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ABSTRACT OF THE THESIS

Elucidation of time-varying gene regulatory networks controlled by REST
during neural differentiation of hiPSCs

by

Vivek Parthasarathy

Master of Science in Bioengineering

University of California, San Diego, 2016

Professor Shankar Subramaniam, Chair

RE1-Silencing Transcription Factor (REST), a member of the
Kruppel-type zinc finger transcription factor family, is believed to act as a master
negative regulator of neurogenesis. During neurogenesis, the decreasing

expression of REST leads to increased expression of neuronal
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genes and the emergence of neuronal processes over time. The
temporal patterns of REST-controlled processes and transcriptional regulatory
events underlying neural induction and early neural development have not been

studied utilizing a systems-level approach on high-throughput time course data.

Human-derived induced Pluripotent Stem Cells (iPSCs) combined with
well-established neural differentiation protocols allow for the in-vitro elucidation
of gene expression patterns characteristic of human neurodevelopment during

this crucial early in-vivo developmental phase.

Using time series data capturing genome-wide transcriptome information
from human iPSCs differentiating into i) Cortical and ii) Hypothalamic neurons,
REST-controlled gene regulatory networks (GRNs) were generated. These
GRNSs captured transcription factor-target regulatory interactions across the
time series and were investigated in order to elucidate early neurodevelopment
towards the two neuronal phenotypes. Functional enrichment analysis of gene
sets obtained from these GRNs was used to determine where along the time

series different REST-controlled neuronal processes emerged.

The systems-level approach allowed for temporal resolution of genome-
wide trans-regulatory interactions over the time course, the dynamics of which
underlie neural differentiation and development. The outcome of the research
is a novel qualitative kinetic model consisting of the time-varying GRNs under
the control of REST that gives insight into the i) temporal sequence of emergent

neuronal processes accompanying neurodifferentiation and ii) the temporal

Xiv



sequence of key transcriptional regulatory events underlying the early neural

differentiation of hiPSCs.
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CHAPTER 1: INTRODUCTION

hiPSCs:

Human induced pluripotent stem cells (hiPSCs) have shown potential in
the elucidation of the underlying molecular mechanisms driving early human
neurodevelopment. Studies have shown that human iPSCs and human ESCs
utilize similar transcriptional networks over the same developmental time course
to generate neuroepithelia and neuronal types in response to the same
differentiation protocols [1].

Given the difficulties in studying neonatal brain development in-vivo in
humans, IPSCs and ESCs have become important tools for studying brain
development in-vitro in recent times. Studies have concluded that hESCs and
hiPSCs are molecularly and functionally equivalent [2]. The importance of
various pathways and transcription factors in driving neural differentiation and
establishing neural identity have been established, although there is very little
work on the interplay between these signaling cues and the expression of
transcriptional regulators driving neurodevelopment over time.

Neurons from iPSCs have mainly been studied because of the promise
they show in the study of the molecular mechanisms driving neurological
diseases. With respect to single-step induction methods driving fibroblasts to
become functional neurons, one of the major drawbacks is the establishment of
a homogenous neuronal population with little or no subtype specificity. Although

a homogenous neuronal culture could be seen to reflect in-vivo neuronal tissue



homogeneity, it also precludes us from understanding the molecular

mechanisms driving differentiation into specific neuronal subtypes [3].

Neural Differentiation:

Our current understanding of the mechanisms driving neural induction in
vertebrates is based on a traditional model consisting of the temporal order of
signals driving tissue specification of dividing cells. In this traditional model, the
neural plate emerges from dorsal ectoderm via blockade of BMP signaling. In
the absence of BMP signaling, the emerging neural plate gives rise to the
anterior forebrain with additional signals such as FGF, WNT, Notch and RAR
required to give rise to more posterior regions [4, 5]. This cascade of signals
driving neural induction has been shown to be conserved across mammals and
has also been demonstrated in human embryonic stem cells (hESCs). However,
there is very little knowledge on how these different signaling cues influence
gene expression and emergence of phenotype across time during development.

REST and its co-repressor COREST (RCOR1: REST Co-Repressor 1)
are known to target members of the SHH gradient morphogen
neurodevelopmental signaling pathway [6].

One of the signaling pathways required for neural differentiation is the
Wnt signaling pathway (both Canonical and Non-canonical). This pathway, also
responsible for neural crest induction, is known to act via LEF1-mediated

transcriptional modification [7].



Literature has reported that BAM factors- ASCL1, POU3F and MYT1L
play an important regulatory role in converting fibroblasts to functional neurons.
It has also been established that transcription factors are drivers of neural
development. Yamanaka factors are known to play a central role in the
reprogramming of iPSCs into neural stem cells/progenitor cell. These
observations serve to highlight the importance of transcriptional regulatory
networks in driving neural differentiation and the elucidation of these dynamic
networks across the differentiation time course [8].

bHLH factors play key roles in development and regeneration of the
nervous system. Hes factors directly repress the expression of proneural genes
such as ASCL1. The downregulation/absence of Hes factors results in an
increase of proneural gene expression resulting in accelerated
neurodevelopment [9]. ASCL1 alone is known to drive conversion of human

fibroblasts to action potential-firing neuronal cells [10].

REST:

RE1 Silencing Transcription factor (REST [11]) is a major regulator in
neuronal development by the repression of RE1 motif which is associated with
neuron specific genes.

There are about 1300 RE1 sites in the human and murine genomes.
REST was initially identified as a neuronal gene inhibitor in non-neuronal cells

and has a very high association with non-coding RNAs such as miRNA 9 and



mMiRNA 124 implicated to have a direct role in neuronal development by
targeting other developmental genes including ASCL1 [12].

Major functions of REST include axon guidance, vesicle trafficking,
maintenance of the cytoskeleton, regulation of the ECM, neurite outgrowth and
signaling. REST regulates the transitions from the pluripotent state to neural
stem/neural progenitor cell states and to mature neuron [13].

REST expression decreases with neural lineage commitment. REST-
mediated chromatin remodeling is required in neural progenitors for proper S-
phase dynamics, as part of its well-established role in
repressing neuronal genes until terminal differentiation [14].

In neural stem cells REST is seen to recruit corepressors (RCOR1/Co-
REST, HDAC1) and forms a repressive protein complex that is then able to
silence the neuronal genes by reversible chromatin remodeling. When REST is
repressed, activation of neuronal genes was observed. It has been found that
REST is required for the correct execution of neuronal differentiation
programmers, but is not required for neural commitment per se or for

maintaining the multipotent status of stem cells [15].

Gene Regulatory Networks:

Candidate-gene approaches to understanding development have their
limitations. Developmental changes in cell phenotype or state are fundamentally
underwritten, not by a single molecule or pathway, but by multiple genes and

interactions. Systems level approaches on high-throughput transcriptomic data



allow us to glean insight on the global expression patterns of expressed genes
at a given point in time.

