicates that NEUROG2 acts in a targeted fashion to
immediately enhance the expression of key pro-neural factors as opposed to an indiscriminate
global activation of neurogenic transcription. Similar transcriptional activation schemes are also

observed for SOX4 and shared gene targets.
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An analysis of transcription factor binding and histone marks neighboring single genes such
as DLL3 and SMARCC?2 reveal information about both the mechanism of reprogramming, as
well as, the epigenetic environment of MRC-5 fibroblasts (Figur 17F,G). SOX4 and NEUROG2
binding sites directly overlap upstream of DLL3 and H3K27 acetylation significantly increases at
this site upon NEUROG?2 expression and FD treatment (Figure 17F). A simultaneous loss of
H3K27 tri-methylation is also observed throughout the DLL3 locus. Examining SMARCC?2, a
component of the SWI/SNF complex, we observe SOX4 binding in the promoter region in the
absence of NEUROG2 (Figure 17G). Importantly, H3K27 tri-methylation is not strongly
enriched an within this locus and might suggest that the epigenetic environment primes MRC-5
fibroblasts for reprogramming relative to the potentially more restrictive chromatin
conformations in adult fibroblasts.

A graphical illustration of NEUROG2, SOX4, and shared target genes with corresponding
transcription and histone acetylation data revealed a core set of 53 genes pivotal to the initiation
of an intermediate stage of neuron specification (Figure 18). Of these, 14 genes undergo greater
than 20-fold induction with pro-neural transcription factors, signaling proteins, and kinases
represented. This suggests that FD activates SOX4 and CREBI transcriptional programs that
synergize with NEUROG?2 to cooperatively initiate secondary neurogenic programs executed by

factors such as NEURODI1, NEUROD4, and NHLHI.
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Figure 17: Reprogramming Factors Modulate Histone Post-Translational Modifications
(A-C) Distribution of H3K27 acetylation (H3K27AC) ChIP-seq reads from untreated MRC-5
fibroblasts (black), NEUROG2-transduced fibroblasts (blue), and NFD-treated fibroblasts (red)
centered around (A) NEUROG2 ChIP-seq peaks, (B) SOX4 ChIP-seq peaks, and (C) shared
NEUROG2-SOX4 peaks in a 4-kilobase window.

(D) Distribution of H3K27AC ChIP-seq reads for upregulated NEUROG2-annoated genes
relative to gene transcription start (TSS) and end (TES) sites for untreated fibroblasts (black),
NEUROG 2-transduced fibroblasts (blue), and NFD-treated fibroblasts (red).

(E) Box-and-whisker plot representing the fold change in expression of upregulated genes with
at least 5-fold increased H3K27AC peak signal upon NFD treatment relative to control MRC-5
fibroblasts.

(F-G) ChIP-seq tracks for SOX4, NEUROG?2, H3K27 acetylation, and H3K27 tri-methylation
generated from fibroblasts (MRC-5), NEUROG2-transduced fibroblasts (N) or NEUROG2-
transduced fibroblasts exposed to FD (NFD) encompassing the DLL3 (F) and SMARCC?2 (G)
genomic loci.

*Portions of figure reproduced from Smith et al. 2016
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Figure 18: Integration of RNA-seq and NEUROG2, SOX4, and Histone ChIP-seq Datasets

Diagram representing H3K27AC-, NEUROG2-, and SOX4-ChIP target genes with
corresponding RNA-seq expression data for NFD-treated fibroblasts relative to untreated
fibroblasts at 2 DPT. Each circle represents a single gene target with the perimeter colored to
indicate ChIP factors that regulate the gene (H3K27AC, green, NEUROG2, blue; SOX4, black).
Genes targeted by all ChIP factors are indicated with red perimeter and genes in this category
with greater than 20-fold expression change are listed alphabetically. The 150 H3K27AC-, 150

