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Central nervous system (CNS) development and post-injury neurogenesis require
accurate coordination of neural stem cell proliferation, progenitor cell differentiation,
neuron, glia migration and maturation, and synapse formation between axons and
dendrites. Such systems with high complexity require strict temporal and spatial control
via several levels of regulation, in which the transcription regulation is one of the most
critical steps. The developmental and injury-repair process involves over 18,000 genes,
for majority of which the molecular mechanism governing their transcription remains
largely unknown. In an attempt to address this question, four projects were conducted
focusing on two levels of transcription regulation: i.e., chromatin modification, and the
interaction of cis-acting regulatory sequences with trans-acting protein factors.

Computational methods were adopted to analyze the sequences of the cis-elements and



make predictions for their interacting transcription factors (TFs). The functional roles of
these cis- and trans-elements were further determined in vivo and in vitro. The following
findings are presented: 1) the function of DNA topoisomerase Il beta (Top2b) in proper
laminar formation and cell survival during retinal development; 2) the development of
computational method for identifying gene regulatory networks involving enhancers and
master TFs that are important in retinal cell differentiation; 3) the mechanism of Notchl
regulation in neural stem/progenitor cells via the interaction between Nkx6.1 and a CNS
specific enhancer CR2 during the development of the spinal cord interneurons; and 4)
the role of CR2 in aNSC activation after injury. Findings from this dissertation provide
new insights into the molecular mechanisms underlying transcription regulation during
CNS development and post-injury neurogenesis. They can also serve as a basis for
future development of gene therapies and regenerative medicine for neurological

disorders including spinal cord injury.
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Chapter |

Introduction

In the field of biomedical engineering, the central nervous system (CNS) has
always been one of the most prevailing topics. Researchers study how the brain, spinal
cord and retina are constructed, how do the neurons in each organ function, how do they
communicate with each other, and most importantly, how do we diagnose and cure the
CNS disease. Here in my study, | tempted to answer some of these questions regarding
CNS development and disease from the aspect of gene regulation.

As the headquarter that sends out commands to our body, the CNS itself is
controlled by the genetic codes that are embedded in every cell of our body. The
approximately 25,000 different genes in human genome precisely produce RNAs and
proteins to coordinate the development, functioning and repair of the CNS and other
organs. These genes are active or inactive in particular cells at particular time according
to the intrinsic clock and the extrinsic information received from the environment.
Transcriptional regulation is triggered first to either activate or block the binding of the
transcriptional starting complex to the promoter region, and consequentially activates or
silences the target gene. During this process, two important steps are included: a)
release of DNA from the highly coiled chromatin structure; and b) send out a signal to
RNA polymerase Il by the interaction of the proteins (TFs) and the non-coding regulatory
elements (enhancer, silencer, insulator, etc.). Both steps are critical and can be utilized
to manipulate the expression of specific gene. My study focused on both steps in the
transcription regulation involved in the development of CNS, including a) the function of
a topoisomerase protein that helps release of DNA in the retina development (Chapter 11);

b) a transcription network that involves multiple master TFs and cis-elements (Chapter



I); ¢) the transcriptional regulation of Notchl gene that is important to many major
development events (Chapter IV); and d) neural regeneration after CNS injury (Chapter
V).

One peer reviewed paper and a book chapter describing the first two studies have
been published (Li et al., 2014; Li et al., 2011). One manuscript about the third study has
been submitted and another one for the forth study is current in preparation.

The following paragraphs review the literatures concerning the background of these

studies and discuss the significance.

1. Transcriptional regulation of gene expression

As first established in bacterial systems (Jacob and Monod, 1961), the concept of
transcriptional regulation has been developed and included the control of gene
transcription on multiple levels. Such mechanisms include the epigenetic regulators that
modifies chromatin structure to indirectly affects gene expression, and the cis-element-
trans-factor system that directly influence the efficiency of RNA polymerase Il (Bannister
and Kouzarides, 2011; Bonasio et al., 2010; Conaway and Conaway, 2011; Spitz and
Furlong, 2012). The former usually includes chromatin modifications on histone structure
and is vulnerable to external cues (Bannister and Kouzarides, 2011), while the latter
emphasizes on the interaction between the TF and the regulatory DNA sequences which
are precisely encoded in the genome (Spitz and Furlong, 2012). Topoisomerases are
one of the enzymes that help to change the topo-structure of DNA and aid DNA
transcription, modification or repair (Berger et al., 1996). A study focused on the function
of Topoisomerase Il beta (Top2b) during retinal development is described in Chapter II.

To study the intrinsic signal of gene regulation, researchers intensively focused on

the non-coding regions of mammalian genome, which is approximately 98% of the whole



DNA sequence (Vavouri et al., 2007). Many of the gene-regulating cis-elements reside in
these non-coding regions. They contribute to the regulation of genes through interaction
with the trans-elements or production of non-coding RNA regulators such as miRNAs,
snRNAs and siRNAs (Lee and Young, 2013). The trans-elements, or TFs usually
function in a cooperative fashion and form a complex with the RNA polymerase to
control the start and end of transcription. DNA loops to allow such transcription initiation
complex to interact both the enhancer and the core promoters of nearby or distant genes
(Krivega and Dean, 2012).

Cis-elements like enhancers can be identified by testing the highly evolutionally
conserved regions of non-coding DNA sequences and exam their ability to drive report
expression in a enhancer-reporter vector (Bucher, 1999). Large number of putative
enhancers have been identified and available in multiple databases, such as Ensembl
(Flicek et al., 2012) and VISTA Enhancer Browser (Visel et al., 2007). These enhancers
provide a good resource for identifying the TFs that bind on them for the regulatory
function. For this purpose the TF binding weight matrices can be used by mapping
programs such as Matlnspector to predict the potential factor binding sites on targeting
enhancer sequence, as described in Chapter Ill. Master TFs that bind to multiple
enhancers of genes specific to developing mouse retina were identified. A gene
regulatory network was built base on these master TFs and enhancers. Although this
method only identifies the TFs that direct bind to enhancer, it provides a reliable pipeline
for study of gene regulatory when combined with experimental verification. In Chapter 1V,
a Notchl1 enhancer is validated and its interacting TF is identified using such pipeline.

As technology advances, experimental approaches for studying transcriptional
regulation in vivo now extend from single-molecule techniques to genome-wide

measurements (Coulon et al., 2013). Massive whole genome sequencing results are



widely used in identifying chromatin modification sites, active enhancer loci and putative
TFs (Core et al., 2008; Gamsiz et al., 2012; Lee and Young, 2013). In Chapter Il, RNA-
seq was used to identify the targets of Topoisomerase Il beta (Top2b) in retina and

further study the different role of Top2b at different stage of retinal development.

2. Development of the retina and spinal cord

Brain, spinal cord and neural retina are the three major components of the CNS.
They are all highly organized organs with complex physiologic and functional structures
which require coordinated temporal and spatial regulation during embryonic
development. In this study | first focused on the gene regulatory in neural retina, as the
retina is like a window to the brain not only in the literal sense but also in structural and
pathologic aspects (London et al., 2013). Then the focus moved to spinal cord, which is
the relay station for communication of brain and other parts of our body.

The neural retina presents a excellent model for investigating the molecular
mechanism of neural cell proliferation, differentiation and migration in the CNS. The six
types of neurons and one type of glia cells are sorted out in three layers and form
complex pathways for proper transduction of vision signals to the brain (Harada et al.,
2007). They were derived from a common progenitor cells which reside in the inner layer
of the optic cup, and differentiated in an orderly manner which is conserved in
vertebrates (Marquardt and Gruss, 2002). The TFs from basic helix-loop-helix (bHLH)
and homeobox families contribute largely to the lineage determination of retinal
progenitor cells and guide them to distinct destinies (Hatakeyama et al., 2001; Marquardt
and Gruss, 2002). In Chapter Il | discussed the influence of DNA topo-structure
modulator Top2b on the transcription regulation during retina development. The

consequences of deleting Top2b in mouse retina is shown and discussed.



Spinal cord has been another model for studies of neural development and diseases.
The definition of spinal cord cell identities is achieved by a two-dimensional coordination
between Sonic hedgehog (Shh) and bHLH gradients (Bae et al., 2000; Ericson et al.,
1997). TFs are expressed in distinct domains, promoting the specific types of spinal cord
cells while suppressing the cells from adjacent domains to preventing cells from
developing into hybrid identities (Alaynick et al., 2011). These progenitor cells later will
further differentiate into oligodendrocytes, astrocytes, motor neurons and 26 types of
interneurons, in which more complicated transcriptional regulation is involved (Alaynick
et al., 2011). Notchl and Nkx6.1 are both regulators that are involved in the interneuron
fate determination. Notchl specifies the V2b interneurons (Del Barrio et al., 2007; Yang
et al., 2006b) while Nkx6.1 is important for all ventral interneurons (Briscoe et al., 2000).
In Chapter 1V, | described how Nkx6.1 was found to be interacting with an enhancer of
Notchl (CR2) and regulated Notchl expression. This finding revealed the upstream
regulator of Notchl, and added a missing link in the network of TFs that regulates

ventral spinal cord development.

3. Gene regulation and activation of adult neural stem cells after spinal cord injury
Injury to the brain and spinal cord typically leads to irreversible death of neurons and
permanent loss of function since the ability of neural cells to regeneration is very limited
(Farooque, 2000). Thus for treatment of spinal cord injury (SCI), transplantation of
embryonic stem cells, induced pluripotent stem cells (iPSC) or neural progenitors with or
without synthetic biomaterials have been prevailing. Evidence suggest that grafted fetal
or iPSC were able to survive in the transplantation site, and achieve some growth in
axons which can form a function relay (Kobayashi et al., 2012; Ogawa et al., 2002).

However, challenges in timely transplantation, grafting and immune rejection remain



unsolved. In order to overcome these difficulties, researchers seeking alternative routes
start to pay attention on promoting endogenous stem cells (Picard-Riera et al., 2004) or
direct differentiation of astrocytes into neurons (Su et al., 2014).

Many studies have established that adult neural stem cells (aNSCs) exist in both
parenchymal and ependymal regions in the spinal cord (Horner et al., 2000; Yamamoto
et al., 2001). The ependymal cells are able to proliferate and predominantly differentiate
into astrocytes and oligodendrocytes when they are triggered by injury (Barnabe-Heider
et al., 2010; Meletis et al., 2008; Yamamoto et al., 2001). They are also capable of
differentiate into neurons in vitro while growth factor is present (Ohori et al., 2006).
However, the majority of ependymal cells will differentiate into astrocytes, which are the
major component of scar tissue which prevents re-alignment of neural connections and
obstruct the functional recovery (Yiu and He, 2006). The oligodendrocytes differentiated
from ependymal cells are found to suffer from major death and cannot form myelin
sheath around the exposed axons of surviving neurons (Meletis et al., 2008). Although
all these results suggest that the resulting cells of the neurogenesis of ependymal cells
are vulnerable to the adverse environment in injured tissue, these aNSCs are reliable
source of regenerative medicine. Studies of facilitating the ependymal cell regeneration
by isolating and culturing showed encouraging results of transplantation, with long-
distance neural connection and recovery of motor activity (Moreno-Manzano et al., 2009).
In Chapter V, cells collected from the injury site of specific transgenic mice are cultured
and studied for their ability to proliferate and differentiate. These transgenic mice carry a
reporter GFP gene following the Notchl enhancer CR2. CR2 was proven to be involved

in the interneuron differentiation in Chapter IV.



Chapter I
Topoisomerase |l beta is required for proper retinal development and survival of

postmitotic cells

1. Prologue

Topoisomerase |l beta (Top2b) is a member of the Topoisomerase family which is
known to be the catalyzer for unconstraining DNA supercoils in an ATP-dependent
manner (Nitiss, 2009; Wang, 2002). It is important for releasing DNA and replacing
histones during transcription initiation, DNA repair and DNA condensation (Meyer-Ficca
et al., 2011). In mouse brain and other regions of the CNS, Top2b is expressed in the
postmitotic neurons located in the cortical plate region which are undergoing terminal
differentiation (Lyu and Wang, 2003a; Tsutsui et al., 1993; Tsutsui et al., 2001b).
Evidences suggest that Top2b is involved in regulating several genes related to brain
development (Lyu and Wang, 2003a) and neural degeneration diseases such as autism
spectrum disorder (King et al., 2013).

In specific, deletion of Top2b in mouse brain leads to improper neurite outgrowth,
abnormal migration of cerebral cortical neurons and defective lamination of cerebral
cortex (Lyu and Wang, 2003a; Nur et al., 2007; Yang et al., 2000). In retina, Top2b is
known to be involved in the laminar-specific targeting of retinal ganglion cell axons and
dendrites (Nevin et al., 2011a). However, due to the ubiquitous expression pattern of
Top2b, the traditional constitutive and brain-specific knock-out mice suffer from perinatal
death. Such early death obstructs study of the in vivo function of Top2b, especially in the
postnatal neural development. Since retina is an non-essential part of CNS that is not
required for the survival of animals, it provides an excellent model for the study of neural

development. Thus in this study, a retinal-specific Top2b knock-out mouse line was



utilized in additional to the traditional whole-body knock-out mouse line to reveal the
consequences of lack of Top2b.