Intuitively, the prior transcriptomic state of a differentiating cell sets a
context in which a set of regulatory TFs establishes the current transcriptomic
state (representative of phenotype). This occurs through regulatory interactions
of these TFs with their target genes. These interactions result in a change in
target gene expression driving the cell from prior to current transcriptomic state.

The set of all these TF-target gene regulatory interactions along the
developmental axis represent the underlying molecular interactions that govern
the differentiation process driving the cell closer to the final expression state and
phenotype (fate commitment) [16, 17]. Time series data allows us to elucidate
differentiation dynamics through the construction of GRNs comprised of
transcriptomic states and regulatory interactions across time. GRNs are a
graphical representation of changing transcriptomic states, where nodes
represent genes, edges represent regulatory interactions and kinetics are
captured through the changing expression levels of genes that constitute the
transcriptome.

The portions of the transcriptome that are involved in TF-target regulatory
interactions and/or showing statistically significant change in expression
(compared to the prior transcriptomic state) can be qualitatively annotated
through use of time-series data. These annotations would give perspective on
the temporal changes in known biological function that accompany the

development of the cell towards the final phenotype.



CHAPTER 2: METHODS

Neural Differentiation Protocols:

Neural differentiation protocols between datasets differ only in the
treatments between Day 0 and Day 7. The difference in protocols has been

outlined below:

)] Hypothalamic Protocol: 1microM Dorsomorphin (BMP inhibitor),
2microM XAV939 (Wnt inhibitor), 10microM SB431542 (TGFbeta
inhibitor)

i) Cortical Protocol: 100nM LDN193189 (This is a more potent
BMP inhibitor compared to Dorsomorphin used in Hypothalamic

protocol), 10microM SB431542 (TGFbeta inhibitor)

Addition of DAPT, a Notch inhibitor, was a part of both protocols and was
done at Day 22. The difference in differentiation protocols between

Hypothalamic and Cortical datasets is highlighted in Figure 1.



Cortical Differentiation Maintenance
DMEM/F12 + N2
5B31542+ 50:50w Neurobasal Neurobasal+
Sample # Day |Passage Stage LDN193189 || Y27632 DAPT +B27 +plutamax [B27+ Glutamax| AA2P BDNF
-1 Day -1 iPSC
[\ SB+L D/F/N2-NB,B27,Glu
1 SB+L D}FfNZ—NB:BZ ?:GII.I
2 SBeL D/F/N2-NB,B27,Glu
3 SBHL D/F/N2-NB,B27,Glu
4 SB+L D/F/N2-NB,B27,Glu
5 SBL D/F/N2-NB,B27,Glu
] SB+L D/F/N2-NB,B27,Glu
1 7 Day 7 SB+L Y27 D/F/N2-N8B,B27,Glu
2 10 D/F/N2-N8B,B27,Glu
3 12 Day 12 Y27 D/F/N2-NB,B27,Glu AAZP
4 15 D/F/N2-NB,B27,Glu AAZP
17 Day 17 v Y27 D/F/N2-NB,B27,Glu AAZP
5 20 D/F/N2-NB,827,Glu AAZP
6 22 Day 22 | Neuroepithelial Y27 DAPT NB,B27,Glu AAZP
7 23 DAPT NB,B27,Glu AAZP
8 24 DAPT NB,B27,Glu AAZP
k] 25 DAPT NB,B27,Glu AAZP
10 26 v DAPT NB,B27,Glu AAZP
11 28 Neuron DAPT NB,B27,Glu AAZP
12 30 NB,B27,Glu | AAzP
13 35 NB,B27,Glu AAZP
14 40 NB,B27,Glu AAZP BDNF
15 a5 v NB,B27,Glu AAZP BDNF
16 50 NB,B27,Glu AAZP BDNF

Figure 1: Overview of differentiation protocols used for neural specification of iPSCs.
Table outlining protocols used to generate data for Hypothalamic (in blue box) and Cortical (in
orange box) datasets. Note the addition of XAV939, a Wnt-inhibitor, between Day O - Day 7 in
the Hypothalamic protocol.

Dataset:

Baseline sample consisted of untreated iPSCs obtained from human
foreskin fibroblasts from a normal subject. hiPSCs were differentiated to cortical
neuron and hypothalamic neuron (2 datasets). Data provided was collected at
over 3 individual sequencing runs (Day 0 (3 timepoints, common to both
datasets), Days 7-50 Hypothalamic and Days 7-50 Cortical (16 timepoints for
each dataset). RNA-Seq data obtained were single replicate, single end reads
consisting of 50 bases/read. The number of input reads ranged from 11.8M —

30.2M.



Bowtie

Extremely fast, general purpose short read aligner

TopHat

Aligns ANA-Seq reads to the genome using Bowtie
Discovers splice sites

Cufflinks package

: Cufflinks :
| Assembles transcripts I
I

Figure 2. RNA-Seq data processing pipeline. [18]

Data Processing:

Alignment of raw RNA-Seq reads to the genome was done using Bowtie.
Mapping to the genome was automatically done using TopHat aligner [18]
guided by an annotated gene models (GTF file) obtained from Ensembl
(http://lwww.ensembl.org). The overall read mapping rate ranged from 96.6% -
97.7%. Uniquely aligned reads/sample ranged from 10.7M — 27.5M. The
resulting alignment data from TopHat were then fed to an assembler Cufflinks
to assemble aligned RNA-Seq reads into transcripts. Annotated transcripts were
obtained from the Ensembl database. Gene symbols (HGNC symbols)
annotated to samples were used for further analysis. All samples were merged
into the 19 timepoint timecourse after Cufflinks analysis. Transcript abundances

were measured in Fragments Per Kilobase of exon per Million fragments



mapped (FPKMs). Cortical and Hypothalamic datasets were merged by gene
identifier and expression data (across all timepoints, both datasets) were

guantile normalized together before separating data into individual datasets.

Initial Data Visualization:

Hierarchical clustering of gene expression profiles across the time course
was performed using the (pheatmaps) package in R. A dendrogram comparison
of time course gene expression profiles for all expressed genes was done
across datasets. The Euclidean distance matrix was used in clustering data for

dendrogram generation.

Grouping of Expression Data:

The datasets were individually grouped into 6 different groups, with each
group consisting of a set of 3 consecutive timepoints (Control + Groups 1-5).
Grouping of timepoints and relation of timepoints/groups to the profile of REST

and the number of days in culture are shown in Fig 3.
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Generating Differentially Regulated Transcripts Across the Time Series:

Variance modeling-based t-test (Cyber-T) [19] was used to identify
significant and differentially expressed transcripts between pairwise
consecutive groups across the time series. Cyber-T uses a Bayesian estimate
of the variance among the transcript expression values. An unpaired t-test was
used to find the differentially regulated transcripts in each window (where
window refers to the timepoints spanned by group n-1 and group n). In this way,
we were able to identify significant and DE genes across different windows
along the time series. The time windows spanned to identify genes differentially
regulated consisted of data collected between the following days along the time

course: Days 0 — 12, Days 7 — 22, Days 15 — 25, Days 23 — 30, Days 26 — 45.