NEUROG?2-, and 99 SOX4-target genes most induced at 2 DPT were used in this diagram.
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CHAPTER 7
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CONCLUSION

This research presents the first detailed, stepwise molecular mechanism for the early
events that catalyze human fibroblast-to-neuron transdifferentiation. In this work, ATAC-seq,
RNA-seq, transcription factor ChIP-seq, and native histone ChIP-seq were used to establish a
multi-layered view of the genetic and epigenetic mechanisms that catalyze reprogramming. We
demonstrate that the small molecules forskolin and dorsomorphin act to enhance genome-wide
chromatin accessibility by upregulating SOX4, which directly targets subunits of the SWI/SNF
complex. We validated this mechanism using SOX4 to reprogram human glioblastoma and adult
skin fibroblasts refractory to conversion by NEUROG?2 alone. Finally, a small molecule screen
targeting epigenetic modifiers resulted in the identification of FK228 as a potent activator of
reprogramming when combined with NEUROG?2 in adult fibroblasts.

With a model and mechanism in hand, this system is primed for further investigations
into the mechanics of cellular reprogramming. Specifically, two principal lines of investigation
have promising translational outlooks: (1) the termination of the cell cycle by transdifferentaiton
to post-mitotic cell identity and (2) non-viral epigenetic reprogramming as a mechanism to
facilitate high-efficiency conversion of cell lineages refractory to reprogramming. The findings
in this work related to SOXC transcription factors and chemical-enhanced adult fibroblast

reprogramming are promising leads toward solutions for these therapeutic challenges.
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CHAPTER 9

APPENDICIES
9.1. Appendix 1: Antibodies
Antigen Conjugate Supplier Catalog Number | Host Application Dilution or
Quantity
CREBI Cell Signaling Technology | 9104S Mouse | Immunoblot 1:1000
CREBI1 pS133 Cell Signaling Technology | 9198S Rabbit | ChIP 5pug
CREBI pS133 Cell Signaling Technology | 9198S Rabbit | Immunoblot 1:1000
GAPDH Abcam AB9485 Rabbit | Immunoblot 1:2500
GADDA45G Origene TA308278 Rabbit | Immunoblot 1:1000
HA tag Abcam ABI110 Rabbit | ChIP 5pug
HA tag Covance MMS-101P Mouse | Immunoblot 1:1000
MAP2 Sigma M4403 Mouse | Immunocytochemistry | 1:750
Mouse IgG (H+L) | Fluor555 Life Technologies A21203 Donkey | Immunocytochemistry | 1:500
Mouse IgG (H+L) | Fluor594 Life Technologies A21203 Donkey | Immunocytochemistry | 1:500
Mouse IgG (H+L) | Fluor647 Life Technologies A31571 Donkey | Immunocytochemistry | 1:500
Mouse IgG (H+L) | HRP Jackson ImmunoResearch | 715-035-150 Donkey | Immunoblot 1:5000
NEURODI Abcam AB109224 Rabbit | ChIP Sug
NEUROD4 Abcam AB90484 Rabbit | ChIP S5ug
Rabbit IgG (H+L) | Fluor647 Life Technologies A31571 Donkey | Immunocytochemistry | 1:500
Rabbit IgG (H+L) | HRP Jackson ImmunoResearch | 711-035-152 Donkey | Immunoblot 1:5000
SOX4 Abcam AB86809 Rabbit | Immunoblot 1:1000
TUBB3 Covance MMS-435P Mouse | Immunocytochemistry | 1:2500
TUBB3 Covance PRB-435P Rabbit | Immunocytochemistry | 1:2500
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9.2. Appendix 2: Cell Lines