The specific hypothesis to be tested in this study is that Top2b is involved in proper
development of neural cells in mouse retina. To test this hypothesis, eyeballs from
several stages between embryonic day 17.5 (E17.5) to postnatal day 180 (P180) were
collected and thorough analysis of the development, differentiation of the seven types of
retinal cells was performed. Immunohistochemistry and Click-iT cell proliferation assays
were used to study the proliferation, differentiation of the retinal progenitor cells and the
migration, dendrite growth and axon path-finding of neurons. In addition, whole genome
transcriptome analysis of PO and P6 retinae was performed to analyze the genes
respond to deletion of Top2b in order to construct a network that regulates retinal
development.

Together, the analysis revealed that Top2b deficiency leads to delayed differentiation
of all types of neurons, degeneration of the three plexiform layers, degeneration of the
outer segments of both type of photoreceptor cells and a dramatic cell death which leads
to decrease in the total number of cells in retina, while it is not involved in the temporal
or spatial determination of cell differentiation. In addition, the genes identified in the
genome-wide RNA-seq analysis can be categorized in two Gene Ontology groups:
neuronal survival and neural system development. Thus the in vivo function of Top2b
can be concluded as a factor required for the maintenance of postmitotic neurons and

glia, and proper development of neural system.



The remainder of this chapter is reproduced verbatim from a manuscript published in

Biology Open (Li et al., 2014) with minor modifications.
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2. Abstract

Topoisomerase Il beta (Top2b) is commonly known as an enzyme modulating DNA
supercoiling by catalyzing the passage of DNA duplexes trough one another. It is
ubiquitously expressed in postmitotic cells and known to function during the
development of neuromuscular junctions in the diaphragm and the proper formation of
laminar structure in the cerebral cortex. However, due to the perinatal death phenotype
of the traditional constitutive and brain-specific Top2b knockout mice, the precise in vivo
function of Top2b, especially during postnatal neural development, remains to be
determined. Using both the constitutive and retina-specific knockout mouse models, we
showed that Top2b deficiency resulted in delayed neuronal differentiation, degeneration
of the plexiform layers and outer segment of photoreceptors, as well as dramatic
reduction in cell number in the retina. Genome-wide transcriptome analysis by RNA
sequencing revealed that genes involved in neuronal survival and neural system
development were preferentially affected in Top2b-deficient retinas. Collectively, our
findings have indicated an important function of Top2b in proper development and the

maintenance/survival of postmitotic neurons in the retina.
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3. Introduction

Type Il DNA topoisomerases (topoisomerase Il, Top2) are DNA machines that are
capable of catalyzing an ATP-dependent passage of one DNA duplex through another
(Wang, 1998). This activity is essential in removing unconstrained DNA supercoiling
during various DNA transactions (Nitiss, 2009; Wang, 2002). In mammals, two
evolutionally conserved Top2 isozymes (Top2a and Top2b) encoded by separate genes
are present; and they possess similar in vitro catalytic activities (Nitiss, 2009; Wang,
2002). Top2a is expressed solely in proliferating cells, whereas Top2b is ubiquitously
expressed in terminally differentiated cells including neurons and cardiomyocytes (Lyu et
al., 2007; Lyu and Wang, 2003b; Tiwari et al., 2012; Tsutsui et al., 1993). While Top2a is
essential in proliferating cells and has been linked to DNA replication and chromosome
condensation/segregation, Top2b has been clearly indicated in regulating gene
expression (e.g., Reln, Dabl, Catna2, Cdh13, Sst, Pbx3, and Epha7) during brain
development (Lyu et al., 2006; Lyu and Wang, 2003b; Nur et al., 2007), autism spectrum
disorder and other neurodegeneration disorders (King et al., 2013).

In the developing mouse cerebral cortex, Top2b is absent from proliferating neural
progenitors located in the ventricular zone and subventricular zone, but expressed in
postmitotic neurons undergoing terminal differentiation in the cortical plate region (Lyu
and Wang, 2003b). A similar pattern of Top2b expression has also been observed in
other regions of the central nervous system (CNS), e.g, the cerebellum (Tsutsui et al.,
2001a; Tsutsui et al., 1993; Tsutsui et al., 2001c). Ablating Top2b in mice leads to neural
developmental defects such as defective innervation of motor neurons in the diaphragm
muscle (Yang et al., 2000), abnormal migration of cerebral cortical neurons, and
aberrant lamination of the cerebral cortex (Lyu and Wang, 2003b; Yang et al., 2000). In

addition, Top2b is required for proper neurite outgrowth and axon path-finding (Nevin et
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al., 2011b; Nur et al., 2007). These findings indicate the importance of Top2b in neural
development. Indeed, it has been shown that Top2b controls the expression of many
developmentally regulated genes (e.g., Reln, Dab1l, Epha gene family) during mouse
embryonic brain development (Lyu et al., 2006), as well as gene activation in rat
cerebellar granule cells (Sano et al., 2008; Tsutsui et al., 2001a). Furthermore, although
Top2b is apparently nonessential in cultured cells, absence of Top2b in neural stem cell
(NSC)-derived neurons results in premature cell death (Tiwari et al., 2012). However, in
vivo evidence supporting an essential role of Top2b in survival/maintenance of
postmitotic neurons is lacking.

To study the in vivo function of Top2b in postmitotic neurons, we have previously
generated brain-specific Top2b knockout (KO) mice by breeding floxed Top2b mice (Lyu
and Wang, 2003b) with Foxgl-Cre mice (Hebert and McConnell, 2000). Unfortunately,
these mice showed a perinatal death phenotype, similar to that observed in the
traditional constitutive Top2b KO mice (Lyu and Wang, 2003b; Yang et al., 2000). To
circumvent this perinatal death problem, we have employed the developing mouse retina
as a model to further analyze the in vivo function of Top2b. Retina is not essential for
animal survival, and as a part of the CNS, it provides an excellent model for the study of
neural development and pathogenesis. In vertebrate retina, there are six types of
neurons and one type of glia interconnecting with one another to form a sophisticated
neuron/glia network that relays visual input into the brain. The mature vertebrate retina is
organized in a laminar structure composed of three cellular layers and two plexiform
layers (basal to apical): ganglion cell layer (GCL), inner plexiform layer (IPL), inner
nuclear layer (INL), outer plexiform layer (OPL) and outer nuclear layer (ONL). The
genesis of mouse retinal cell types proceeds through an overlapping and yet temporal-

controlled order: ganglion cells are born first around embryonic day 10 (E10), followed
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by cone photoreceptors, horizontal cells and amacrine cells at around E13~E15,
whereas the majority of rod photoreceptors, bipolar neurons, and Miiller cells are
generated after birth (Bassett and Wallace, 2012; Young, 1985a; Young, 1985c).

In this study, by employing both the traditional constitutive Top2b KO and retina-
specific conditional Top2b KO (cKO) mouse models, we show that the initial specification
of retinal progenitors into different retinal cell lineages was not affected by Top2b
deficiency. However, retina lacking Top2b displays defects in the laminar structure and
neurite outgrowth. In addition, Top2b deficiency led to a decrease in retinal thickness
and an increase in apoptotic cell depth at later developmental stages. These results
suggest a link between Top2b deficiency and retinal neurodegeneration and imply an
essential role of Top2b in maintaining the function and survival of postmitotic neurons.
Genome-wide transcriptome analysis of Top2b-deficient retinas using the RNA-seq
method further confirms that Top2b regulate gene networks critical for neuronal survival
and neurite outgrowth. Together, these results suggest that although it may have a
minimal effect on retinal lineage specification, Top2b is vital in maintaining the

postmitotic state and survival of retinal neurons.



14

4. Materials and Methods
Mouse strains

The traditional constitutive Top2b knockout (KO) mice were described in a previous
publication (Lyu and Wang, 2003b). The retina-specific Top2b knockout (cKO) mice were
generated by crossing the Top2b™? mouse strain (Lyu and Wang, 2003b) with the Dkk3-
Cre mouse strain (Sato et al., 2007) (kindly provided by Dr. Hiromi Sesaki at the Johns
Hopkins University). Dkk3-Cre mice showed restricted Cre expression to retinal
progenitors starting from E10.5 (Sato et al., 2007). Based on our specific mating scheme
(Top2b™"?Mx2 % Dkk3-Cre: Top2b*™*?), the control mice used in this study had genotypes
of Dkk3-cre;Top2b™"2 Top2b*™?  or Top2b"™?"*2 and the retina-specific Top2p
knockout mice had the genotype of DKK3-Cre;Top2b"®?°? The Dkk3-Cre;Top2b"®x?/flox2
(cKO) mice were genetically Top2b™ in retinal progenitors and all cells derived from them.
PCR-based genotyping of the Top2b* (primers PR3 and PR1) and Top2b"*? (primers
PR3 and PR4, PR5 and PR6) alleles was performed using mouse tail DNAs as
described previously (Lyu and Wang, 2003b) and the Cre allele was amplified using
primers Cre3 (5-CACCCTGTTACGTATAGCCG-3’) and Cre4 (5'-

GAGTCATCCTTAGCGCCGTA-3’).

Tissue Preparation

Eyes of control or Top2b KO/cKO mice were dissected immediately after mice were
sacrificed. They were washed in 1x PBS and fixed with 4% (w/v) paraformaldehyde for 1
hr. Fixed tissues were washed again and then cryopreserved in 30% (w/v) sucrose
overnight. Images of the whole-mount eyes were taken with a microscope (Leica,
MZ16FA) and eyeball diameter was measured. The eyeballs were embedded in cryo-

preserving media (Tissue Tek® OCT compound) and kept frozen at -80°C.
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Immunohistochemistry

Frozen retinal tissues were sectioned sagittally (10-12 um in thickness) using a
cryostat (ThermoScientific) and air dried. Sections were blocked and permeabililized for 1
hr in blocking buffer containing 10% donkey serum, 0.1% TritonX, and 0.1% Tween® 20
at room temperature. Afterwards, they were incubated with primary antibodies overnight
at 4°C. Following three 10-min washes in PBS, sections were incubated in the blocking
buffer containing corresponding fluorophore-conjugated secondary antibodies for 1 hr at
room temperature. Slides were then washed three times with PBS (10-min each wash),
and mounted with mounting media (Vector Laboratories) in the presence or absence of
DAPI (to label the nuclei). The following primary antibodies were used: Top2b (1:300, sc-
25330), Brn3 (1:300, sc-6026), Chx10 (1:300, sc-21692), Pkca (1:300, sc-8393), EAAT1
(2:200, sc-7757), CRALBP (1:200, sc-59487) and PH3 (1:300, sc-8656-R) from Santa
Cruz Biotechnology, Inc.; Lim1/2 (1:25) and Pax6 (1:15) from Developmental Studies
Hybridoma Bank (DSHB); Brn3a (1:100, MAB1585), Calretinin (1:2500, MAB1568),
Recoverin (1:1000, AB5585) and y-H2AX (1:100, 05-636) from Millipore; Tuj-1 (1:1000,
ab14545) from Abcam; cleaved-Casp3 (1:1600, #9661) from Cell Signaling; Prox1 (1:
5000, prb-238c) from Covance; Rhodopsin 4D2 (1:100; gift from Dr. Robert S. Molday
from University of British Columbia, Canada). Images were captured using a Zeiss Axio

Imager M1 fluorescence microscope and AxioVision 4.8.

in vivo EdU labeling
To label proliferating cells in vivo, the thymidine analog EdU (5-Ethynyl-2'-
deoxyuridine, 50 pg/g body weight, in PBS) was injected into pregnant female mice 2 hr

before sacrifice and dissection. EdU labeling was detected using the Click-iT Edu Alexa
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Fluor 647 Imaging kit (Invitrogen).

Whole genome transcriptome analysis using the RNA-seq method

Total RNA were isolated from retinas of the control and cKO pups at PO and P6 (n=4
for each sample). The whole transcriptome RNA libraries were constructed, following by
deep sequencing using the SOLID System (Applied Biosystems). RNA-seq data analysis
was performed according to the published protocol (Trapnell et al., 2012) with minor
maodifications. Briefly, raw 50 bp reads was aligned to the mouse genome (MGl, as of
Feb 15, 2012) using Bowtie (Langmead et al., 2009). Gene expression level was
analyzed with Cufflinks, with differentially expressed genes determined by Cuffdiff
(Trapnell et al., 2010). Gene Ontology (GO) analysis of the gene expression data was
performed using GSEA (permutation = 1000) (Subramanian et al., 2005) and visualized
by the Enrichment Map tool (The Bader lab, University of Toronto) as a plug-in of

Cytoscape (Merico et al., 2010).

Cell counting

Cell counting was performed manually on retina sections through the central
regions at or directly adjacent to the optic nerve level. Either the whole section or a two
200 um wide regions from the central part of the retina on each side of the optic nerve

were counted, as indicated in the histograms.