Analysis of Regulatory Events Involved in Increase of Target Gene

Expression:

For mapping regulatory interactions and constructing GRNs across
consecutive pairs of time windows, only the subset of genes reported as
significant, DE with fold change > 0 (upregulated) was selected from each set
of significant and DE genes. This was done in order to capture the temporal
regulatory networks and emergent functionalization (in being reflected by
enrichment of the specific subset of upregulated genes) across the time series

as differentiation proceeds towards a neuronal phenotype.



11

FPKM
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Figure 3: Grouping of timepoints and relation of timepoints/groups to the profile of REST
and the number of days in culture. Cortical data (Orange), Hypothalamic data (Blue)

TF-Target Mapping across the Time Series:

REST target lists were assembled from TRANSFAC (Qiagen), the ChEA
interaction database [20] and a recent study that expanded the REST cistrome
in human ESCs [21]. A master TF-Target interaction list was assembled from

the same sources, in addition to MSigDB [22].
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Constructing Gene Regulatory Networks:

Gene regulatory networks were constructed by selecting all upregulated
targets of REST from among the genes reported as significant and differentially
expressed across consecutive time windows along the time series. Further
expansion of these networks was done for a) upregulated targets of REST which
were themselves transcription factors with upregulated targets in the immediate
future time window and b) upregulated targets of the targets in (a) which are in
turn transcription factors with upregulated targets in their immediate future time

window.

This expansion of regulatory networks across the time course was done
to generate GRNs that could be used to i) identify emergent neuronal processes
that appear as a direct or downstream effect of REST i) inspect upregulated
transcriptional regulators, their upstream regulators, and the processes they

upregulate across the time series (in both Hypothalamic and Cortical datasets).

Functional Enrichment Analyses:

GOirilla [23, 24] was used to generate rooted trees of enriched GO terms
from gene sets of interest. Enriched GO terms with p-values < 1 x 1073 were
selected. The option to search for enriched GO terms in a target list of genes
compared to a background list of genes was selected. The background list used

for functional enrichment was the list of all genes measured in both datasets
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(Hypothalamic and Cortical). GOrilla used a hypergeometric distribution to find

the exact probabilities to compute enrichment likelihoods [25]:

G )

< (0

where b is the number of ‘background’ genes annotated with the GO term/pathway, s is

the number of ‘selected’ genes annotated with the term/pathway, N is the total number
of ‘background’ genes and k is the total number of ‘selected’ genes.

Results were then exported to REVIGO [26]. REVIGO takes lists of Gene
Ontology terms as input and summarizes them by removing redundant
terms. REVIGO was used to select high-level enriched GO Terms from the list
of all GO Terms exported from Gorilla (similarity score cutoff = 0.7), and utilized
the p-values input from GOirilla for assigning significance. Key terms enriched
across the time series common to both datasets were selected and displayed

in figures accompanying the analysis.

For functional annotation of smaller gene lists using relaxed p-value
cutoffs (p-values < 1 x 1072), ConsesusPathDB-human [27] was employed
using our background gene list and selecting the option for over-representation

analysis.
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Comparative Analysis of GRNs across Cortical and Hypothalamic

datasets:

For GRNs generated for Cortical and Hypothalamic datasets, summaries
of enriched processes/significant genes common to both datasets was provided
in the Figures and Tables accompanying the results. Qualitative comparisons
across datasets, where done, were across corresponding time windows along
the time course. Commonalities/differences in the temporal aspects of i) REST-
controlled regulatory networks driving neural differentiation and ii) the functional
contribution of the genes regulated by the above mentioned regulators to the

emergence of neuronal phenotype were identified across datasets.

Identifying Protein-Level Interactions:

TFs under REST-control reported as common across datasets were
uploaded to STRING-db [26] along with a REST-significance list consisting of
members of the REST-repressive complex (REST, RCOR1, HDAC1) and beta-
catenin (CTNNB1) in order to identify protein level interactions between
regulatory genes and the REST-regulatory complex within the same
transcriptomic state (static in time). Beta-catenin was included due to its
importance as a downstream effector of Wnt-signaling (difference in protocols
between datasets). A high confidence cutoff of 0.7 was used to select known
protein interactions reported within our list of genes. This protein-level

interaction identification was done in order to identify (based on existing
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knowledge) any common protein regulators/complexes that could facilitate
colocalization/coregulation events explaining the temporal patterns of regulation
captured by our GRNs in the context of neural differentiation from iPSCs to i)

Cortical and ii) Hypothalamic neurons.



CHAPTER 3: ANALYSIS AND RESULTS

A Cortical Timecourse
= . l4
2
0
= I -2
-4
——
jom—
Qo o o o o o o o o o o o o o o o o
o £l E) El ® ® o 2 ® ] El E] El El C] o ]
b N 9N Z 38 R R R % % % B8 % 8B ® 3%
= o N L] o 'N w & o < ‘Q o (] o
[: % z
B Hypothalamic Timecourse
—— I -
——— 2
—_— (]
— — 2
TE—
— -4
—
]
b= o o o o o o o o o o o o o o o o
Q = - - =2 = = = o = - = = 2 = =2 @
G % 2 S 3 8 R B R % % % 8 % B & 39
= o n (o] o [N w & (<] -3 ICD o (2] o
I: % z

Figure 4: Dendrograms of gene expression profiles for both datasets for all expressed
genes across the entire timecoure: A) Cortical dataset (outlined in orange) and B)
Hypothalamic dataset (outlined in blue). Boxes outline gene clusters across the timecourse.
Red indicates high expression, Blue indicates low expression. Both datasets showed a similar
expression trend across the time series, with expression patterns across the developmental axis
reflective of the iPSC, neuroepithelial and neuronal phenotypic states.
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Visualization of Overall Gene Expression Across the Time Series:

Hierarchical clustering of normalized expression values for all expressed
genes was carried out in order to visually inspect transcriptomic changes across
the course of neurodevelopment in both datasets. Results are shown in Fig 4.
Both datasets showed roughly 3 distinct clusters of genes across the time
course (see Fig 4), and the distinct transcriptomic states represented by the
clusters correspond to the 3 distinct phenotypic states of IPSC (early),
neuroepithelial (mid) and neuronal (late) in their appearance along the time

series.