Catalog
Cell Line | Supplier Number Species | Tissue | Cell Type | Age Disease State Gender
293T/17 | ATCC CRL-11268 | Human | Kidney | Epithelial | Fetus
AGO05811 | Coriell Institute | AG05811 Human | Skin Fibroblast | 71 years Healthy Female
AG09969 | Coriell Institute | AG09969 Human | Skin Fibroblast | 53 years Healthy Male
MRC-5 ATCC CCL-171 Human | Lung Fibroblast | 14 weeks gestation | Healthy Male
ND29563 | Coriell Institute | ND29563 Human | Skin Fibroblast | 37 years Amyotrophic lateral sclerosis | Male
ND39027 | Coriell Institute | ND39027 Human | Skin Fibroblast | 50 years Amyotrophic lateral sclerosis | Female
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9.3. Appendix 3: DNA Constructs

Vector Promoter DNA Insert Application(s)
pCSC-SP-PW-IRES/GFP | CMV none ChIP-seq, neuron induction,
RNA-seq
pCSC-SP-PW-IRES/GFP | CMV HA-NEUROG?2 ChIP-seq, RNA-seq
pCSC-SP-PW CMV GFP-BSD-T2A-NEUROG2-IRES-HA-SOX4 ChIP-seq
. . EMSA, microscale thermophoresis,
pET-21a T7 GFP-flexible linker-NEUROG?2 PRKACA phosphorylation assay
. EMSA, microscale thermophoresis,
pET-21a T7 HA-TCF3 (E47 isoform) PRKACA phosphorylation assay
PET-21a 77 NEUROG2 fsl\s/I;A, PRKACA phosphorylation
pMD2.G CMV none Lentivirus production
pMDLg/pRRE CMV none Lentivirus production
pRSV-REV CMV none Lentivirus production
CS-CDF-CG-PRE Minimal none Luciferase assay
promoter
CS-CDF-CG-PRE Minimal CD44 intron (chr11:35,166,898-35,167,156) Luciferase assay
promoter
CS-CDF-CG-PRE g’:’;’“;felr EMPI 3' regulatory region (chr12:13,428,228-13,428,875) | Luciferase assay
CS-CDF-CG-PRE %Z%?elr GDFS5 5' regulatory region (chr20:34,029,331-34,029,429) | Luciferase assay
CS-CDF-CG-PRE Minimal TEK intron (chr20:34,029,331-34,029,429) Luciferase assay
promoter
pCMV-LacZ CMV LacZ Luciferase assay
. Microscale thermophoresis,
pET-21a T7 HA-TCF3 (E12 isoform) PRKACA phosphorylation assay
Microscale thermophoresis,
PET-21a 7 HA-TCFY PRKACA phosphorylation assay
Microscale thermophoresis,
PET-21a 7 HA-TCF12 PRKACA phosphorylation assay
pCSC-SP-PW CMV NEUROG2-IRES-GFP-T2A-HA-SOX4 Neuron induction
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pCSC-SP-PW CMV NEUROG2-IRES-GFP-T2A-HA-Sox4 Neuron induction
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 Neuron induction
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 deletion construct (K110 to T217) Neuron induction

pCSC-SP-PW CMV SMARCA4 Neuron induction
pCSC-SP-PW-IRES/GFP | CMV SMARCBI Neuron induction
pCSC-SP-PW-IRES/GFP | CMV SMARCC?2 Neuron induction
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S24A) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S24D) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG2 (S91A) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S91D) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S193A) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S193D) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S207A) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S207D) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S209A) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S209D) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S219A) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S219D) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S232A) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S232D) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S239A) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S239D) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (S242A) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (5242D) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (524/193/207/209/219/232/239/242A) NEUROG?2 phosphomutant screen
pCSC-SP-PW-IRES/GFP | CMV NEUROG?2 (524/193/207/209/219/232/239/242D) NEUROG?2 phosphomutant screen
pET-28a 77 PRKACA PRKACA phosphorylation assay
pCSC-SP-PW-IRES/GFP | CMV HA-NEUROG2-IRES-GFP-shRNA Short hairpin RNA knockdown

*Note: All viral plasmids are compatible with 3rd generation lentiviral packaging systems.
*Note: All genomic coordinates reference human genome version GRCh37/hg19.