Statistical analysis
Quantitative data were presented as mean + standard deviation. Significance (p-

value) was determined by Student’s t-test.
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5. Results

1) Top2b expression is only present in postmitotic cells during mouse retinal

development
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Figure 1l.1. Expression pattern of Top2b during mouse retinal development. (A) E15.5 and E19.5
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retina sections were processed to reveal EdU in vivo labeling. Staining with Top2b show that the
vast majority of Top2b+ cells were in the INBL while EdU+ cells were in the ONBL. No EdU+ cells
(arrowheads) were co-labeled with Top2b (arrows). (B) Top2b+ cells were co-labeled with Brn3a
at E13.5. (C) Top2b+ cells were co-labeled with Opnlsw at E17.5. (D) Co-staining of Lim1/2 and
Top2b at E15.5 and E17.5. (E) Co-staining of Pax6 and Top2b at 17.5 and E19.5. (F) Co-staining
of Rhodopsin and Top2b at P7 and P180. (G) Co-staining of Pkca and Top2b at P7 and P14. (H)
Co-staining of EAAT1 and Top2b at P14. Boxed regions are shown in a higher magnification.
Arrowheads in (B-H) indicate double-labeled cells with Top2b and a retinal cell type specific
marker. (1) Timeline of Top2b expression and neurogenesis in mouse retina. Color bars indicate
the process of retinal development based on Young'’s work (Young, 1985a). Black arrows
represent the starting points of Top2b expression in different retinal cell types. INBL, inner
neuroblastic layer; ONBL, outer neuroblastic later; GCL, ganglion cell layer; INL, inner nuclear
layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars
= 50um.

To determine whether Top2b is expressed in proliferating or postmitotic cells, we
pulse-labeled proliferating retinal progenitors with the thymidine analog EdU (5-ethynyl-
2’-deoxyuridine) (Salic and Mitchison, 2008) and immunostained retinal sections with
Top2b antibody at embryonic day 15.5 (E15.5) and E19.5. We found that no cells were
co-labeled with Top2b and EdU in the retina (Fig. Il.1A), indicating that Top2b was not
expressed in proliferating retinal progenitors.

Next, we determined the onset of Top2b expression in each specific retinal cell type
by double immunostaining for Top2b and cell-specific markers, and by cell-specific
laminar location in the retina. Top2b expression was not detected before or at E12.5
(data not shown). Weak Top2b staining was detected first in regions near the vitreous
surface of the inner neuroblastic layer (INBL) at E13.5 (Fig. Il.1B, S1A). Many Top2b+
cells were co-labeled with Brn3a, a differentiated ganglion cell marker (Xiang, 1998;
Xiang et al., 1995) (Fig. 11.1B). Starting from E17.5, Top2b expression became apparent
in newly born Opnlsw+ cone photoreceptors (Fig. I1.1C), Lim1/2+ horizontal cells (Fig.
11.1D), and Pax6+ amacrine cells (Fig. Il.1E). In postnatal stages, Top2b expression was
maintained in postmitotic cells of both neuronal and glial origin, including Rhodopsin+
rod photoreceptors (Fig. Il.1F), Pkca+ bipolar cells (Fig. 11.1G), and EAAT1+ Mdller glia

(Fig. 1.1H), subsequent to their differentiation.
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The expression pattern of Top2b in retinal cells correlated well with the period of
retinal neurogenesis and overlapped with the period of retinal cell differentiation (Fig.
I1.11, S1). These results indicate that Top2b is expressed and maintained in all

differentiated and mature retinal cell types.

2) Top2b deficiency does not affect early mouse embryonic neurogenesis but
causes morphological defects in the postnatal eye

The role of Top2b during embryonic retinal development was examined using the
traditional constitutive Top2b knockout (KO) embryos (Yang et al., 2000).
Immunostaining showed no Top2b expression in the KO retinas (Fig. 11.S2A,B) and no
discernible differences in staining with retinal ganglion cell markers Brn3 (detects Brn3a,
Brn3b and Brn3c for both ganglion progenitors and differentiated ganglion cells (Xiang,
1998; Xiang et al., 1993)) and Brn3a, cone photoreceptor marker Opnlsw, retinal
progenitor marker Pax6 (Marquardt et al., 2001) and early neuronal marker Tuj-1 at
E13.5 and E15.5 (Fig. I1.S3). In addition, there is no obvious difference in the number of
EdU+ cells and phosphorylated-histone 3 (PH3)-labeled M-phase cells between wild-
type and Top2b KO retinas (Fig. 11.S4). These results suggest that early retinogenesis
and retinal progenitor proliferation do not require Top2b.

Since both the constitutive (Yang et al., 2000) and brain-specific Top2b KO mice die
shortly after birth (Lyu and Wang, 2003b), these models cannot be used to study the role
of Top2b during the postnatal CNS development. To circumvent this problem, a retina-
specific Top2b KO (cKO) mouse line was generated by crossing the floxed Top2b mice
(Lyu and Wang, 2003) with the Dkk3-Cre mice (Sato et al., 2007). The Dkk3 promoter-
driven expression of the Cre recombinase (Cre) takes place in retinal progenitors at

E10.5, and is able to convert the Top2b"™? allele to the Top2b allele in retinal
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bflox2/f|ox2) mice were viable and

progenitors and their progenies. cKO (Dkk3-Cre;Top2
immunohistochemistry confirmed that no Top2b expression was detected in postnatal
cKO retinas (Fig. 11.S2C, D). Initial examination showed no obvious morphological
defects in the eyes between cKO mice and their control littermates before postnatal day
7 (P7); however, retinal degeneration accompanied with reduced eyeball size was
observed starting from P14 (Fig. II.S5). The openings of eyelids appeared to be
narrower in cKO mice at P14 and P21 (data not shown); and closed completely in adult
cKO mice (P180) (Fig. 11.S2F). Moreover, degeneration of the discontinuous
circumferential folds in the collarette of iris of the cKO mice was observed, resulting in a
smoother edge of the iris and larger pupils after PO (Fig. Il.S5E-O). No visible iris
structure can be found in adult cKO eyes (Fig. 11.S5S). In addition, optic nerves of the
cKO mice were thinner and flatter (Fig. 11.S5D, H, L, P, T) as compared with the cylinder-
like optic nerve of their control littermates. These results indicate that Top2b deficiency

caused degeneration within the inner structure of the eyeballs; and prompted us to

further examine the detailed structure and organization of the retina.
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Figure 11.2. Aberrant retina lamination and loss of plexiform layers caused by Top2b
deletion. (A) Retina sections prepared from P14, P21 and P42 control and Top2b cKO
mice were stained with DAPI and co-stained with either Prox1 or Chx10. Prox1+ and
Chx10+ cells were detected in the ONL (arrowheads) in Top2b cKO retinas. (B) Co-
staining of E19.5-P42 control and KO/cKO retina sections with DAPI and Calretinin,
which labels neurofilaments in the IPL. In cKO retinas, only a few filament-like structures
were found at P7 and P21, while in control samples the strata structure of
neurofilaments appeared as early as PO (arrows). (C) Co-staining with Tuj-1in P7, P14
and P21 control and cKO retina sections. Tuj-1 stained neurofilaments of the OPL
(arrows) and processes of photoreceptors (arrowheads), which were largely missing in
cKO samples. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform
layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars = 50um.
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3) Top2b deletion leads to defects in retinal lamination

To determine the cause of these morphological defects observed in the postnatal
cKO mice, we next examined the cKO retinas at the cellular and molecular level. Retinal
sections were stained with DAPI and various cell-specific markers, e.g., Prox1, Chx10,
and Calretinin for retinal cells in the INL. Compared with the controls (wild-type
littermates), Prox1+ amacrine cells and Chx10+ bipolar in the cKO retinas did not retain
in the INL, but protruded into the ONL (Fig. 11.2A). This could be explained by the largely
missing inner plexiform layer (IPL) and the outer plexiform layer (OPL) in the cKO retinas
as revealed by the Calretinin staining (Fig. 11.2B). Calretinin mainly stains the neurite
plexuses of the IPL (formed by the processes of the amacrine cells, bipolar, and ganglion
cells). In the controls, Calretinin-stained IPL was prominently present starting from PO
(Fig. 11.2B, arrow). The matured IPL contained five strata separating from each other by
three plexuses could be observed in P14, P21 and P42 (Fig. I1.2B). However, in the cKO
retinas, Calretinin staining revealed only short and disoriented neurites or processes and
no plexus was visible at any postnatal stages examined (Fig. I1.2B). These defects
became progressively more severe at P14, P21 and the adult stage (P42). The
disappearance of the plexiform layers, especially the OPL, was further confirmed by the
staining of the type-II B tubulin using the Tuj-1 antibody (Fig. 11.2C). In the control, both
the OPL and IPL were clearly visible by P7; while in the cKO retinas, these plexiform
layers were dramatically reduced by P7 and disappeared by P14 (Fig. I11.2C, arrows).
These results suggest that Top2b is required for neurite outgrowth and proper formation

of retinal plexiform layers.
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Figure 11.3. Top2b deficiency leads to delayed embryonic development and decreased ganglion
and horizontal cells. (A) Retina sections of E17.5 control and KO embryos and PO and P14
control and cKO mice were co-stained with Brn3 and DAPI. Brn3+ cells were all located in the
GCL in the control retinas, but they were more widely distributed in the INBL and ONBL
(arrowheads) in the KO/cKO retinas. (B) Quantification of Brn3+ cells. A significant reduction in
the number of Brn3+ cells in postnatal stages starting from P7 was observed. (C) Retina sections
of E17.5 control and KO embryos and PO and P14 control and cKO mice were co-stained with
Lim1/2 and DAPI or Prox1 and DAPI. Lim1/2+ and Prox1+ cells horizontal cells were well-spaced
and located in the horizontal cell layer (arrowheads) in the control retinas; while in the KO/cKO
retinas, the majority of these cells remain in the INBL (arrowheads) at E17.5 and PO. By P14, no
Lim1/2+ or Prox1+ cells were detected in cKO samples. (D) Quantification of Lim1/2+ cells cells.
(E) Quantification of Prox1+ horizontal cells. Error bars are s.d. (n = 3 except n = 2 for P0).
Student’s t-test, * p<0.05, ** p<0.01. INBL, inner neuroblastic layer; ONBL, outer neuroblastic
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layer; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer
nuclear layer; OPL, outer plexiform layer. Scale bars = 100 um.

4) Top2b deficiency causes delayed differentiation of ganglion, horizontal cells
and affects their survival

Since the IPL is formed by the processes of INL cells (horizontal, amacrine and
bipolar cells) and ganglion cells, defects in IPL could indicate that although Top2b
deficiency does not affect INL and ganglion cell specification, but the final maturation
and differentiation of these cell types was not accomplished. We thus further tracked the
development of these retinal cells based on the expression of cell-specific differentiation
markers with their laminar location and cell numbers. In KO/cKO retinas, the expression
of Brn3 in ganglion cells, Lim1/2, Prox1 in horizontal and amacrine cells, and Chx10 in
bipolar neurons was detected (Fig. 11.2, 3), suggesting that specification of these retinal
neuronal cell types was not affected in the absence of Top2b. However, Brn3+, Lim1/2+,
and Prox1+ cells were widely dispersed in both the INBL and ONBL at E17.5 and PO
and appeared to be still undergoing the migration process in the INBL before reaching
their final location in the horizontal cell layer (Fig. 11.3A, C). These results suggest that
Top2b is involved in the process of terminal maturation/differentiation of these retinal
cells.

In addition, there was a dramatic decrease in the number of Brn3+ ganglion cells in
the cKO retinas during postnatal retinal development starting from P7, and by P14 only a
few Brn3+ were detectable in cKO retina sections (Fig. 11.3B). This dramatic ganglion
cell loss is consistent with the finding that cKO mice in late postnatal stages had thinner
and flatter optic nerve (Fig. I1.S5), which is formed by axons emanated from ganglion
cells. For Lim1/2+ and Prox1+ cells, a dramatic decrease of these cells was observed in

cKO retinas starting from P7 (Fig. 11.3D, E). These results suggest that Top2b deficiency



affects terminal differentiation during embryonic retinogenesis, and retinal cell survival

after birth.
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Figure 11.4. Top2b deficiency causes defects in Miller glia. Co-staining of control and cKO retina
sections with GFAP and CRALBP at P7 (A, B), P14 (C, D), P21 (E, F) and P42 (G, H). At P7,
GFAP expression (red) was present in the endfeet of Muller glia cells in both control and cKO
retinas, while CRALBP-stained neurofilaments in the OPL were seen in the control retina (green
in A) but not in cKO retina (B). Up-regulation of GFAP (arrowheads) accompanied with shorter
processes and disrupted lamination was seen in cKO retinas at P14 (D), P21 (F) and P42 (H).
CRALBP-stained processes and cell body of Muller glia (vertical arrows) were seen in the control
retinas but not in the cKO at these stages (C-H). Asterisks indicate the background blood vessels.
ILM, inner limiting membrane; OLM, outer limiting membrane; GCL, ganglion cell layer; INL, inner
nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
Scale bar = 100um.