Summary of DE Genes and REST Regulation Across Time:

Summary of genes reported as differentially expressed across the time
series shown in Table 1 (both datasets). The Cortical time series shows a
consistently higher number of upregulated REST targets in each stage
compared to the Hypothalamic dataset, except between Days 15 — 25
(summarized in Table 1 A,B). Upregulated DE genes were used for construction
of GRNs and mapping regulatory interactions to identify processes and genes

emerging with time.

In order to generate GRNs under the control of REST by mapping
regulatory interactions across the time series, we used the subset of

upregulated targets of REST which were TFs themselves for the first 4 time
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windows (Days 0 to 30) (Table 2). This selection of windows was based

on the profile of REST in both datasets (Figure 3). There was a decrease in the

number of TFs reported in lists of upregulated targets of REST across the time

course in both datasets (Table 2 A,B).

Table 1: Number of DE Genes, Upregulated DE Genes and Upregulated REST targets
across the entire time course. A) Cortical dataset (Orange) B) Hypothalamic dataset (Blue)

LY cortical | Days0to12 | Days7t022 | Days15t025 | Days23t030 | Days 26045

Total DE genes 7896 6193 2675 4637 4124
reported

Upregulated DE 3927 3146 1131 2492 2259
genes

Upregulated 767 810 575
REST targets

Hypothalamic Days 0 to 12 Days 7 to 22 Days 15 to 25 Days 23 to 30 Days 26 to 45
Total DE genes 9871 3309 4208 3389 2975
reported

Upregulated DE 4825 1729 1884 2014 1287
genes

Upregulated 316
REST targets

Table 2: Number of Upregulated REST targets and Upregulated TFs across Days 0 — 30.
A) Cortical dataset (Orange) B) Hypothalamic dataset (Blue)

Y cortical | Days 0to 12 Days 7t022 m Days 23 t0 30

Upregulated
REST targets

Upregulated TFs 25 10 3 2
among REST
targets

3] Hypothalamic Days 0to12 Days 7 to 22 Days 15 to 25 Days 23 to 30

Upregulated
REST targets

Upregulated TFs 21 9 5 4
among REST
targets
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Functional Annotation of Upregulated DE Genes Across the Time Series:

Functional enrichment analysis was carried out on upregulated genes
reported as significant in each window across the time course. This FA allowed
us to qualitatively annotate the progression of cell fate commitment from iPSC

towards Cortical and Hypothalamic neuron across time.

Functional annotation found to be common between datasets across are
shown in Figure 5. Morphological changes and synaptic localization are seen to
reflect key annotation across Days 0 - 22, followed by the emergence of

annotation for Neurotransmitter Transport from days 15 — 45.

7 ‘cell Adhesion lGated channel activity
Microtubule- Transport vesicle
Neuron based process membrane
Projection Calcium dependent
Cytoskeletal |protein binding/kinase
protein binding regulator activity
Synapse

Days 15 - 25 Days 26 —45

Days in culture

Days 23 -30

Cell Adhesion
cAMP Binding .?rea‘:‘r;;tor:tnsmitter Regulation of
GPCR Membrane Potential
binding cAMP Binding
Regulation of GPCR binding
Membrane Pote'n't:al ¥ lon Channel Activity (Ca)

wlon Channel Activity

(K)

Figure 5: Functional annotations common to upregulated DE genes across Cortical and
Hypothalamic datasets along the time series. Displayed terms appear at similar time
windows across the time series in both Cortical and Hypothalamic data. Terms in bold persist
across windows spanned by arrows. lItalicized terms are specific to time window they are
reported in.
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In addition to the FAs listed in Figure 5 along the time series, there were

annotations unique to Cortical and Hypothalamic datasets across the time

windows (Figure 6, 7).

*  Positive regulation of dendrite
development

* Tube morphogenesis

+ Chromatin modification

+ RS domain binding

+ Transcription coactivator activity

*  Nuclear speck

*  Nuclear chromatin

* Intraciliary transport particle B

. ol receptor signali
* Regulation of synaptic vesicle fusion to

presynaptic membrane

* Regulation of membrane potential

« Calcium channel regulator activity

* Neuropeptide hormone activity

« Transmembrane transporter complex

+ Dendritic spine head

* lonotropic glutamate receptor signaling
pathway

* Glutamate secretion

*  Neurotrophin signaling pathway

*  NGF signaling pathway

*  Negative regulation of axon guidance

* Membrane depolarization driving
action potential

+  Adrenergic receptor binding

« Cell projection

* Transmembrane transporter complex

*  Exocytic vesicle

* Negative regulation of neuron apoptotic
processes

Synaptic transmission

* Lipid metabolism

* Neurological system processes

* Neuron cell-cell adhesion

* Response to hormone

* Benzodiazepine receptor activity

* GABA receptor activity

*  Glutamate receptor activity

= Chloride transmembrane transporter activity
= Caion binding

= Calcium dependent protein binding

* GABA-A/GABAreceptor complex

+  Extracellular matrix

* Neurotransmitter receptor activity

“ L P activity

Days 26 — 45

Days in culture

* Chloride transmembrane transport

* Regulation of hormone levels

* Postsynaptic density protein 95 clustering
+  Dopamine receptor signaling pathway

+ Positive regulation of long term synaptic

potentiation
* Syntaxin binding

* cAMP dependent protein kinase activity

* GABA/GABA-Areceptor

* GPC-Serotonin receptor binding

*  Exocytic vesicle

Figure 6: Dataset-specific functional annotations of upregulated DE genes from the
Cortical dataset across the time course.
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A+ Regulation of membrane potential
* Dopamine metabolism

A.* Cellprojection organization + Glutamate receptor signaling pathway
* Regulation of morphogenesis of A" Synaptic transmission +  ECM organization
a branching structure * Cell migration In hindbrain + Calcium ion transmembrane transporter
* Axon guidance + Cytoskeletal protein body activity

+ Asymmetric protein localization *  Syntaxin | binding + Calcium dependent protein kinase regulator

* ECM constituent + Adrenergic receptor binding activity

+ Semaphorin receptor = Translation repressor activity . lon
complex/activity = Nucleic acid binding activity

* ECM part * Clathrin-sculpted GABA transport + Celladhesion molecule binding

* Calcium ion binding vesicle membrane + Serotonin receptor binding

* Plasma membrane *  Neurotransmitter receptor activity

* G-protein coupled receptor activity
* Dendritic spine head
*  Guanyl-nucleotide exchange factor activity

* Site of polarized growth
* Neurofilament

Days 15 =25 Days 26 — 45

Days in culture

Days 7 —-22 Days 23 - 30

* Generation of L-type calcium current
* Neurotransmitter transport
*+ Glutamate secretion

-+ cAMP mediated signaling

+ Cell communication

+ Cell adhesion

* Neurological system

* Adrenergic receptor binding
+  Syntaxin | binding

+ PDZ binding

* Neuroligin binding

* Cell adhesion

+ Regulation of dopamine secretion

+  Positive regulation of neural
precursor cell proliferation

+ Neurotransmitter transport

* Regulation of canonical Wnt
signaling pathway

+ Cholesterol biosynthesis

* Tubulin binding

* Plasma membrane part

* Neuron part

W+ Clathrin-sculpted GABA transport

vesicle

of
* Calcium fon binding
*  Calcium channel regulator activity
+ Synaptobrevin 2 SNAP-25-syntaxin-la-
complexin | complex
= Exocytic vesicle
W Proteinaceous ECM

Figure 7: Dataset-specific functional annotations of upregulated DE genes from the
Hypothalamic dataset across the time course.