131




9.4. Appendix 4: Oligos

Application Identifier Sequence
. . 5'-AATGATACGGCGACCACCGAGATCTACACTCGTCGG

ATAC-seq Universal ATAC primer CAGCGTCAGATGTG-3'

. 5'-CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCT
ATAC-seq Barcoded ATAC primer 1 CGTGGGCTCGGAGATGT-3'

. 5'-CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCT
ATAC-seq Barcoded ATAC primer 2 CGTGGGCTCGGAGATGT-3'

. 5'-CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCT
ATAC-seq Barcoded ATAC primer 3 CGTGGGCTCGGAGATGT-3'

. 5'-CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCT
ATAC-seq Barcoded ATAC primer 4 CGTGGGCTCGGAGATGT-3'
EMSA DLL3 native sequence forward 5'-GCATTTACATACAGCTGGGAGCCCCCT-3'
EMSA DLL3 native sequence reverse 5'-GAGGGGGCTCCCAGCTGTATGTAAATG-3'
EMSA DLL3 enhancer box destroyed forward 5'-GCATTTACATAAAGCAAGGAGCCCCCT-3'
EMSA DLL3 enhancer box destroyed reverse 5'-GAGGGGGCTCCTTGCTTTATGTAAATG-3'

Microscale thermophoresis

DLL3 native sequence forward

5'-CATTTACATACAGCTGGGAGCCCCCT-3'

Microscale thermophoresis

DLL3 native sequence reverse

5'-AGGGGGCTCCCAGCTGTATGTAAATG-3'

Microscale thermophoresis

DLL3 GA mutation forward

5'-CATTTACATACAGATGGGAGCCCCCT-3'

Microscale thermophoresis

DLL3 GA mutation reverse

5'-AGGGGGCTCCCATCTGTATGTAAATG-3'

Microscale thermophoresis

DLL3 TC mutation forward

5'-CATTTACATACATCTGGGAGCCCCCT-3'

Microscale thermophoresis

DLL3 TC mutation reverse

5'-AGGGGGCTCCCAGATGTATGTAAATG-3'

NEUROG?2 phosphomutant | NEUROG?2 (S24A) forward 5'-TCGGATCGGCCGCCCCCGCCTTG-3'
NEUROG?2 phosphomutant | NEUROG2 (S24A) reverse 5'-CAAGGCGGGGGCGGCCGATCCGA-3'
NEUROG? phosphomutant | NEUROG?2 (S24D) forward 5'-GCTCGGATCGGCCGACCCCGCCTTGGCG-3'
NEUROG?2 phosphomutant | NEUROG2 (S24D) reverse 5'-CGCCAAGGCGGGGTCGGCCGATCCGAGC-3'
NEUROG? phosphomutant | NEUROG?2 (S91A) forward 5'-CGGCGCCCTGCCCGGGCGC-3'

NEUROG?2 phosphomutant | NEUROG2 (S91A) reverse 5'-GCGCCCGGGCAGGGCGCCG-3'

NEUROG?2 phosphomutant | NEUROG2 (S91D) forward 5'-CGGCGCCCTGACCGGGCGCG-3'

NEUROG?2 phosphomutant | NEUROG?2 (S91D) reverse 5'-CGCGCCCGGTCAGGGCGCCG-3'

NEUROG?2 phosphomutant | NEUROG2 (S193A) forward 5'-GGCAGTGTTGCTGGCCCCGGGAGGAGCC-3'
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NEUROG?2 phosphomutant

NEUROG?2 (S193A) reverse

5'-GGCTCCTCCCGGGGCCAGCAACACTGCC-3'

NEUROG?2 phosphomutant | NEUROG2 (S193D) forward 5'-GGCAGTGTTGCTGGACCCGGGAGGAGCC-3'
NEUROG? phosphomutant | NEUROG?2 (S193D) reverse 5'-GGCTCCTCCCGGGTCCAGCAACACTGCC-3'
NEUROG?2 phosphomutant | NEUROG2 (S207A) forward 5'-AGCAGCGGAGACGCCCCCTCGCCCGC-3'