5) Absence of Top2b leads to defects in Muller glia development

Miiller glia play important roles in the retina by supporting and nourishing other
retinal cells (Poitry et al., 2000). Thus, there may be defects in Miller glia that contribute
to the observed structural defects and cell loss in the cKO retinas. To examine the role of
Top2b in Muller glial development, retinal sections were stained with radial glial markers
GFAP and Miiller glia marker CRALBP. In both the control and cKO retinas, GFAP signal
was detected in the inner half of the retina at P7, where the endfeet of Muller glia cells
are located (Fig. Il.4A, B). Starting from P14, CRALBP staining could be detected.

Unlike the pattern found in control retinas in which CRALBP-stained bodies of Miller glia



26

were observed to reside in the INL with full length processes expanding from the inner
limiting membrane (ILM) to the outer limiting membrane (OLM) from P14 to P42 (Fig.
I1.4C, E, G), there was no clear presence of Miller glia cell bodies in cKO retinas (Fig.
11.4D, F, H). In addition, CRALBP-stained processes of Muller glia in cKO retinas were
short (not expanding to the OLM) and almost no processes were detected at P21 (Fig.
11.4D, F, H). GFAP staining in control retinas maintained in the endfeet of Mdller glial
throughout P14 to P42, while in cKO retinas it was stronger and more extensive (Fig.
[1.4C-H). The GFAP staining in cKO retinas was found mostly close to the ILM and
extended to co-localize with the processes of CRALBP+ Miiller glia (Fig. 11.4D, F, H).
Although this GFAP staining pattern is a characteristic feature of injury-induced reactive
gliosis (Fisher et al., 1995; Guerin et al., 1990), the true nature of this observation
requires further analysis. These results suggest that Top2b is essential for the

development of Miller glia.
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Figure 11.5. Top2b deletion leads to a decreased number of photoreceptors and loss of their outer
segments. (A, B) P21 retina sections of control and cKO mice were stained with DAPI. The cKO
retina appeared much thinner as compare to the width of control retina. The nuclei of cells in ONL
of cKO retinas were also larger than those in control retinas (enlarged). (C) Quantification of the
number of ONL cells (i.e. photoreceptors) showed a dramatic decrease in cKO retinas. Error bars
are s.d. (n = 3). Student’s t-test: *, p<0.05; **, p<0.01. (D-G) Rhodopsin staining of P14 and P21
retina sections. Rhodopsin-stained outer segment layer (OSL) was detected in the control retinas
(arrows), but not in cKO retinas (arrowheads). Instead, co-staining of Rhodopsin and DAPI
(inserts in E and G show higher magnification of the boxed regions) of cKO retinas indicates the
expression of Rhodopsin in the cytoplasm of ONL cells. (H-K) Recoverin staining of P14 and P21
retina sections. Recoverin stained outer plexiform layer (OPL, arrows) in the controls, but not in
cKO retinas (arrowheads). GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform
layer; ONL, outer nuclear layer; OPL, outer plexiform layer; OLM, outer limiting membrane; OSL,
outer segment layer. Scale bars = 50um.

6) Lack of Top2b affects the differentiation/maturation of photoreceptor cells

To further determine whether Top2b is required for photoreceptor development,
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retina sections were stained with photoreceptor cell markers Rhodopsin (rod outer
segment) and Recoverin (rod, cone and cone-bipolar cells). Rhodopsin+ and Recoverin+
cells were detected in both the control and cKO retina (Fig. II.5), indicating that the
absence of Top2b did not affect photoreceptor cell fate specification. In cKO retinas
however, the DAPI-stained nuclei in the ONL appear to be larger and apparently more
loosely distributed (Fig. 11.5A, B), and the number of ONL cells were significantly

reduced starting from P14 (Fig. 11.5C). In addition, rhodopsin staining revealed irregularly
clustered cell bodies in the ONL, and there was no discernible outer segment layer (OSL)
in the cKO retinas (Fig. II.5E, G). Instead of outer segments, Top2b was found in the
cytoplasm of these cells in ONL of cKO retinas (Fig. Il.5E, G, enlarged). These
phenotypes are indicative of photoreceptor degeneration (Fariss et al., 1997; Louie et al.,
2010). In addition, Recoverin staining revealed that both the OSL and plexiform layers
were largely missing in the cKO retinas (Fig. 11.51, K). These results suggest that Top2b

is required for the development of the OS and maintenance of photoreceptors.
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Figure 11.6. Increased cell death in Top2b deficient retinas. (A) DAPI stained retinal nuclei at PO and
P21. Quantification showed a significant decrease in both retina thickness (B) and the average
number of cells (C) in cKO retinas starting from P7 and PO, respectively. (D) Co-staining of retina
sections with cleaved caspase 3 (Casp3) and DAPI or y-H2AX and DAPI. There was a significant
increase in Casp3+ and y-H2AX+ cells (D, arrows, F and G). (E) Co-staining of retina sections with
Casp3 and Brn3, or Casp3 and Lim1/2. There was a significant increase in Casp3+/Brn3+ and
Casp3+/Lim1/2+ cells (E, arrowheads, H, 1) in KO/cKO retinas. Error bars are s.d. (n=3); * p < 0.05; **
p < 0.01. INBL, inner neuroblastic layer; ONBL, outer neuroblastic layer; GCL, ganglion cell layer; INL,
inner nuclear layer; ONL, outer nuclear layer. Scale bars = 50um.

7) Top2b deletion increases retinal cell death
Examination of DAPI-stained cKO retina sections showed that there was a

significant reduction in retina thickness starting from P7 (Fig. 1.6A, B), in retinal
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perimeter starting from P14 (Fig. I1.S6), and in cell number starting from PO (Fig. Il.6A,
C). This could be due to either a decrease in cell proliferation or an increase in cell death,
or both. Since Top2b expression was absent from proliferating retinal progenitors (Fig.
II.L1A), it is unlikely that Top2b deficiency affects progenitor proliferation. Indeed. we have
confirmed that Top2b deficiency did not affect cell proliferation by S-phase labeling with
EdU and M-phase labeling with PH3 (Fig. 11.S4A). There were no significant differences
in the number and laminar locations of EdU+/PH3+ cells between the control and KO
retinas (Fig. 11.S4B, C); it suggests that Top2b deficiency does not affect retinal
progenitor proliferation.

We next examined whether there was a difference in the cleavage orientation during
cell division as it has been shown that cleavage orientation affects the cell fate decision
of the daughter cells (Arai et al., 2011; Chenn and McConnell, 1995; Godinho et al.,
2007), which affects the number of cells leaving cell circle. However, there were no
significant differences in the number of PH3/EdU double-labeled mitotic cells lining the
apical surface of the retina (Fig. 11.S4C, D) or their mitotic cleavage orientations (Fig.
II.S4E) between KOs and their control littermates. These findings together with the
absence of Top2b expression in proliferating (EdU+) cells suggest that Top2b deficiency
does not affect cell proliferation/division during retinogenesis.

Next, we examined whether Top2b deficiency causes increased retinal cell death by
staining retina sections with apoptosis and DNA damage markers, cleaved caspase 3
(Casp3) and y-H2AX, respectively. Cleavage of Casp3 is indicative of the ongoing
programmed cell death known as apoptosis (Kuribayashi et al., 2006) and y-H2AX is a
surrogate marker for DNA double-strand breaks (Kinner et al., 2008; Kuo and Yang,
2008). We were not surprised to find that there was a significant increase in the number

(2-6 fold) of Casp3+ and y-H2Ax+ cells in KO/cKO retinas (Fig. 11.6D, F, G). Double
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immunostaining with Casp3 and retinal cell-specific marker Brn3 or Lim1/2 showed
significantly increased cell death in the ganglion and horizontal cell population from
E17.5 to P21(Fig. I.6E, H, I). The retinas from P42 and P180 cKO mice degenerated so
severely that we were unable to find an intact section for further analysis. Together,

these results suggest that Top2b deficiency causes increased retinal cell death.
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Figure 11.7. Top2b deletion affects the expression of genes involved in neural cell survival and
neurite growth. Control and cKO retina sections of PO and P7 mice were stained with antibodies
against six proteins with their respective mRNA differentially expressed in cKO retinas. (A) Sst
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staining in cKO sample was increased but lost the specific immunoactivity in the GCL (double
arrow) and ganglion cells (arrow) in the control retinas. (B) The Rps6kbl protein was expressed
in the outer segments of photoreceptors (arrowheads), ganglion cells, amacrine cells (arrows)
and the IPL in the control retinas. However, its expression was only seen in the outer segments
(arrowheads) in cKO retinas. (C) Hif1a was found in the cytoplasm of marginal ganglion cells in
the controls (arrows), but was not detectable in the cKO samples. (D) Increased GFAP
expression was found in GCL of P7 cKO retinas. (E) Grikl was strongly stained in the IPL of the
control retina, but reduced in the cKO retina (arrows). In addition, Grik1 staining in horizontal cells
was missing. (F) Tacl was found in horizontal cells (vertical arrows), amacrine cells (arrowheads)
and ganglion cells (diagonal arrows) in the control retina. In the cKO retina, the signal was only
found in amacrine cells with a decreased intensity. GCL, ganglion cell layer; INL, inner nuclear
layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar =
50um.
8) Top2b deletion impairs transcription of genes associated with cell survival and

neurological system development

To identify genes and gene networks that are responsible for the phenotypes

observed in the postnatal Top2b cKO retinas, we employed the next generation RNA
sequencing (RNA-seq) analysis. Total RNA was isolated from the retinas (pool of four
retinas for each sample and time point) of control and Top2b cKO mice at PO and P6, the
two critical postnatal developmental stages when major defects in cKO retinas start to
appear. After sequencing, ~120 million 50 bp reads for each time point and each group
were obtained and mapped to the mouse genome (MGI, as of Feb 15, 2012). Over
62,000 transcripts were identified; these include ~22,000 annotated genes (including
alternative-spliced variants) which cover 76% of the whole mouse genome. Among all
the annotated genes, 8.80% (1,935/22,000) for PO and 1.25% (274/22,000) for P6
showed differential expression between the control and cKO samples (p-value < 0.05, g-
value < 0.05). Further bioinformatic analysis revealed that these differentially expressed
genes (DEGs) were associated with apoptosis, system development, cellular
transportation, signal transduction at PO; and neurological system process and

cytoplasm condition at P6 (Table 11.S1). Examples include Igf1, Hras, Mapk1, HIF1aq,

Vegfa, Rps6bkl, Sst, Tacl, Gfap, GriK1/2, Gria4, Grm7 and Nrxn1/3, which are involve
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in the mouse retinal development. The differential expression of some of these genes

was confirmed by immunohistochemistry analysis (Fig. II.7 and Table 11.S1).
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Figure 11.8. Gene ontology enrichment analysis reveals Top2b function in neurite growth and
maintenance/survival of retinal cells. Differentially expressed genes were analyzed for gene
ontology (GO) enrichment using GSEA. The result was mapped on a network of gene-sets
(nodes) connected by their similarity (edges) for PO (A) and P6 (B) using Cytoscape (p-value <
0.005, FDR g-value < 1, and similarity < 0.5). Nodes highly enriched with up-regulated genes in
cKO samples are shown in red while those with down-regulated genes are shown in blue. Node
size represents the gene-set size. Edge thickness represents the degree of overlap between two
gene-sets. Nodes were grouped according to GO definition and annotated with the group names.
The cluster of red nodes under restricted cutoff values (p-value < 0.005, FDR g-value < 0.1, and
similarity < 0.5) was enlarged, showing that cell death, cellular transportation and neurological
system development related processes were highly enriched in cKO samples.

Further functional enrichment analysis using GSEA (Gene Set Enrichment Analysis,
v2.07) (Subramanian et al., 2005) revealed that these DEGs were enriched in processes
related to neural system development, apoptosis, transportation, and signal transduction
(Fig. 1.8 and Table 11.S2), confirming an important role of Top2b in retinal cell survival

and maintenance.

6. Discussion
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In this study, using the traditional constitutive Top2b KO and retina-specific Top2b
cKO mouse models and in combination with the RNA-seq analysis, we report the
functional role of Top2b in mammalian retina. We demonstrated that Top2b is required
for terminal differentiation and proper laminar structure formation but not for cell fate
specification during embryonic retinal development; and cell survival/maintenance in the
postnatal retina. Top2b is expressed in all differentiating and mature retinal cell types;
and as a DNA enzyme known to involve in transcription regulation, retinogenesis
phenotypes observed in Top2b-deficient retinas are likely the consequence of altered
gene expression. Our genome-wide transcriptome analysis confirmed that the
differentially expressed genes are associated with neurological system development and
cell survival.