Functional Annotation of Upregulated REST Targets Across the Time

Series:

Functional enrichment analysis was carried out on upregulated REST
target genes reported as significant in each window across the time course
(Table 2). This FA allowed us to qualitatively annotate the direct control of REST
in progression of cell fate commitment from iIPSC towards Cortical and

Hypothalamic neuron across time.

Annotated processes found to be common between datasets across are

shown in Figure 8. In addition to the FAs listed in Figure 8 along the time series,
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there were annotations unique to Cortical and Hypothalamic datasets

across the time windows (Figures 9, 10).

Days0-12

development

*  Neuron projection

* Synapse

* Synapse organization

*  Cell adhesion

* Kion transport

* Plasma membrane part

* Ephrin receptor binding

* Chemo repellant activity

* Semaphorin plexin signaling

pathway

* Enzyme linked receptor protein .

signalling pathway

* Signal transducer activity
* Peptidyl serine phosphorylation .

* Calcium modulating pathway
of

from .

* Regulation of nervous system

* Neuron projection

* Synapse

* Synapse organization
« Synaptic transmission
* Celladhesion

+ Syntaxin binding
+ Cell-cell signaling

¥

development

« Kion transmembrane transport * Synapse organization
« Plasma membrane part +  Cell-cell signaling
* CcAMP binding + Passive transporter

GPCR binding

* Neuron projection
* Cell-cell adhesion via plasma membrane

* cAMP binding

= Gated channel activity

= Transport vesicle membrane

* Glutamate receptor signaling pathway
* Calcium ion dependent exocytosis

+ Synapse

+  Synaptic transmission

« Transmemberane transporter complex
+ Regulation of membrane potential

Days 15-25

Days 23 -30

adhesion molecules

activity

complex

RNA poly

receptor signaling

+ Response to mechanical

stimulus

= Clathrin sculpted GABA transport

vesicle

to nerve growth factor

- GABA biosynthesis

*  Neurotransmitter receptor activity v

transport

*  cAMP binding

« G protein coupled receptor binding
* Synapse

* Synaptic transmission

* Synapse organization

= Syntaxin binding

Days in
culture

Days 26 — 45

- Synapse
*  Synaptic transmission

* Neuron projection

* Perinuclear region of cytoplasm

*  Regulation of hormone levels

* Passive transmembrane transporter activity
* G protein coupled glutamate receptor

signaling pathway

* Synapse organization
*  Cell-cell signaling
* Glutamate receptor signaling

pathway/binding

* Neurotransmitter transport

* Transmitter gated ion channel activity

* Transport vesicle membrane

* Homopdhilic cell-celladhesion via plasma

membrane adhesion molecules

* Ktransmembrane transporter activity
* Calcium ion transmembrane transporter

activity

+  Calcium ion import
+  Cellular calcium ion homeostasis
+  Calcium channel regulator activity

* Calcium ion binding

+ G protein coupled- amine receptor activity

+ GPCR signaling pathway coupled to cyclic
nucleotide second messenger

+  Adenylate cyclase modulating GPCR

- Regulation of cell communication
= Calcium ion dependent exocytosis
= Regulation of membrane potential
= Cyclic nucleotide gated ion channel

* Celladhesion

*  Cell-cell signaling

= Kion transport

= Transmembrane transporter complex

activity signaling pathway
- Transmitter gated ion channel = Glutamate receptor signalling pathway/activity. ion of cycli T
activity * Neuron projection +  Cyclic nucleotide mediated signaling

- Passive jon by cell

* Regulation of hormone levels

*  Synaptobrovin 2SNAP25 syntaxin 1a complexin 1 complex

* cAMP metabolism

+  GPCR singaling pathway coupled to cyclic nucleotide second
messenger

* Regulation of action potential

*  Cellular calcium ion homeostasis

* Calcium ion import

*  Calcium ion binding

= Calcium ion transmembrane transporter activity

= Voltage gated calcium channel activity

* Calcium dependent protein binding

* Kion transmembrane transporter activity

* Synaptic vesicle localization

*  Exocytic vesicle

* Neurotransmitter transport

* Neuroligin family protein binding

* Ras-guanly nuecleotide exchange factor activity

activity .

* Glutamate binding

= Adrenergic receptor binding
= Cytoskeletal protein binding
* Transport vesicle membrane

Figure 8: Functional annotations common to upregulated REST target genes across
Cortical and Hypothalamic datasets along the time series. Terms common across
consecutive windows are underlined.

FAs of REST target lists over windows spanning the time series showed
emergent neuronal functionalization. Across the time series, the sequential
emergence of FAs related to axon guidance, axonogenesis, synapse
organization, cell-cell adhesion, ion homeostasis and synaptic transmission via
neurotransmitters captured the functional role of direct targets of REST across

time. Hormone regulation, GPCR binding, K and Ca ion transport and glutamate



receptor signaling are FA terms common to

Cortical datasets reported between Days 23 — 45.
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Figure 9: Dataset-specific functional annotations of upregulated REST targets from the
Cortical dataset across the time course. Terms common across consecutive windows are

underlined.
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Days0-12 Days 15-25 Days 26 — 45
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* lon transmembrane transport
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Figure 10: Dataset-specific functional annotations of upregulated REST targets from the
Hypothalamic dataset across the time course. Terms common across consecutive windows
are underlined.

Analysis of TF-Target Interactions for Upregulated TFs Among REST

Targets:

For each window along the time course, the upregulated TFs of interest
(which are REST targets) reported as significant and differentially expressed
were selected and mapped to their subset of upregulated target genes that were
reported as significant and DE in the immediate future window. Since REST is
a known repressor with decreasing expression across the time series, REST

repression causes upregulation (derepression) of target genes. This allowed us
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to generate TF-Target maps spanning the time windows of significance

across the time series.

Summaries of TFs reported among upregulated targets of REST in both

datasets are presented in Tables 3 — 6.

Table 3: Summary of common upregulated TFs Days 0 - 12 (which are targets of REST)
and their upregulated targets Days 7 — 22. A) Cortical dataset (Orange) B) Hypothalamic
dataset (Blue). Upregulated targets common to both datasets are displayed in bold.