NEUROG? phosphomutant | NEUROG?2 (S207A) reverse 5'-GCGGGCGAGGGGGCGTCTCCGCTGCT-3'

NEUROG? phosphomutant | NEUROG2 (S207D) forward 5-CAGCAGCGGAGACGACCCCTCGCCCGCC-3'
NEUROG?2 phosphomutant | NEUROG?2 (S207D) reverse 5'-GGCGGGCGAGGGGTCGTCTCCGCTGCTG-3'
NEUROG? phosphomutant | NEUROG? (S209A) forward 5'-GGAGACAGCCCCGCCCCCGCCTCCACG-3'
NEUROG?2 phosphomutant | NEUROG2 (S209A) reverse 5'-CGTGGAGGCGGGGGCGGGGCTGTCTCC-3'
NEUROG? phosphomutant | NEUROG? (S209D) forward 5'-GCGGAGACAGCCCCGACCCCGCCTCCACGTG-3'
NEUROG?2 phosphomutant | NEUROG?2 (S209D) reverse 5'-CACGTGGAGGCGGGGTCGGGGCTGTCTCCGC-3'
NEUROG? phosphomutant | NEUROG?2 (S219A) forward 5'-GAGTTGCACCAACGCCCCCGCGCCGTCC-3'
NEUROG?2 phosphomutant | NEUROG2 (S219A) reverse 5'-GGACGGCGCGGGGGCGTTGGTGCAACTC-3'
NEUROG?2 phosphomutant | NEUROG?2 (S219D) forward 5'-GAGTTGCACCAACGACCCCGCGCCGTCC-3'
NEUROG? phosphomutant | NEUROG?2 (S219D) reverse 5'-GGACGGCGCGGGGTCGTTGGTGCAACTC-3'
NEUROG?2 phosphomutant | NEUROG?2 (S232A) forward 5'-CCTCCAATTCCACCGCCCCCTACAGCTGC-3'
NEUROG? phosphomutant | NEUROG?2 (S232A) reverse 5'-GCAGCTGTAGGGGGCGGTGGAATTGGAGG-3'
NEUROG?2 phosphomutant | NEUROG?2 (S232D) forward 5'-GTCCTCCAATTCCACCGACCCCTACAGCTGCACT-3'
NEUROG? phosphomutant | NEUROG?2 (S232D) reverse 5'-AGTGCAGCTGTAGGGGTCGGTGGAATTGGAGGAC-3'
NEUROG? phosphomutant | NEUROG?2 (S239A) forward 5'-CCCCTACAGCTGCACTTTAGCCCCCGCCAGCC-3'
NEUROG?2 phosphomutant | NEUROG2 (S239A) reverse 5'-GGCTGGCGGGGGCTAAAGTGCAGCTGTAGGGG-3'
NEUROG? phosphomutant | NEUROG?2 (S239D) forward 5"TCCCCCTACAGCTGCACTTTAGACCCCGCCAGCCC-3'
NEUROG?2 phosphomutant | NEUROG?2 (S239D) reverse 5'-GGGCTGGCGGGGTCTAAAGTGCAGCTGTAGGGGGA-3]
NEUROG? phosphomutant | NEUROG?2 (S242A) forward 5'-TTATCGCCCGCCGCCCCGGCCGGGTC-3'

NEUROG?2 phosphomutant | NEUROG2 (S242A) reverse 5'-GACCCGGCCGGGGCGGCGGGCGATAA-3'

NEUROG?2 phosphomutant | NEUROG?2 (S242D) forward 5'-“TTTATCGCCCGCCGACCCGGCCGGGTCA-3'
NEUROG? phosphomutant | NEUROG?2 (S242D) reverse 5'-TGACCCGGCCGGGTCGGCGGGCGATAAA-3'