Previous studies including our own have shown that Top2b deficiency does not
affect cell proliferation in cultured mouse embryonic fibroblasts (Lin et al., 2013; Lyu and
Wang, 2003b) and mouse embryonic stem cells (Tiwari et al., 2012). Confirming these
observations, our in vivo data obtained from Top2b KO retinas showed no difference in
the S-phase labeling with EAU, M-phase labeling with PH3, or mitotic cell cleavage
orientations (Fig. 11.S4). Together with the mutually exclusive pattern of EdU labeling and
Top2b expression (Fig. 11.1A), this study confirms that Top2b is unlikely to be involved in
cell proliferation in vivo.

Although there were severe lamination defects and neurodegeneration in Top2b-
deficient retina, all retinal cell types (i.e. ganglion, horizontal, amacrine, bipolar, rod
photoreceptor, cone photoreceptor, and Mdller glial cells) have emerged (Fig. 11.1B-H,
S3). The timing of the expression of cell-specific makers seems to follow a normal
generation timeline of the corresponding retinal cell types (Fig. 11.1l). These findings

demonstrate that Top2b does not affect cell cycle withdrawal and cell fate determination
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in retinal progenitors in vivo; and are consistent with the notion that cell fate specification
is determined during the last cell cycle of neuronal progenitors before their asymmetric
cell division (McConnell, 1991; McConnell and Kaznowski, 1991).

In our previous studies, the lack of Top2b was found to cause aberrant lamination
in the mouse cerebral cortex, which may be resulted from the decreased Reelin
expression (Lyu and Wang, 2003b). Interestingly, we found that Top2b deficiency in the
retina causes a delayed differentiation phenotype in ganglion cells, horizontal cells, a
lack of OS in photoreceptors, and severe defects in the plexiform layers, indicating a role
of Top2b in cell differentiation, neurite outgrowth and proper retinal laminar formation.
RNA-seq analysis revealed a decreased expression level of several migration guidance
molecules in the cKO retinas, including Reelin. Since Reelin plays important role in
guiding cell migration and positioning in laminar structures (Rice and Curran, 2001), the
reduction of its expression could explain the mis-positioned horizontal and ganglion cells
(Fig. 11.3). However, although Reelin KO mice (Reeler mice) showed a disruption in
synaptic circuitry formation in the IPL and decreased rod bipolar cell density, the IPL
structure can still be identified even in the adult animals (Rice et al., 2001). Thus, the
reduced Reelin expression itself is insufficient to cause the severe degeneration of the
plexiform layers observed in Top2b cKO retinas.

Top2b deficiency not only tampers the target finding of axons (Yang et al., 2000) but
also inhibits neurite growth in two levels: shorter neurite lengths and growth cone
degeneration (Nur et al., 2007). In addition, Top2b has been identified as the main
regulator of ganglion cell axon path finding during zebrafish retinal development by a
forward genetic screen (Nevin et al., 2011b). Although the molecular mechanism
underlying the role of Top2b in neurite growth remains to be determined, it is clear that

the disrupted neurite growth caused by Top2b deletion can contribute to the aberrant
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lamination as well as loss of synaptic connections in the IPL, OPL, and the degeneration
of neurofilaments in Top2b cKO retina (Fig. 11.2, 5).

We showed that during postnatal retinal development, Top2b is necessary for the
survival of postmitotic retinal cells, including ganglion, horizontal, photoreceptor cells,
Muiller glia, and possibly other cell types. Lack of Top2b results in a significant increase
in the number of cells that contain DNA damage and/or apoptotic signals (y-H2AX+ and
Casp3+) (Fig. 11.6), smaller eyeballs, and the thinner optic nerves (Fig. I1.S5, S6). The
findings presented here are coherent with a critical role of Top2b in neuronal survival and
maintenance in vivo, and with the previous report that Top2b is required for the survival
of mouse embryonic stem cell-derived neurons in culture (Tiwari et al., 2012). The
interpretation that Top2b plays a critical role in postmitotic retinal cells
survival/maintenance may well be extrapolated to neurons located in other parts of the
CNS. Interestingly, it has been reported that Top2b level decreases as neurons age
(Bhanu et al., 2010) and Top2b deficiency can lead to dopaminergic neuron
degeneration (Heng et al., 2012), further implicating a plausible role of Top2b in CNS
degenerative diseases.

Consistent with the observed phenotypes, our RNA-seq analysis revealed that
the differentially expressed genes (DEGS) in Top2b cKO retinas are associated with cell
survival and neurological system development (Fig 8, Table 11.S1, S2). For instance, Igfl
is known to be a key regulator that promotes growth and development, and can induce
the differentiation of ganglion cells, rod photoreceptors and one subtype of glial cells
(Fischer et al., 2010; Meyer-Franke et al., 1995; Pinzon-Guzman et al., 2011). The
down-regulation of Igfl pathway and other pathways such as Erk (Hras and Mapk1),
Hifla, Vegf, and Atk (Rps6bk1)) were known to affect cell survival (Chang et al., 2003;

Dudek et al., 1997; Jin et al., 2002; Tomita et al., 2003), which may explain the dramatic
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cell loss in the cKO retinas. Other DEGs such as Tacl, GriK1/2, Gria4, Grm7 and
Nrxn1/3 are important neurotransmitters and receptors (Bagnoli et al., 2003; Dingledine
et al., 1999; Millan et al., 2002; Uemura et al., 2010), which are involved in modulating
myriad aspects of neuronal function. The up-regulation of Sst at PO and down-regulation
of Tacl at P6 in cKO retinas can impact neuronal function and survival due to their
essential role as neurotransmitters in the retinal circuits (Bagnoli et al., 2003). Sst
inhibits cell proliferation (Lahlou et al., 2003) but aid neurite dendrite growth (Kungel et
al., 1997). Tacl prevents neuronal damage during development and enhances nerve
growth factor-mediated neurite outgrowth (Bagnoli et al., 2003). Thus, the up-regulated
Sst and down-regulated Tacl could alter the state of retinal development in the same
direction. Moreover, both factors are localized to amacrine and ganglion cells (Catalani
et al., 2006; Cristiani et al., 2002; Zalutsky and Miller, 1990) where major defects were
found in Top2b KO/cKO retinas.

The question of how Top2b deficiency causes differential expression of particular
genes remains largely unanswered. Although we cannot rule out the possibility that the
increased retinal cell death may contribute to the differential expression of specific genes,
however, a series of in vivo and in vitro studies have supported the claim that Top2b is a
crucial player in regulating transcription (Ju et al., 2006; King et al., 2013; Lyu et al.,
2006; Lyu and Wang, 2003b; Tiwari et al., 2012; Tsutsui et al., 2001a). Top2 can
modulate DNA topology and chromatin structure by performing DNA strand passage
reactions. The Top2a isozyme, which is only expressed in proliferating cells, is known to
orchestrate sister chromatin segregation and chromatin condensation/decondensation in
association with other chromatin-modulating enzymes such as condensin (Lupo et al.,
2001). The absence of Top2a and presence of Top2b in postmitotic cells undergoing

terminal differentiation may imply that Top2b can regulate gene expression by controlling
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local chromatin structure. Recently, the possible role of Top2b in regulating transcription
near the promoter has gained further support from studies of identifying unconstrained
DNA supercoiling as well as promoter melting during transcription activation (Kouzine et
al., 2013a; Kouzine et al., 2013b; Naughton et al., 2013). However, the molecular
mechanism that underlies Top2b function in this respect still requires further investigation.
In summary, our studies have demonstrated that Top2b plays an essential role in
the survival and maintenance of postmitotic retinal cells. In the absence of Top2b, proper
retinal development is affected starting at early postnatal stages. Top2b-dependent
genes identified by RNA-seq are known to control neuronal survival and neurite
outgrowth. Identification of genes that are directly controlled by Top2b will be the next

step in unveiling the molecular mechanism of Top2b in transcription regulation.
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8. Supplemental Materials

E13.5 | E15.5 E17.5 | E19.5 " PO I

Figure 11.S1. Top2b expression during mouse retinal development. Retina sections from different
developmental stages were stained with the anti-Top2b antibody. Top2b expression was first
detected at E13.5 in the lower portion of the INBL (A) in the cytoplasm, and then extended to the
upper INBL and lower ONBL at E15.5 (B, arrows) in the nuclei. Starting from E17.5, it appeared in
the horizontal cells (C-D, vertical arrows), the cells in the INL and GCL (D-J, arrows), and
photoreceptor cells (F-J, arrowheads). Top2b expression is maintained in the adult retina at P180
(J). Cellular identities of Top2b+ cells were determined by their position and double staining with
cell-specific markers (see Fig.1). Boxed region is shown in a higher magnification. INBL, inner
neuroblastic layer; ONBL, outer neuroblastic later; GCL, ganglion cell layer; INL, inner nuclear
layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar =
100 pm.
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Figure 11.S2. Eye degeneration in Top2b deficient mice. (A-D) Top2b expression was detected in
retinas of control littermates, but not in retinas of Top2b-deficient E17.5 KO or P7 cKO littermates.
(E-F) Severe eye degeneration was observed in adult retina-specific Top2b KO (cKO) mice. Scale
bar in A-D =50 um; in E-F =1 cm.
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Figure 11.S3. Top2b deficiency does not affect early retinogenesis. At E13.5, no obvious difference
in immunostaining was detected with retinal progenitor marker Pax6 (A-B), ganglion cell marker
Brn3 (C-D) and Brn3a (E-F), cone photoreceptor marker Opnlsw (at E17.5) (G-H, arrows), and
early neuronal marker Tuj-1 (I-J). Scale bar = 50um.
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Figure 11.S4. Top2b deletion does not affect embryonic retinal cell proliferation. The thymidine
analog EdU was injected into pregnant female mice 2 hr before sacrifice and dissection. Retina
sections were then prepared and EdU incorporation was detected using the Click-iT Edu Alexa
Fluor 647 Imaging kit. (A) Cell proliferation in embryonic retina was examined by EdU labeling (S-
phase cells, cyan) and phosphorylated-histone 3 (PH3) staining (M-phase cells, red). (B-C)
Quantification showed no significant change in the number of EAU+ or PH3+ cells between the
control and Top2b-deficient (KO) retinas. (D) Mitotic cleavage orientation of cell divisions was
examined by analyzing EdJU*/PH3" cells. (E) No significant difference in the mitotic cleavage
plane was observed. Error bars represent s.d. (n = 3). INBL, inner neuroblastic layer; ONBL,
outer neuroblastic later; GCL, ganglion cell layer. Scale bars = 50um.
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Figure 11.S5. Top2b deficiency causes morphological changes in the eye. Eyes were isolated from
E17.5 and E19.5 wild type (WT, Top2b*"), heterozygotes (H, Top2b™) and KO (Top2b™) embryos;
as well as from control (Top2b™#"*? |abeled as WT; H, DKK3-Cre:Top2b*"?) and cKO (DKK3-
Cre:Top2b™?1?) postnatal pups. Diameter of the eye ball and thickness of the iris were
measured. (A, C, E, G, |, K, M, O, Q, S) Smaller eyeball, larger pupil and reduced iris thickness
were observed in Top2b-deficient eyes. (A, C', E', G, I', K, M’, O’, Q’, S’) Defective iris collarette
structure was found in Top2b-deficient eyes. (B, D, F, H, J, L, N, P, R, T) Thinner and flatter optic
nerve was observed in Top2b-deficient eyes. (U) Quantification of the diameter of eyeballs. (V)
Quantification of the iris width. Error bars represent s.d. (n=3, except n=2 for PO and P42).
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Figure 11.S6. Reduced perimeter in Top2b-deficient retinas. (A-B) Retina perimeter was
determined by measuring the length of the midline (red line) in sections through the central retina
where optic nerve (ON) locates. (C) Quantification showed that retina perimeter was significantly
reduced starting at P14 in the Top2b-deficient retinas. Error bars represent s.d. (n = 3). T-test: **
p<0.01. Scale bar = 200um.
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RNA-seq analysis
Stage Factor Log(fold Related function References
p-value
change)
Sst * 7.8 3.4E-7 Growth  hormone inhibitor; | (Bagnoli et al., 2003;
Neurotransmitter; Aid dendrite | Kungel et al.,, 1997,
growth Lahlou et al., 2003)
lgfl -1.8 5.8E-12 Mediating cell growth and | (Fischer et al., 2010;
E+308 develop; inducing the | Meyer-Franke et al.,
differentiation of ganglion cells, | 1995; Pinzon-Guzman
rod photoreceptor and one | etal., 2011)
subtype of glial cells
Hras -1.9 5.7E-4 Member of Erk pathway which | (Chang et al., 2003)
regulates cell  proliferation,
differentiation and prevention of
apoptosis; member of Igfl
pathway
PO Mapkl -1.2 6.4E-6 Member of Erk pathway which | (Chang et al., 2003)
regulates cell  proliferation,
differentiation and prevention of
apoptosis; member of Igfl
pathway
HIF1a * -0.77 5.9E-5 Hifla  pathway; protective | (Tomita et al., 2003)
function of neurons; member of
Igfl pathway
Vegfa -0.99 1.3E-3 Member of Vegf pathway which | (Jin et al., 2002;
is critical for retinal blood | Robinson et al., 2001)
supply; stimulating
neurogenesis; member of Igfl
pathway
Rps6bkl * | -1.6 1.3E-4 Member of Akt pathway; | (Dudek et al., 1997;
regulating cell growth; member | Harada et al., 2001)
of Igfl pathway
Gfap * 2.2 5.8E-11 Promoting the radial glial cells | (Francke et al., 2001;
to re-enter cell cycle Guerin et al., 1990)
Tacl * 2.7 5.2E-5 Neurotransmitter; preventing | (Bagnoli et al., 2003)
neuronal damage during
development and enhancing
nerve growth factor-mediated
neurite outgrowth
P6 Grik1*/2 -2.0/-1.7 | 3.0E- Neurotransmitter receptors (Dingledine et al,
14/1.4E- 1999)
11
Griad -1.3 2.57E-12 | Neurotransmitter receptors (Dingledine et al,
1999)
Grm7 -1.2 1.2E-4 Neurotransmitter receptors (Millan et al., 2002)
Nrxn1/3 -1.2/-2.1 | 2.0E-6/0 | Neurotransmitter receptors; | (Uemura et al., 2010)

synapse formation

* indicates the expression of the gene was confirmed with immunohistochemistry analysis (see Fig. 7).