Upregulated

TFs
(REST target
genes) Upregulated
Days0-—-12 targets
CREM 626 271
LEF1 533 303
FOXP1 430 204
SMAD3 331 168
POU3F2 218 120
ASXL1 68 21
SALL1 10 4
PRDM16 15 9
RXRA 10 9
NFKB1 * VCAM1 * VCAM1
* CRMP1 * CRMP1
= SLC1A2 = SLC1A2
* OLFM4 * SO0D2
* SERPINB9
EBF1 * TH * TH
+ STMN2 »+ STMN2
STATSB *+  MAF * PIM1
SFPQ * TH * TH
NFIC * JUN - CBS
= TFAP2A
E2F7 + HCN3 = HCN3
+ PIM1
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Protein Interaction Networks Across the Time Series:

STRING-db was used to identify protein-level interactions between
REST significance list (REST, RCOR1, HDAC1), beta-catenin (CTNNB1) and
groups of TFs with biological/regulatory significance across the time series
based on their order of emergence (window in which they are reported as
significant, DE and upregulated). Results for TFs common to both datasets

across time (reported in Tables 3 — 6) shown in Figures 11 — 14.

Table 4: Summary of common upregulated TFs Days 7 - 22 (which are targets of REST)
and their upregulated targets Days 15 — 25. Cortical dataset (Orange), Hypothalamic dataset
(Blue). Upregulated targets common to both datasets are displayed in bold.

Upregulated TFs Days 15 - 25
(REST target genes)

Days 7 — 22 Upregulated targets
POU3F2 72 111
PRDM16 + CAMKI1D « CAMK1D

* PSMD14 * NALCN

* NPAS2 * ROBO2

* LRRC7 * MAPRE3
* SPAG6

NR2F1 * CDKN1A * CYP2D6
INSM1 * INSM1 * INSM1

Table 5: Summary of common upregulated TFs Days 15 - 25 (which are targets of REST)
and their upregulated targets Days 23 — 30. A) Cortical dataset (Orange) B) Hypothalamic
dataset (Blue)

Upregulated TFs Days 23 - 30

(REST target genes) Upregulated targets

Days 15 - 25

BCL11B * ADAMI11 * ADAM11
* RUNDC3B * RUNDC3B
* RAPGEF1 * BCL11B

* SH3RF3 * PDE4D
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Table 6: Summary of common upregulated TFs Days 23 - 30 (which are targets of REST)
and their upregulated targets Days 26 — 45. A) Cortical dataset (Orange) B) Hypothalamic
dataset (Blue). Upregulated targets common to both datasets are displayed in bold.

Upregulated TFs Days 26 - 45

(REST targetgenes) Upregulated targets

Days 23 - 30
NR3C1 236

RXRA

ASXL1

FOXP1

E2F7

POU3F2

NFIC

@

Figure 11: Protein interactions between upregulated TFs (Days 0 — 12) under REST
control common to Cortical and Hypothalamic datasets. List of common TFs shown in Table
3.
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PRDM16

CTNNB1

Figure 12: Protein interactions between upregulated TFs (Days 7 — 22) under REST
control common to Cortical and Hypothalamic datasets. List of common TFs shown in Table
4,

CTNNB1

Figure 13: Protein interactions between upregulated TFs (Days 15 — 25) under REST
control common to Cortical and Hypothalamic datasets. List of common TFs shown in Table
5.
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NR3C1

TNNB1

&

Figure 14: Protein interactions between upregulated TFs (Days 15 — 25) under REST
control common to Cortical and Hypothalamic datasets. List of common TFs shown in Table
6.

PPIs consisting of TFs common to both datasets showed similar trends
across the time series: TFs interacting with the REST repressive complex

interact primarily through HDACL1 .

TFs unique to datasets across the time series were summarized based
on window of significance as well as dataset they belong to. Summary shown
in Table 7. Figures 15 and 16 contain information on upregulated targets of
upregulated TFs across the time series in Cortical and Hypothalamic datasets

respectively
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Table 7: Summary of dataset-specific upregulated TFs across the time series (which are
targets of REST). Upregulated targets of these TFs are in the immediate future window: A)
Cortical dataset (Orange) B) Hypothalamic dataset (Blue)

A Days 0 to 12 Days 7 to 22 Days 15to 25 Days 23 to 30

DCPI1A
NR2F1

BCLe
TFDP1
NR2C1
LHX2
INSM1

DCP1A
NR2F1
BCL6

TFDP1
NR2C1
LHX2

INSM1

GATA2 + NR1D1 <« NROB1
RCOR3
NR3C1
BCLL1B
TRPS1

B Hypothalamic Days 0 to 12 Days 7 to 22 Days 15 to 25 Days 23 to 30

— 49

TCF4
USF2
CHD1L
GLI2
HES1

= (CYP19A1, CYP2D6
———— CCND2, BCL2L1

— POMC
— CNTFR
= PAX6

— INSM1

TCF7 * POU3F2 « KLF5
BCL3 * RARA +« EBF1
LHX2 ¢ BCL11B

NR1D1 —— NRI1D1

Days 26 —45

GATA2
RCOR3
NR3C1
BCL11B
TRPS1

166
161
105

NROBl ——————— 145

UHRF1BP1L,
BCL11B, SH3RF3
APCDD1

Figure 15: Summary of upregulated TFs unique to Cortical dataset across the time series.
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TCF4 — 275
USF2 ————— GLI1, S100A6

HDIL f———— SPOCK1
¢ POU3F2 g—— 115

GLI2 ———— GLI1
RARA p——— MAOB

HES1 ———— ASCL1

Days 26 —45

Days0-12 Days 15 -25

Days in culture

DLGAP1
FOS
GPR101

Days 23 -30

—eep
TCF7 — 99 KLFS KLF4

RYBP
SLC2A3

BCL11B f———— SH3RF3
EBF1 T

BCL3 47

tixz ¢ > CER1

—— TH

Figure 16: Summary of upregulated TFs unique to Hypothalamic dataset across the time
series.

Dataset-Specific Protein Interaction Networks Across the Time Series:

PPI networks (Figures 15-18) for Cortical dataset specific TFs across the
time series (from Table 7A) were generated using methods discussed earlier,

and are displayed below:
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BCL6

CTNNB1 ﬁNR?fn

Figure 17: Protein interactions between upregulated TFs (Days O — 12) under REST
control: Cortical dataset.

TRPS1

CTNNBT

&

Figure 18: Protein interactions between upregulated TFs (Days 7 — 22) under REST
control: Cortical dataset.
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CTNNB1

NR1D1

HDAC1

REST

RCOR1
o -

Figure 19: Protein interactions between upregulated TFs (Days 15 — 25) under REST
control: Cortical dataset.