Neuron induction:
NEUROG?2, caPRKACA,
and dosromorphin

PRKACA (H88Q) forward

5'-GAAACAGATCGAACAAACCCTGAATGAAAAG-3'
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Neuron induction:
NEUROG?2, caPRKACA,
and dosromorphin

PRKACA (H88Q) reverse

5'-CTTTTCATTCAGGGTTTGTTCGATCTGTTTC-3'

Neuron induction:
NEUROG?2, caPRKACA,
and dosromorphin

PRKACA (W197R) forward

5'-GAAGGGCCGCACTCGGACCTTGTGCG-3'

Neuron induction:
NEUROG?2, caPRKACA,
and dosromorphin

PRKACA (W197R) reverse

5'-CGCACAAGGTCCGAGTGCGGCCCTTC-3'

Quantitative real-time PCR

ARIDI1A genomic forward

5'-CCTAGCGAAAGCGGCTGAGG-3'

Quantitative real-time PCR

ARIDIA genomic reverse

5'-CGCAGGCCGTGGAACGGAC-3'

Quantitative real-time PCR

CREBI genomic forward

5'-CTTCCCCTCGCAGGAGGG-3'

Quantitative real-time PCR

CREBI genomic reverse

5'-CCGCTGGCTCCAGTCCGC-3'

Quantitative real-time PCR

DLL3 cDNA forward

5'-CAGACTGTGATCCTAGCGCTC-3'

Quantitative real-time PCR

DLL3 cDNA reverse

5'-GGATCTGCAGCTCGAAGACG-3'

Quantitative real-time PCR

DLL3 genomic forward (CREB1 ChIP)

5'-GCTGGGACATCTGCTCCTAA-3'

Quantitative real-time PCR

DLL3 genomic reverse (CREB1 ChIP)

5'-GAGCAAATGGGCAGGAAAT-3'

Quantitative real-time PCR

DLL3 genomic forward (NEUROD ChIP)

5'-CATTTGCTCCTCACACCTTCC-3'

Quantitative real-time PCR

DLL3 genomic forward (NEUROD ChIP)

5'-CTCCCAGCTGTATGTAAATGCC-3'

Quantitative real-time PCR

DLL3 genomic forward (SOX4 ChIP)

5'-CCTGTATGTGAAGACGGAATTTC-3'

Quantitative real-time PCR

DLL3 genomic reverse (SOX4 ChIP)

5'-CCCTTCGGGCCGCAGCTG-3'

Quantitative real-time PCR

DLL3 ORF genomic forward
(SOX4 ChIP)

5'-GGTGTGCCGAGCAGGCTGC-3'

Quantitative real-time PCR

DLL3 ORF genomic reverse
(SOX4 ChIP)

5'-GCATCCGGTGGTAGCAGAGG-3'

Quantitative real-time PCR

EPCI genomic forward

5'-GGATGCACAAGGCCCAACCC-3'

Quantitative real-time PCR

EPC] genomic reverse

5'-CGGGTCCCGCGGAGTTCG-3'

Quantitative real-time PCR

GADD454 cDNA forward

5'-CTCTTGGAGACCGACGCTG-3'

Quantitative real-time PCR

GADD454 cDNA reverse

5'-GGCAGGATCCTTCCATTGAGA-3'

Quantitative real-time PCR

GADD45G genomic forward

5'-GATCGCACTATGACTCTGGAAG-3'

Quantitative real-time PCR

GADD45G genomic reverse

5'-CGGATTCCCACCCTGGAAAAC-3'

Quantitative real-time PCR

HES6 genomic forward

5'-CTGGTCCTGTAACTTGATGCC-3'
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Quantitative real-time PCR

HES6 genomic reverse

5'-GCCAACACCTGTCGCTCTTG-3'