Table S1. A partial list of differentially expressed genes identified by RNA-seq analysis
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Stage

Gene sets

Genes

PO

Apoptosis/Programmed
cell death

Cdknla, Asns, Gadd45a, Dadl, Psen2, Dap3, Pdelb,
Dedd, Traf7, Mapkl, Glol, Rafl, Prkce, Sst, Dap, Cryaa,
Apafl, Tspo, Grinl, Hifla, VEGFA, Rps6kbl, Atp2cl,
Nr3cl, Hras, Gnaol, Gm4617/Ptma, Xrcc6, Srpine2, Ptgd3,
Apafl, Mapkl14, Drd2, Igfl, Cdknla, Vegfb, Smnl/2, Etv6,
Srpk2, P4hb, Crebl

Cell development

Tspo, Apafl, Trappc4, Dap, Sst, Nptn, Cryaa, Racgapl,
Nlgnl, Rafl, Glol, Prkce, Mapkl, Asns, Gadd45a, Dadl,
Cdknla, Nrd1, , Traf7, Dedd, Pdelb, Smarcal, Ubb, Thyl,
Dap3, Psen2

Cellular localization

Cdc23, Nupl60, Cadps, Pex19, Arfgef2, Kpna4, Kif5a,
Vpsdb, Atp2cl, Smg7, Pdia3, Sytl, Flna, Nignl, Cspg5,
Cryaa, Tspo

Transport

Kcnmb2, Tspo, Slcl6a8, Abcg2, Cryaa, Ghrh, Cspg5s,
Slclla2, Nlgni, Flna, Sytl, Pdia3, Smg7, Atp2cl1, Necap2,
Snap25, Atpllb, Ptgds, Lrp3, Abcd2, Vpsdb, Slc25all,
Kif5a, Arfgef2, Kpna4, Nup160, Cadps, Pex19

Establishment of Cellular
localization

Cdc23, Nupl60, Cadps, Pex19, Arfgef2, Kpnad, Kif5a,
Vpsdb, Atp2cl, Smg7, Pdia3, Sytl, Flna, Nignl, Cspg5,
Cryaa, Tspo

System Process

Pde6b, Emd, Chrna5, Sst, Cort, Kcnmb2, Drd2, Cryaa,
Nptn, EmI2, Atxn7, Gucyl1b3, Flii, Kif5a, Kcnipl, naol, Sytl,
Ubb, Nr2e3, Nigni, Crx, Mapkl

Neurological
process

system

Pde6b, Chrna5, Sst, Cort, Kcnmb2, Drd2, Cryaa, Nptn,
EmI2, NIgnl, Crx, Nr2e3, Atxn7, Sytl, Ubb, Kcnipl, Kif5a,
Mapkl

System Development

Ligl, Dpysl3, Ndufv2, Fabp7, Tpd52, Prpsl, Crx, Atp2cl,
Adam22, Thyl, Smarcal, Ubb, Ptprz1, Igfl, Nrd1, B3gnt5,
Flna, Nlgnl, Racgapl, Emd, Trappc4, Pbx4, Apafl, Matk,
Cspg5, Prdx1, Drd2, Tlel, Nptn, Apba2

Anatomical structure

development

Flna, Nignl, Tpd52, Fabp7, Ndufv2, Ligl, DpyslI3, Crx,
Prpsl, Smarcal, Vcl, Ptprz1, Ubb, Thyl, Atp2cl, Adam22,
Igfl, Nrd1, B3gnt5, Apba2, Emd, Racgapl, Trappc4, Prdx1,
Pbx4, Apafl, Kcnmb2, Drd2, Tlel, Cspg5, Dkk3, Matk, Nptn

P6

Neurological
process

system

Grm7, Sytl, Vsx1, Cartpt, Grik2, Iqcbl, Opnlsw, Grikl,
Coch, Nlgnl, Pdc, Crybal, Rcvrn, Crybad, Crygd, Cryaa,
Crybb3, Cryga, Abca4, Cbinl, Crybbl, Reln, Nrxnl, Gria4,
Tacl, GFAP, Qki

Cytoplasm

Cops5, Chuk, Ergic3, Hspbl, Nos3, Cryaa, Utp1ll, Nrsnl,
Vdac3, Cct6a, Ubl5, Exoc4, Top2b, Hspel, Ndufb6, Glo1l,
Bzw1l, Atp5al, Nefl

Table S2. Differentially expressed genes are involved in neural cell survival and neural system
development (see Fig. 8)
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Chapter Il

Transcriptional Regulatory Network for Retinal Development

1. Prologue

Retina, similar to the other parts of the CNS, has a complicated layered structure
which requires mediated gene expression during development (Hu et al., 2010; Kumatr,
2009). Many studies have been carried out focusing on the transcriptional regulatory
network for specific retinal cell lineage, e.g., the photoreceptor cells (Brzezinski and Reh,
2015; Corbo et al., 2010; Hsiau et al., 2007; Swaroop et al., 2010) and bipolar cells (Kim
et al., 2008). Recent genome-wide gene expression profiling and gene-protein
interaction profiling have provide insights in massive identification of novel cis- and
trans-elements involved in specific cell types on determined stage (Brooks et al., 2011;
Yin et al., 2014). Databases such as Ensembl (http://www.ensembl.org), Assembly
(NCBI, http://www.ncbi.nlm.nih.gov/assembly) and JASPAR (http://jaspar.binf.ku.dk/)
were built collecting the daily-increasing information of a variety of genes and their
regulatory companions

In this study, the main hypothesis is that there exists a general network involving
several critical retinal-specific genes. Such network governs the specification of retinal
progenitors and distinguishes them from other neural stem cells. To test the hypothesis, |
tempted to use a novel computational method to analyze the retina-specific enhancers,
TFs, TF binding sites (TFBSs) and expression of the TF-flanking gene. In details,
sequence elements with retinal tissue-specific enhancer activity were Identified from
Ensembl database. They were analyzed by TFBS-predicting programs. Common TFBSs
for a group of enhancers were identified, which would allow the binding of master TFs.

The resulting TFs were then reviewed by comparison to literatures and existing
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databases. As a result, a transcription regulatory network centered on Pou3f2, Crx, Hes1,
Meisl, Pbx2, Tcf3 and the eight enhancers was built. It is shown to be involved in the

determination of the retinal progenitor cells and all seven types of retinal cells.

The remainder of this chapter is reproduced verbatim from a published manuscript in

Biology Open (Li et al., 2011) with minor modifications.
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2. Abstract

The process of cell-fate determination and differentiation in vertebrate retina during
embryonic development is well organized through complicated interactions with
transcription factors. Previous studies report on genetic function and networks of the
development of certain specific cell lineages, e.g., the photoreceptors. However,
transcription factor regulatory networks that contribute to the entire tissue are still elusive.
Here, we attempt to provide a new computational method for the study of DNA-protein
interactions and the construction of tissue-specific transcription factor regulatory
networks for the development of retina cell types. The novelty of our study was based on
the functional tissue-specific regulatory sequence elements. Using the mouse retina as a
model, we searched for experimentally verified cis-regulatory elements, e.g., promoters
and enhancers, which were shown to function specifically in neural retina. Potential
binding sites of trans-acting factors on these enhancers were predicted using sequence
analysis tools. Common trans-acting factors among these cis-regulatory elements were
then selected to construct transcription factor regulatory networks. The
resulting common trans-acting factors and networks showed importance for embryonic
retinal cell-fate determination and differentiation. Furthermore, potentially novel
functions, interactions, and pathways of these protein factors were predicted. This
computational analysis based on the retina-specific DNA regulatory elements together
with experimental studies can be used to predict the trans-acting factors
and transcriptional regulatory networks for mouse embryonic retinal development. Our
results confirmed experimentally verified factors and known regulatory networks in
retinal development. This novel method generates important hypotheses for retinal

development, but also can be readily applied to studies of other developmental systems.
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3. Introduction

The formation of the neatly layered retina during embryonic development is dictated
by a series of complicated transcription factor interactions. Retina-specific expression of
these transcription factors is an essential step in establishing retinal progenitor cells
(RPCs) from embryonic stem cells. The transcriptional control of gene expression is
largely mediated by the combinatorial interactions between cis-regulatory DNA elements
and trans-acting transcription factors, which cooperate/interact with each other to form a
transcription factor regulatory network during this developmental process. Such
regulatory networks are essential in regulating tissue/cell-specific gene expression, e.g.,
in cell fate determination and differentiation during embryonic retinal development (Hu et
al., 2010; Kumar, 2009; Swaroop et al., 2010). Many genes, involved in transcriptional
networks for the specification of a certain retinal cell lineage, have already been
identified and characterized (Corbo et al., 2010; Kim et al., 2008b; Tang et al., 2010).
The transcriptional regulatory networks for specific retinal cell lineages, e.g., the
photoreceptors (Corbo et al., 2010; Hsiau et al., 2007) and bipolar neurons (Kim et al.,
2008hb), were established in recent years. However, the transcriptional regulatory
network that governs the entire neural retinal development is still elusive.

Identifying tissue/cell-specific cis-regulatory elements, trans-acting factor binding
sites (TFBSSs), and their binding transcription factors (TFs) represent key steps towards
understanding tissue/cell-specific gene expression and further successful reconstruction
of transcriptional regulatory networks. These steps also present major challenges in both
fields of experimental biology and computational biology.

Currently, the prevailing method of studying TFBSs and transcriptional regulatory
networks is to determine the function of tissue-specific trans-acting factors based on

data from genome-wide gene expression profiling and chromatin immunoprecipitation
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(ChIP). ChIP is often used to investigate protein-DNA interactions in a cell. Coupled with
massive parallel sequencing, ChlP-seq is capable of mapping the genome-wide protein-
DNA interaction at a finer resolution (Valouev et al., 2008) to identify candidate
enhancer sequences (Visel et al., 2009). Thus, a regulatory cascade can be recognized
via consequential analysis of the factors involved.

Here, we present a new method for the computational analysis of TFBSs and
transcriptional regulatory networks utilizing genome-wide sequencing, expression, and
enhancer data. In contrast to the traditional method, which mainly focuses on factor
expression analysis, we emphasize the sequence elements with tissue-specific
enhancer activity. Our hypothesis is that enhancers, non-coding sequences that direct
gene expression in a cell-/tissue-specific manner, contain common TFBSs that allow the
key protein factors (important for the development of that cell/tissue type) to bind.
Experimentally verified tissue-specific enhancer elements selected from enhancer
databases were carefully screened for common trans-acting factor binding sites to
predict potential sequence-factor interacting networks. DNA-binding protein factors that
associate with multiple enhancers can be analyzed using experimental methods.

As proof-of-principle, simple transcriptional regulatory networks of embryonic retinal
development were assembled based on common/key factors and their interacting genes,
as determined by literature search. These resulting networks provide a general view of

embryonic retinal development and a new hypothesis for further experimentation.



54

4. Methods and Results

In this study, we aimed to develop a method for the identification of regulatory
networks for cell/tissue-specific gene expression. To test our hypothesis of the existence
of common TFBSs on the enhancers of cell/tissue type specific genes, we employ the
mouse developing retina as a model system. Enhancers that direct retina-specific gene
expression were selected and their sequences were thoroughly screened for common
TFBSs and trans-acting factors (protein factors) using open-access software such as
TESS, JASPA, Matinspector, and MEME, etc. For common TFBS selection, we
developed a Matlab program. These common protein factors were further studied for
their expression profiles. Thereafter, we were able to construct transcriptional regulatory
networks based on the known function of the enhancer-binding trans-acting factors using

a network construction tool, BioTapestry (Longabaugh et al., 2009).