CTNNB1

e

Figure 20: Protein interactions between upregulated TFs (Days 23 — 30) under REST
control: Cortical dataset.

The Cortical PPIs generated using stage-specific TFs showed interaction
with the REST-repressive complex through HDAC1, a trend seen in the case of

TFs common to both datasets.
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PPl networks (Figures 19-22) for Hypothalamic dataset-specific TFs
across the time series (from Table 7B) were generated using methods

discussed earlier, and are displayed below:

Figure 21: Protein interactions between upregulated TFs (Days 0O — 12) under REST
control: Hypothalamic dataset.

‘.'TCF7
\‘ LHX2
N4 HDAC1 @
o

REST

Figure 22: Protein interactions between upregulated TFs (Days 7 — 22) under REST
control: Hypothalamic dataset.
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POU3F2

HDAC1 @

CTNNB1 RARA

Figure 23: Protein interactions between upregulated TFs (Days 15 — 25) under REST
control: Hypothalamic dataset.

— REST

RCOR1
"
ch =i HRACH CTNNB1

o/

Figure 24: Protein interactions between upregulated TFs (Days 23 — 30) under REST
control: Hypothalamic dataset.

The Hypothalamic PPIs generated using stage-specific TFs showed
interaction with the REST-repressive complex through HDAC1, a trend similar
to what was observed in the case of TFs specific to the Cortical dataset, as well

as in the case of TFs common to both datasets.
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Analysis of TF-Target interactions for targets of REST-controlled TFs
which are TFs themselves with upregulated targets reported in their

immediate future window:

Summaries of interactions with time windows and corresponding lists of
upstream REST-controlled regulators presented in Figures 23-26. Interactions
captured the number of upregulated targets controlled by TFs which are targets
of REST-controlled TFs from previous windows along the time series (shown in

column listing “Direct REST targets”, Tables 8-11).
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Table 8: Regulatory interactions between upregulated TFs (Days 7 — 22) and their
upregulated targets (Days 15 — 25): Cortical dataset. Genes common to both datasets
highlighted in yellow. Genes in bold are also direct targets of REST.

LEF1, SMAD3, CREM GATA2 166
FOXP1, CREM RCOR3 161
SMAD3, POU3F2, PRDM16 NR3C1 105
SMAD3, FOXP1, NFIC JUN 70
LEF1, POU3F2, CREM PHC1 68
SMAD3, FOXP1 TFAP2C 64
LEF1, SMAD3 EOMES 64
LEF1, SMAD3, FOXP1 MEIS1 44
LEF1 DACH1 40
FOXP1 AUTS2 38
LEF1, SMAD3, LHX2 PAX6 23
LEF1, POU3F2 NFIB 20
LEF1, SMAD3 NOTCH1 17
SMAD3 THRA 10
LEF1, FOXP1 BCL11B * UHRF1BP1L
* BCL11B
¢ SH3RF3
LEF1 USF1 * PLA2G4AC
* SPP1
LEF1, CREM ZBTB17 * CDKN1A
POU3F2 TRPS1 * APCDD1
SMAD3, CREM SREBF1 = CDKN1A
LEF1 NR2F1 * CDKN1A
FOXP1, CREM MZF1 * PRKCA
LEF1, SMAD3, POU3F2, MAF * GCLM
STATSB
LEF1, INSM1 INSM1 * INSM1

LEF1, SMAD3, FOXP1 ARX *+ LMO1
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Table 9: Regulatory interactions between upregulated TFs (Days 15 — 25) and their
upregulated targets (Days 23 — 30): Cortical dataset. Genes common to both datasets
highlighted in yellow. Genes in bold are also direct targets of REST.

GATA2, RCOR3, PHC1, LMO2 145
AUTS2, THRA
GATA2, TFAP2C, AUTS2, NFIB 47
NR3C1, POU3F2
PHC1 GBX2 45
PAX6, NFIB, JUN, POU3F2 NR4A2 27
RCOR3 THRA 19
PHC1, TFAP2C, BCL11B BCL11B * RAPGEF1
* RUNDC3B
* SH3RF3
* ADAM11
RCOR3, MEIS1 NR1D1 ¢ NR1D1
POU3F2 DLX5 * MYC

Table 10: Regulatory interactions between upregulated TFs (Days 7 — 22) and their
upregulated targets (Days 15 — 25): Hypothalamic dataset. Genes common to both datasets
highlighted in yellow. Genes in bold are direct targets of REST.

Upregulated TFs Upregulated targets Upregulated targets
(Direct REST targets) (TFs) (of Day 7 — 22 TFs)
Days0-12 Days7-22 Days 15 -25
TCF4 OLIG2 190
LEF1, SMAD3 EOMES 156
LEF1 TCF7 99
LEF1, FOXP1, SMAD3, NFIC TFAP2A 89
LEF1, FOXP1,SMAD3, TCF4 MEIS1 74
FOXP1, TCF4 AUTS2 45
LEF1, POU3F2, TCF4 NFIB 36
LEF1, SMAD3 NOTCH1 20
LEF1 Z1C3 18
LEF1, FOXP1, GLI2, USF2 GLI1 ¢ CDH7
* KCND3
* NCAM1
* ROBO2
LEF1 NR2F1 « CYP2D6
LEF1, CREM LHX2 * CER1
LEF1 INSM1 * INSM1

LEF1, TCF4 ESRRG * ESRRA
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Table 11: Regulatory interactions between upregulated TFs (Days 15 — 25) and their

upregulated targets (Days 23 — 30): Hypothalamic dataset. Genes common to both datasets
highlighted in yellow. Genes in bold are direct targets of REST.

Upregulated targets Upregulated targets Upregulated targets
(TFs) (TFs) (of Day 15 — 25 TFs)
Days 7 — 22 Days 15 - 25 Days 23 -30
TCF7, MEIS1 KDM5B 154
OoLIG2 PBX1 108
AUTS2 LMO2 94
OLIG2, EOMES MEIS1 66
TCF7, TFAP2A THRA 15
TCF7 BCL11B * BCL11B
¢ PDE4D
* RUNDC3B
* ADAMI11
TCF7 USF1 * D4
* PLA2G4C
TCF7, TFAP2A RARA

+ MAOB



DISCUSSION:

Functional Annotation Patterns Across the Time Series for Upregulated

DE Genes:

The developmental progression of iPSCs towards neuronal phenotypes
in the case of both Hypothalamic and Cortical protocols was captured across
time (Figure 5). In terms of functional annotations common to both datasets
across the time series for lists of upregulated DE genes, neuronal outgrowth
and establishment of neuronal morphology emerged first (between Days 0 — 12)
and persisted through the time course. Developmentally, this was followed by
the emergence of FAs related to GPCR binding, cAMP binding, Potassium ion
channel activity and regulation of membrane potential (between Days 7 — 22).
Neurotransmitter transport appeared in the next time window (between Days 15
— 25) and this was followed by the emergence of FAs related to the regulation
membrane potential and Calcium ion transport/activity (between Days 23 — 45),
indicating the functionalization of synapses formed by the differentiating

neurons.