Quantitative real-time PCR

HPRTI cDNA forward

5'-GCTTTCCTTGGTCAGGCAGTA-3'

Quantitative real-time PCR

HPRTI cDNA reverse

5'-GTCTGGCTTATATCCAACACTTCGT-3'

Quantitative real-time PCR

MTF?2 genomic forward

5'-CGGAAGGACTGAGCCTCACT-3'

Quantitative real-time PCR

MTF?2 genomic reverse

5'-CAGGGACTGCGCGGCGAG-3'

Quantitative real-time PCR

NEURODI1 genomic forward
(NEUROD ChIP)

5'-GCATGCGCCATATGGTCTTCC-3'

Quantitative real-time PCR

NEURODI genomic reverse
(NEUROD ChIP)

5'-CAGATGGGCCACTTTCTTCTG-3'

Quantitative real-time PCR

NEURODI genomic forward
(SOX4 ChIP)

5'-CAGCCAAGAGCCTGGAACC-3'

Quantitative real-time PCR

NEURODI genomic reverse

5'-CTGGCGACAGATGGGCCAC-3'

(SOX4 ChIP)
Quantitative real-time PCR | NEUROD4 cDNA forward 5'-CTGAAGAGCATGACAGTATTGAG-3'
Quantitative real-time PCR | NEUROD4 cDNA reverse 5'-CCTGAATCTCTCAAGGCGAGC-3'
Quantitative real-time PCR gg{fggg %ﬁ;r)mc forward 5.GCATGCAAATGCCTTGTATTCTC-3'
Quantitative real-time PCR é\{\%{ﬁ?gg %i‘};r)mc feverse 5. ACAGTTGTACAGTTGGCTGTTC-3'
Quantitative real-time PCR é\é%gﬁoéﬁ%enom‘c forward 5.GACGTGGCCCTATTGTCCTTC-3'

Quantitative real-time PCR

NEUROD4 genomic reverse
(SOX4 ChIP)

5'-TCAGAGGCAGATGCCATTTCC-3'

Quantitative real-time PCR

NHLHI genomic forward

5'-GAGTAAGCCAGAGCTGGTG-3'

Quantitative real-time PCR

NHLHI genomic reverse

5'-CCCAACCTCTTCTCTTCCCTC-3'

Quantitative real-time PCR

NR4A41 genomic forward

5'-TGCGTCAATGGAACCCC-3'

Quantitative real-time PCR

NR4A1 genomic reverse

5'-GCGCTCCGTGACGCACGG-3'

Quantitative real-time PCR

NR4A41 ORF genomic forward

5'-GAGTGCTAGAGCTGCTGGTC-3'

Quantitative real-time PCR

NR4A1 ORF genomic reverse

5'-GGTCAGCAAGAGCCCAAAATAG-3'

Quantitative real-time PCR

SIK1 genomic forward

5'-CCATTGACGTCGCTTTGACGC-3'

Quantitative real-time PCR

SIK1 genomic reverse

5'-CCTGACGTCACCGGCCCG-3'

Quantitative real-time PCR

SMARCA2 genomic forward

5'-CCATCCCAACCTGGTTTACCC-3'
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Quantitative real-time PCR

SMARCA2 genomic reverse

5'-GGGAAGTGCATCGCGACACC-3'

Quantitative real-time PCR

SMARCC?2 genomic forward

5'-CGGATTGCAGTGCGGACCC-3'

Quantitative real-time PCR

SMARCC?2 genomic reverse

5'-CGAGTCCAACGCCTTAACCAC-3'

Quantitative real-time PCR

SMARCDI genomic forward

5'-GGAGTTCCGGTTCCGGTTCT-3'

Quantitative real-time PCR

SMARCD] genomic reverse

5'-CGCTTGGAGCCACAGACTGG-3'

Quantitative real-time PCR

SMARCEI genomic forward

5'-CACTTGGAAACACTCACCCGC-3'