1) Retina-specific enhancers

To determine the transcriptional regulatory networks that govern retinal
development, we identified and selected enhancer elements that direct gene expression
in the retina by searching the VISTA Enhancer Browser. The VISTA Enhancer Browser is
a central resource for experimentally validated human and mouse non-coding DNA
fragments with enhancer activity as assessed in transgenic mice. Most of these non-
coding elements were selected for testing based on their extreme conservation in other
vertebrates or epigenomic evidence (ChIP-Seq) of putative enhancer marks. The results
of this in vivo enhancer screen are provided through this publicly available website
(Frazer et al., 2004). Of the 1503 non-coding DNA elements from human and mouse
genomes that were tested for their ability to direct gene expression on embryonic day

11.5 (E11.5) using a reporter assay in transgenic mouse, a total of 47 elements were
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shown to possess enhancer activity in the retina (as of February 10, 2011). Of the 47
elements, 25 show enhancer activities in both the retina and other tissues, e.g., heart,
limb, brain and spinal cord, etc. These 25 elements were separated for further analysis
as we focused on retina-specific sequence elements. In addition, among the 22
remaining elements, 17 elements were active enhancers in the retina in at least half of
the tested transgenic embryos (Supporting data 1). To further increase the possibility of
identifying the key enhancer elements that are critical for retinal development, we
applied more stringent selection criteria based on the following two properties: 1) the
reporter expression is restricted in the retina and not in any other regions of the CNS; 2)
there is expression of at least one of the flanking genes in the retina at E11.5 (or Theiler
Stage 18-21). The second category was applied because a majority of known enhancers

were found in the immediate up- or downstream region of their target genes, and thus

the regulatory activities of enhancers were considered to be most likely associated with

their flanking genes. Any enhancer elements that did not fit into at least one of the two

categories were thus eliminated (details in Supporting data 5). Based on the above

criteria, 8 enhancer elements were identified (Table I11.1).

Reporter PP Flanking genes of enhancers
Enhancer|Length |expression pattern and their endogenous
Group D (bp)  |derived from reporter expression in mouse embryos
enhancer activity expression Upstream Downstream
. Retina + non- |Irx5: E11-19  |Irx6: E11-19
hs27 1113  |eye(4/6), limb(4/6) CNS retina retina
. Retina + non- . Fxrl: E12-14,
) hs258 |1487 |eye(3/5), limb, CNS Ccdc39: E14.5 E109 retina
hs546 11753 eye(7/7), limb, Retina + non- !\Ir2f1_: E11-19 Arrde3: E14-19
nose CNS in retina
hs1170 [1288 |eye(8/8) Retina Nr2fl: E11-19 |7 des: E14-19
in retina
eye(6/9), limb, . i ) ) .
hs932  [775 nose, branchial Retina + non- |AA408296: Irf§. not in
CNS unknown retina
2 arch
Retina + non- . Slc2al: notin
mm165 [926 eye(4/5), heart CNS Laol: unknown retina
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Retina+ Spinal [Ascll: E11-19 |Pah: notin
s hs1122 1218  leye(6/7) cord in retina (MGI) [retina
eye(5/5), heart, Retina+ Spinal [Zfand5 (intragenic): E11-
mm269 760 other cord 13/E13-19 in retina

Table 111.1. A list of eight retina-specific enhancers. The 8 retina-specific enhancers from the
VISTA Enhancer Browser are listed above. They are grouped into 3 sub-groups according to the
reporter expression in mouse embryos derived from these enhancers and the expression pattern
of their flanking genes. The enhancer IDs, their expression pattern and the flanking gene names
were retrieved directly from VISTA Enhancer Browser, with an expression pattern described as
‘tissue type (positive sample number/total sample number)’. Flanking genes with expression in
the retina are shown in bold.
2) Trans-acting factor binding sites on retina-specific enhancers

The binding of trans-acting factors (e.g., transcription factors) to non-coding
regulatory DNA (e.g., promoters, enhancers, etc.) is an essential process in the control
of gene expression. This protein-DNA interaction helps recruit the DNA polymerase
complex and co-activators to form the transcription machinery. The binding of these
protein factors can also act as repressors to prevent transcription. Identification of a
TFBS in the enhancer and promoter for a gene may indicate the possibility that the
corresponding factors play a role in the regulation of that gene. Importantly, the ability of
an enhancer to direct cell/tissue-specific gene expression is achieved via the binding of
tissue-specific trans-acting protein factors. To determine what protein factors regulate
retina-specific gene expression, it is important to determine what TFBSs are located on
the retina-specific enhancers. We thus searched DNA sequences of the 8 retina-specific
enhancer elements for their known TFBSs using TESS (Schug, 2002), JASPA (Portales-
Casamar et al., 2010; Sandelin et al., 2004) and Matinspector (Cartharius et al., 2005).

For example, TESS (Transcription Element Search System -

http://www.cbil.upenn.edu/cqgi-bin/tess) is a web tool for predicting TFBSs in DNA
sequences. It can identify TFBSs using site or consensus strings and positional weight
matrices mainly from the TRANSFAC (Knuppel et al., 1994). TRANSFAC contains data

on transcription factors, their experimentally-proven binding sites, and regulated genes.


http://www.cbil.upenn.edu/cgi-bin/tess
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Its broad compilation of binding sites allows the derivation of positional weight matrices
(Knuppel et al., 1994). The following search parameters were set when searching TESS:
a minimum string length of 6, a maximum allowable string mismatch of 10%, a minimum
log-likelihood ratio score of 12, and organism selection of Mus musculus (the house
mouse). Our search results show that there are approximately 150 TFBSs for each of
the 8 enhancer sequences (Supporting data 2). Similar results were reported by JASPA
and Matlnspector. The corresponding protein factors of these TFBSs were considered to
be capable of binding with the 8 retina-specific enhancers, and thus they are important in

activating/suppressing gene expression in the retina.

3) A motif containing Pou3f2 binding sites

Since all 8 enhancers possess the ability to direct retina-specific gene expression,
there may be key TFBSs shared amongst these retina-specific sequence elements. To
test this hypothesis, we sorted and screened the TFBSs of each of the 8 enhancers to
identify common ones using a Matlab program that we developed for this study
(Supporting data 6). This MatLab program for common TFBS selection was designed to
compare the TFBSs on each of the retina-specific enhancer elements predicted by
TESS. TFBSs for two or three different enhancers can be sequentially compared. A
“‘model” character was used as the comparison category instead of the binding site
name in both TESS and our MatLab program. As defined in TESS, a model is “the site
string or weight matrix used to pick this site” (Schug, 2002), and thus describes the
nature of a binding site. One factor may have multiple models, and one model may be
shared by multiple factors. The model character is the only necessary parameter to
characterize the transcription factors depending on their binding site property.

With this sorting/searching program, we identified a TFBS for Pou3f2 (also known
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as Brn2) that was present in all 8 retina-specific enhancers (Fig. lll. 1A). Previous
studies have demonstrated that the Pou3f2 transcription factor plays an important role in
the development of neural progenitor cells (Catena et al., 2004; Kim et al., 2008b;
McEuvilly et al., 2002; Sugitani et al., 2002). Furthermore, the literature reports that this
motif was first discovered as a cis-element in the Chx10 enhancer, which can drive
reporter expression in intermediate and late RPCs (Rowan and Cepko, 2005). In this
study, Pou3f2 was also shown to affect bipolar interneuron fate determination through

interactions with Chx10 and Nestin.

Az,

" C- SHAEC
L e m Tt AUEASC AT LR T ST
: e e B R T e T W
Pou3f2
B
e Strasd  Start p-valem Sitey

as-slemere_of _r_CyoinOl ‘. $31e-10 o ACTTT CAACTTCAACAAA
1-slemest_of_m_CyeinD1 * - S 21e-10 A CACTTT CAACTTCAACAAA
1s-slommre_of_h_Cydedrt . o 551010 ACTACTTTICAACTTCAACAAA

1-demert_of W _Cheill . 6 10e-09% AR CATTCCOCTTTTATCCAA
is-slomere_of_m_Chu il ‘ Q 010000 AGALATTCCCTTTTTATCCAA
M08 v 1912194 57421 349,33 . 9% 1 10807 A COICCCTCCCAT ITOATCTAA
NS4S i TH. 660 19578 454 576 v <5 58 ANCANIAAT ICAATTACCTCTAA

1 0,902 00380 954 413 13 2.78s ACORCCCTCACATT  oCTCY
HadZ chwl 194,067 242.194.0067 937 4 “8iell? 7 ATTICICTCT CCTCAUA

258 ow 3 23791 3183378270 ' 517 7.97807 GAGAGATAGS A ACTTTCTAATTTOCTTTCC 7 T

: 0-TRABA  + -06 P TOTACCT CATT TATCAAA

9 244 $8  10le0e A CTUCCN ITUCOCATA

iselamare_of_h_Fast . - 7 tae-ce ASTAATTACAAATTACATTACA
os-slomerc_of _a_Pans 2 £R8-06 N TAATTACAAATTACATTACA
M I0S crrd 110651, 796-110,052 p81 W (2e-06 IGFI N T ACALCCCTCTCCCATCALCCOCA SGCTTAGY

Figure 111.1. A 22 bp motif is present in all 8 retina-specific enhancers and cis-elements of retinal
progenitor gene Chx10, CyclinD1 and Pax6. Sequence alignment was performed using MEME
and the output shows a motif exists among all above 15 sequences (p-value < 3e-6). (A) a
SegLog presentation of the 22bp motif. Dual binding sites of Pou3f2 were located next to each
other forms Pou3f2 binding site repeats. (B) sequence alignment reveals the 22bp motif among
the 8 enhancers and cis-elements of RPC-specific genes (e.g., Chx10, CyclinD1 and Pax6)
(Rowan and Cepko, 2005). Abbreviation: R, rat; m, mouse; h, human; g, quail. RPC, retinal
progenitor cell.
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We thus speculate that this Pou3f2 binding site may exist in regulatory sequences
among genes important for the development of neural retinal progenitor cells (RPCs).
Therefore, the cis-elements of Chx10, Cyclin D1, Pax6, Rax, and Six3 were examined
because these genes are known for their role in regulating RPC development and retinal
cell differentiation (Conte et al., 2010; Martinez-de Luna et al., 2010; Oliver et al., 1995;
Rowan and Cepko, 2005; Sicinski et al., 1995). Confirming our prediction, Pou3f2
binding sites were also present in the cis-elements of Chx10, Cylin D1, and Pax6 genes
(sequences can be found in Supporting data 4). Next, sequence alignment analysis was

performed to identify a common motif for Pou3f2 binding sites using MEME (Multiple Em

for Motif Elicitation, http://meme.sdsc.edu/meme4 4 0/cgi-bin/meme.cqi) (Bailey and
Elkan, 1994). It is commonly believed that there are dependencies among different
positions in a motif. MEME may ignore such kind of dependency. Sequence alignment
reveals a 22 bp motif containing two Pou3f2 binding sites among all 8 enhancer
elements (with a stringent E-value of 7.2e-20 and p-value < 3.02e-6) and also in the cis-
elements of RPC-specific genes, e.g., Chx10, CyclinD1, and Pax6, from multiple
vertebrate species (Fig. lll. 1B). In addition, a line of evidence indicates that Pou3f2
binds to the Rax enhancer to regulate the expression of Rax in RPCs (Martinez-de Luna
et al., 2010). Such prevalent existence of repeated Pou3f2 binding sites among retina-
specific enhancer elements and cis-elements of RPC-specific genes suggests that

Pou3f2 is a key regulatory factor in the embryonic retinal development.

4) Key trans-acting factors involved in transcriptional regulatory networks of
retinal development
It is unlikely that only one factor (i.e., Pou3f2) is involved in regulating retina-specific

gene expression. Trans-acting factors often do not function alone but rather in a


http://meme.sdsc.edu/meme4_4_0/cgi-bin/meme.cgi

60

cooperative manner. To identify other key protein factors for retina-specific gene

expression, we applied the following assumptions to the enhancer elements and their

binding trans-acting factors:

a. Key TFBSs should be common to all or a subset of retina-specific enhancer
elements;

b. The flanking genes of these enhancer elements should be expressed in the retina
during early retinal development, because an enhancer often regulates the
expression of its flanking gene(s);

c. The binding factors should have a known function in retinal development, or

d. If the binding factors have an unknown function in retinal development, they should
be at least expressed in the retina during retinal development. In this case, the
expression of the factor provides novel hypothesis for their function in retinal
development, which needs to be tested by functional studies.

Based on the above assumptions, the information on the expression of the flanking
genes of enhancer elements in the developing retina is necessary for the TFBS analysis.
Five databases of gene expression (see Table 1ll.2) were searched. The information on
the expression of these flanking genes were retrieved from these databases (Table IlI.1,
4 and supporting data 3). The factors that do not express in the retina during embryonic
retinal development, e.g., around E11.5 (when enhancer elements were active), were set
aside for further analysis of retinal transcriptional regulatory networks. We then searched
common TFBSs among subsets of the 8 retina-specific enhancers. The TFBSs common
to individual different sub-groups were combined. In addition to Pou3f2, five other factors
(i.e., Crx, Hesl, Meisl, Pbx2, and Tcf3) were identified (Table 111.3). Four of the 6 factors
have known functions in retinal development, which is consistent with our hypothesis.