In the FAs unique to the Cortical dataset across the time series (Fig 6),
annotation indicative of chromatin modification and transcriptional coactivator
activity were reported first (between Days 0 — 12). This was followed by
emergence of glutamate/adrenergic receptor binding and firing of action
potentials (between Days 7 — 22). Neurotrophin/NGF signaling, indicative of

neuronal survival, also appeared in the same time window and persisted across

40
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the subsequent window as well (Days 15 — 25). Synaptic potentiation, dopamine
receptor signaling pathway, serotonin receptor binding and hormone sensitivity
appear later in the time course (between Days 23 — 30). Glutamate/GABA
receptor activity, synaptic transmission, Calcium ion regulation and neuron
specific cell-cell adhesion emerged last across the time series (between Days
26 — 45), indicating of a class of neurons expressing Glutamate, GABA and

Serotonin receptors.

In the FAs unique to the Hypothalamic dataset across the time series
(Figure 7), Semaphorin receptor activity involved in axon guidance appeared
first (between Days 0 — 12), followed by regulation of Wnt signaling, positive
regulation of neural precursor cell proliferation, GABA transport and dopamine
secretion in the time window that follows (between Days 7 — 22). Synaptic
transmission, adrenergic receptor binding and neurofilament (a component of
the neuronal cytoskeleton) appeared next (between Days 15 — 25). Glutamate
secretion and neuroligin appeared in the subsequent time window (between
Days 23 — 30), indicating synaptic maintenance and synaptic activity.
Serotonin/glutamate receptor activity, dopamine metabolism and cell adhesion
molecule binding emerged last across the time series (between Days 26 — 45),
indicating of a class of neurons expressing Glutamate, Dopamine and Serotonin

receptors.



42

Functional Annotation Patterns Across the Time Series for Upregulated

REST Target Genes:

The role of REST in regulating developmental progression of iPSCs
towards neuronal phenotypes in the case of both Hypothalamic and Cortical
protocols was captured across time (Figure 8). In terms of functional
annotations common to both datasets across the time series for lists of
upregulated REST target genes, axonal guidance (Semaphorin-plexin signaling
pathway, Ephrin receptor binding) and synapse organization emerged first
(between Days 0 — 12). Adrenergic receptor binding, glutamate binding and
GABA transport appear next (between Days 7 — 22), in addition to cAMP/GPCR
binding, Potassium ion transport and synaptic transmission. This could explain
the FAs seen in the corresponding stage of the common FA for upregulated DE
genes discussed in the previous section. Neurotransmitter transport appeared
in the next time window (Day 15 — 25), which is the same window in which the
same term is enriched in FA for all upregulated DE genes. Calcium ion
homeostasis, response to hormone, neuroligin binding, cAMP/GPCR binding,
glutamate receptor signaling and synaptic transmission emerged next (between
Days 23 — 30), once again explaining the overall functionalization of the
differentiating neurons in both datasets across this time window. Most terms
reported between Days 23 — 30 were seen between Days 26 — 45 as well: this
can be explained by the overall profile of REST in both datasets across the time

series (Figure 3). The expression of REST decreases over the course of time
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until it reaches a minimum around Day 25. Derepressed target genes would
therefore remain derepressed after Day 25, resulting in persistence of FA seen

between Days 23 — 30 over the future window (Days 26 — 45).

In the FAs unique to upregulated targets of REST in the Cortical dataset
across the time series (Fig 9), annotation indicative of chromatin binding and
Wnt signaling/Beta catenin binding were reported first (between Days 0 — 12).
This was followed by emergence of adrenergic receptor binding and synaptic
transmission (between Days 7 — 22). Sodium ion transmembrane transporter
activity also appeared in the same time window and persisted across the
following time windows as well (Days 15 — 30). GABA receptor activity and
Glycine binding appear later in the time course (between Days 23 — 30). Most
of these terms persisted to the next time window (between Days 26 — 45), with
the appearance of Neurotrophin TRK receptor binding and synapse

organization/chemorepellent activity.

In the FAs unique to upregulated targets of REST in the Hypothalamic
dataset across the time series (Figure 10), ERBB2 and neurotrophin signaling
pathways appeared first (between Days 0 — 12), followed by neurofilament
organization, positive regulation of neural precursor cell proliferation,
neurotransmitter transport and regulation of hormone levels in the time window
that follows (between Days 7 — 22). Synaptic vesicle transport, adrenergic
receptor binding and neurofilament (a component of the neuronal cytoskeleton)

appeared next (between Days 15 — 25). Adrenergic receptor activity persisted
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to the subsequent time window (between Days 23 — 30), with the emergence of
Ephrin receptor activity involved in axonal guidance and neurotrophin binding,
which promotes neuronal cell survival. Phospholipase C activating GPCR
signaling, regulation of MAPK cascade and neuropeptide receptor activity

emerged last across the time series (between Days 26 — 45).

Emergent functionalization captured across the time series through sets
of upregulated REST targets could explain the trends reflected by the overall
DE genelists across different stages along neurodifferentiation. This highlights
the importance of REST in influencing neuronal development, and presents a
strong case for further functional elucidation of GRNs consisting of regulatory

interactions of REST-related transcriptional regulators and their targets.

PPI Networks:

The PPl networks generated (Figures 11 — 14, 17 — 24) showing
interactions between the members of the REST-repressive complex, beta-
catenin and the TFs of significance (Tables 3 — 7) showed interactions of REST-
target genes which are TFs themselves with the REST-repressive complex
primarily through HDAC1, a repressive histone deacetylase. Preliminary

inspection of FAs for upregulated targets of these TFs of significance (results
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not shown) shows their significant contribution in upregulating genes indicative
of a neuronal phenotype. Interactions driving recruitment of TFs to promoter
regions of neuronal target genes through HDAC1 could be an interesting
hypothesis regarding the concerted molecular mechanisms driving REST

regulation of neural differentiation.

Future Work:

Further annotation of GRNs with FAs with temporal information for TF-
Target lists as being under direct or indirect control of REST would help
elucidate regulatory networks (TF-target interactions across time) driving
neuronal functionalization across the time series. The potential of HDAC1 in
recruiting TFs activating repressed neuronal gene expression in a time and
context dependent manner to REST-repressive complex bound promoters
seems to have potential for further elucidation. Such a mechanism involving
protein interactions between HDAC1, beta-catenin and LEF1 (LEF1 is reported
in Table 3 as a REST-target with TF function common to both datasets) has
been reported in literature [28], and involves switching transcription of target

genes on/off depending on the cellular context.
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