Quantitative real-time PCR

SMARCEI genomic reverse

5'-GGAAAGTGCGAGTGCGGAAG-3'

Quantitative real-time PCR

SOX4 genomic forward

5'-CCCCAAAGCTGTCTGCGCC-3'

Quantitative real-time PCR

SOX4 genomic reverse

5'-CGGAGACCGCATTGGCTGCTAAG-3'

Quantitative real-time PCR

SOX4 ¢cDNA forward

5'-GCTGTACAAGGCGCGGACTC-3'

Quantitative real-time PCR

SOX4 cDNA reverse

5'-CGCGCTTCACCTTCTTCT-3'

Quantitative real-time PCR

SOX11 cDNA forward

5'-CATGTAGACTAATGCAGCCATTGG-3'

Quantitative real-time PCR

SOX11 cDNA reverse

5'-CACGGAGCACGTGTCAATTG-3'

shRNA knockdown

shRNA forward

5'-CTACTCGAGAAGGTATATTGCTGTTG-3'

shRNA knockdown

shRNA reverse

5'-CTACTGCAGTAGCCCCTTGAAGTCCGAGGCAGTAGG-
3'

shRNA knockdown

Template CREBI shRNA

5'-TGCTGTTGACAGTGAGCGAAGCAACCAAGTTGTTGTT
CAATAGTGAAGCCACAGATGTATTGAACAACAACTTGGTT]
GCTGTGCCTACTGCCTCGGA-3'

shRNA knockdown

Template Scramble shRNA

5'-TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTAT
CTATAGTGAAGCCACAGATGTATAGATAAGCATTATAATT
CCTATGCCTACTGCCTCGGA-3'

shRNA knockdown

Template GADD454 shRNA 1

5'-TGCTGTTGACAGTGAGCGCACCAAATATGTTAAAGTT
TAATAGTGAAGCCACAGATGTATTAAACTTTAACATATIT
GGTTTGCCTACTGCCTCGGA-3'

shRNA knockdown

Template GADD454 shRNA 2

5'-TGCTGTTGACAGTGAGCGCAACCAAATATGTTAAAGT
TTATAGTGAAGCCACAGATGTATAAACTTTAACATATTTG
GTTTTGCCTACTGCCTCGGA-3'

shRNA knockdown

Template GADD45G shRNA 1

5'-TGCTGTTGACAGTGAGCGACGGGCAATGCTTCGTTTT
CTATAGTGAAGCCACAGATGTATAGAAAACGAAGCATTG
CCCGGTGCCTACTGCCTCGGA-3'
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shRNA knockdown

Template GADD45G shRNA 2

5'-TGCTGTTGACAGTGAGCGCTCGCACTATGACTCTGGA
AGATAGTGAAGCCACAGATGTATCTTCCAGAGTCATAGT
GCGATTGCCTACTGCCTCGGA-3'

shRNA knockdown

Template SOX4 shRNA 1

5'-TGCTGTTGACAGTGAGCGCAAGGACAGACGAAGAGT
TTAATAGTGAAGCCACAGATGTATTAAACTCTTCGTCTGT
CCTTTTGCCTACTGCCTCGGA-3'

shRNA knockdown

Template SOX4 shRNA 2

5'-TGCTGTTGACAGTGAGCGCGACGAAGAGTTTAAAGA
GAAATAGTGAAGCCACAGATGTATTTCTCTTTAAACTCIT
CGTCTTGCCTACTGCCTCGGA-3'

shRNA knockdown

Template SOX11 shRNA

5'-TGCTGTTGACAGTGAGCGACAGGAGAGAATTCTACATTT]
ATAGTGAAGCCACAGATGTATAAATGTAGAATTCTCTCCT
GCTGCCTACTGCCTCGGA-3'

*Note: Sense shRNA sequences are underlined. Antisense sShRNA sequences are underlined and italicized. Nucleotide substitutions
for site-directed mutagenesis are bold.
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