The last two factors do not have known functions in the retina. However, the prediction of
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their binding with groups of enhancers suggests they play a role during retinogenesis. As
the binding sites of these 6 factors were shared among a subset of retina-specific
enhancer elements, these 6 binding trans-acting factors were predicted as the key
factors that participate in regulating retina-specific gene expression during embryonic

development.

Database Source Reference
Gene expression database http://www.emouseatlas.org | (Richardson et
(emage) of Edinburg Mouse | /emage/ al., 2010)
Atlas Project (EMAP,

v5.0_3.3)

Gene Expression Database | http://www.informatics.jax.o | (Finger et al.,
in Mouse Genome rg 2011)

Informatics (MG, version
4.4)

Eurexpress http://www.eurexpress.org (Diez-Roux et al.,
2011)
VisiGene Image Browser http://genome.ucsc.edu/cgi- | (Kent et al.,
bin/hgVisiGene 2002)
Genome-scale mouse brain | Supporting data 4 and 6 (Gray et al.,
transcription factor 2004)

expression analysis

Table 111.2. A list of gene expression databases used in this study.

Presence in
Factor | Binding site Known function Expression pattern enhancer
element
E10.5-14.5 in retina;
Poudf2 | ATTTGCAT | Induce Bipolar cells | di€ncephalon, future All 8 elements
midbrain, future SC,
rhombencephalon
tgaggGGATC | Induce ) . . hs27, hs258,
Crx AAcagact Photoreceptors E1l-adultin retina hs546, hs1170
Rep_ress Amacrine, E11-13 in retina,
Horizontal, and thalamus hs27, hs258
Hesl CTTGTG Ganglion cells; X . i '
Induce h?]/cpothalam_urs], Is_trllatum, hs1170
Photoreceptors offactory epithelia
E10.5-14.5 in retina,
. CTGTCActaa | retinal cell fate lens vesicle, hs27, hs258,
Meisl S . hs546, hs1170,
gatgaca determination diencephalon, future sc,
. : hs932, mm165
hindbrain
cacctgagagT No function known in E10.5-14.5 in retina, hs27, hs258,
Pbx-2 GACAGaagg retina thalamus, midbrain, hs546, hs1170,
aaggcagggag hindbrain, sc, ear hs932, mm165
ccaccagCAC | No function known in : . hs27, hs258,
e | cTete retina E13.5inretina (MG) | o546, hs1170

Table 111.3. Alist of binding factors that show their temporal and spatial co-localization of
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expression with each group of enhancers. For each factor, elements shown in the last column
indicate the enhancer elements which share a potential common binding with it. The ‘Expression
pattern’ column shows available evidence of the co-localization with enhancers. Corresponding
databases are noted because different databases recorded different expression pattern for the
corresponding factor. The general function of each factor is also included for future reference.
Abbreviation: RPC, retinal progenitor cell; B, bipolar cell; A, amacrine cell; H, horizontal cell; G,
ganglion cell; PR, photoreceptor cell.

Gene | Function (related to retina development) and reference

With Mash3, regulate the neuron/glia fate determination (Hatakeyama et
Ascll | al., 2001); with Mahs3 and Chx10, specify Biopolar cell identity (Satow
et al., 2001).

Off circuit subsets of bipolar interneuron (Cheng et al., 2005; Cohen et

IrxS al., 2000; Kerschensteiner et al., 2008).
No known clear function in retina. But It expresses in the in the area

X6 lining the lumen of the otic vesicle including the region giving rise to
ganglion complex of CN VII/VIII at E11.5 through E16.5 and overlaps
with Mashl (Cohen et al., 2000; Mummenhoff et al., 2001)

Exrl Retina pigmentation(de Diego Otero et al., 2000); other function not
known.

Nr2fl Amacrine development, may involve in cone differentiation; express in a

unigue gradient in retina along D/V axis (Inoue et al., 2010).
Zfand5 | No known function in retina.
Table 111.4. Alist of flanking genes with their function and references

Interestingly, three common TFBSs (i.e., Pou3f2, Crx, and Meisl1) were present
among enhancer elements: hs27, hs258, and hs1170 (see Tables 1, 3). Sequence
alignment of the three enhancer elements and cis-elements of RPC-specific genes (e.qg.,
Chx10, Cyclin D1, and Pax6) revealed another 22 bp motif (Fig. Ill. 2). Crx binding sites
were present on enhancer elements hs546 and hs1170, while Hes1 binding sites were
present on enhancer element hs546. Since these two enhancer elements (hs1170 and
hs546) were both located in the non-coding region between Nr2fl and Arrdc3, and since
Arrdc3 was not active at E11.5 in the retina, the binding of Crx and Hes1 may participate
in regulating the expression of Nr2fl. This result is supported by the finding that both Crx
(Peng et al., 2005) and Nr2fl (Inoue et al., 2010; Satoh et al., 2009) play a role in
inducing photoreceptor cell fate, though at different stages. In addition, Crx has been
shown to be expressed in bipolar cells, paired with Otx2 and Pou3f2, in binding with a

164bp Chx10 enhancer (Kim et al., 2008a). Hes1 has been shown to be active during
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early eye formation. By suppressing Math5, Hes1 was shown to be involved in the
development of cone photoreceptors, amacrine, horizontal and ganglion cells from the
RPCs (Le et al., 2006; Lee et al., 2005).

Meis1 together with Meis2, as members of the TALE-homeodomain protein
Homothorax (Hth) related protein family, were known to be expressed in the RPCs of
mouse and chick (Heine et al., 2008). Meis1 was expressed in RPCs throughout the
entire neurogenesis period, and Meis2 was expressed more specifically in RPCs before
the initiation of retina differentiation. Together, they function to maintain the RPCs in a
rapid proliferating state and control the expression of other ocular genes, e.g., Pax6,
CyclinD1, Six3 and Chx10 (Bessa et al., 2008; Heine et al., 2008). Since Meis1 binding
sites are present in a subset of retina-specific enhancers, Meis1 may function as an
RPC-specific factor. Since the onset of mouse retina neurogenesis is approximately at
E10.5 when the ganglion cells first appear (Leo M. Chalupa, 2008). By E11.5, RPCs of
all six cell types are highly active. Therefore, binding of Meis1 with enhancers might

influence the cell fate of these RPCs.
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Figure 111.2. A 22 bp motif presents in a subset of enhancer elements and cis-elements of RPC-
specific genes, (e.g., Chx10, Cyclin D1, Pax6). (A) Sequence alignment was performed using
MEME among enhance elements (hs258, hs546, and hs1170) and cis-elements of genes Chx10,
Cyclin D1, Pax6. A. a SeqlLog presentation of the 22bp motif . (B) This 22 bp motif contains
binding sites for 3 factors: Pou3f2, Meis1 and Crx. Abbreviation: R, rat; m, mouse; h, human; g,
quail.

The presence of common Pbx2 binding sites may indicate a novel functional role of
Pbx2 in RPCs, since the function of Pbx2 in retinal development has not been
documented. Previous studies have shown that Pbx2 was shown to be expressed in the
zebrafish retina and tectum (French et al., 2007), together with Pbx1 and Meisl1, down-
regulated in their expression caused by the deficiency of Prep, the prolyl endopeptidase
(Deflorian et al., 2004; Ferretti et al., 2006). Pbx and Meis proteins are major DNA-
binding partners that form abundant complexes (Chang et al., 1997). Thus, there is a
possibility that Pbx2 may function in the development of RPCs via the interaction with
Meisl and also regulate other RPC-specific genes (e.g., Irx5, Nr2fl1, etc) through

enhancer binding (Table Ill.1).

Tcf3 is not yet known to have a function in embryonic retinal development. However,
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since Tcf3 has common binding sites among the retina-specific enhancer elements.
Although it was expressed in the retina during embryogenesis, its specific function in

retinal development needs to be confirmed.

5) Generation of transcription regulatory network for early retinal development

Based on the available expression data from VISTA Enhancer Browser and gene
expression databases (Table 111.2), it is known that these 8 enhancer elements and their
common binding trans-acting factors are active during embryonic development in the
retina. Among the 8 retina-specific enhancer elements, we have identified 6 common
trans-acting factors. These 6 predicted factors are experimentally verified key protein
factors known to be involved in regulating gene expression and cell differentiation of
progenitor cells during embryonic retinal development (Table 111.3).

Retina-specific gene expression is most likely determined by two kinds of
interactions: (1) the enhancers with their binding protein factors, and (2) the protein
factors with their interacting partners. The information about these interactions together
was used to generate the transcriptional regulatory networks important for retinal
development. Therefore, transcriptional regulatory networks of embryonic retina were
predicted based on these 6 common/key trans-acting factors (Table 111.3) and their
known interacting partners (Table III.5).

To construct retinal transcriptional regulatory networks, a java-based software

program named BioTapestry (Longabaugh et al., 2009) (http://www.biotapestry.org/,

version 5.0.2) was used to organize the factors and their known interacting partners.
BioTapestry is a network facilitating software program designed for dealing with systems
that exhibit increasingly complex over time, such as genetic regulatory networks. Its

unigue annotation system allows the illustration of enhancer-regulated gene expression


http://www.biotapestry.org/
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and connection between factors. Experimental evidence can also be added to network
elements after the network was built, as a proof of particular interactions. We only used
the presenting function of BioTapestry here to show the networks of retinal development
during early neurogenesis. For better illustration, the network was mapped according to
the 3-layer structure of the mouse retina.

Based on the published information on the interacting factors of these 6 trans-acting
factors and their known functions in retinal cell development, we were able to build
transcriptional regulatory networks for all six major retinal cell types (Fig. 111.3). In RPCs,
Meisl is regulated by Prepl since it has been shown that insufficient Prepl expression
leads to a decrease in Meisl expression (Deflorian et al., 2004). Meisl itself can
regulate or interact with 4 other factors (e.g., Pax6, CyclinD1, Six3 and Chx10) important
to retinal cell differentiation (Bessa et al., 2008; Heine et al., 2008). Crx, interacting with
other factors (e.g, Otx2, Nrl and Nr2e3) plays an important role in both cone and rod
photoreceptor cell fate determination (Peng et al., 2005). Crx can also influence Chx10
and Irx5 expression to affect the bipolar cell formation (Cheng et al., 2005;
Kerschensteiner et al., 2008; Kim et al., 2008a), which is similar to the function of Pou3f2
(Kim et al., 2008a; Rowan and Cepko, 2005) and Otx2 (Kim et al., 2008a). Another
important factor is Hes1. Hes1 functions in maintaining RPC proliferation (Wall et al.,
2009) and regulating Math5, a critical factor for the generation of amacrine, horizontal,
and ganglion cells (Lee et al., 2005). In addition, Hes1 is regulated by Hes6 (Bae et al.,
2000). The Nr2fl gene expresses in the retina in a gradient along the dorsal-ventral axis
and has been found to influence the development of amacrine cells. At the same time it
can affect cone and rod photoreceptors differentiation (Inoue et al., 2010). The

references of all genes/factors in the networks are listed in Table III.5.
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Figure 111.3. Examples of transcriptional regulatory networks of embryonic retinal development.
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Genes and factors are connected with arrows or bars to indicate the promoting and suppressing

relationship, respectively.

Factor name | Reference cited

Cabp5 (Kim et al., 2008a)

Chx10 (Hatakeyama et al., 2001)

CyclinD1 (Bessa et al., 2008; Heine et al., 2008)

Foxn4 (Shengguo Li, 2004)

Grkl (Young and Young, 2007)

Grmb (Kim et al., 2008a)

Hes6 (Bae et al., 2000)

Mash3 (Hatakeyama et al., 2001; Satow et al., 2001)
Math5 (Lee et al., 2005)

Nestin (Rowan and Cepko, 2005)

NeuroD1 (Conte et al., 2010)

Nr2fl (Inoue et al., 2010; Satoh et al., 2009)

Otx2 (Kim et al., 2008a; Young and Young, 2007)

Pax6 (Ferretti et al., 2006; Lee et al., 2005; Oliver et al., 1995)
Prepl (Deflorian et al., 2004; Ferretti et al., 2006)

Rax (Heine et al., 2008; Martinez-de Luna et al., 2010)
Six3 (Oliver et al., 1995)

Six6 (Conte et al., 2010)

Table 111.5. Alist of protein factors that interact with the 6 key trans-acting factors in a network

model

In summary, the computational method we developed in this study can be

summarized as following. First, experimentally verified enhancer elements can be
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selected from enhancer databases, e.g., the Vista Enhancer Browser, based on
tissue/cell-specific expression patterns derived from the enhancer element and its
flanking gene (Fig. lll.4A-B). These tissue-specific enhancer elements can be located in
the non-coding regions in inter- or intra- genetic sequences. Then, the trans-acting factor
binding sites (TFBS) of all tissue-specific enhancer elements can be predicted using
TFBS search tools such as TESS and Matinspector. Common binding sites shared by all
tissue-specific enhancer elements or subsets of elements are later determined as shown
in (Fig. 111.4C). Those common factors can be further analyzed according to their
expression pattern. Only the ones with spatio-temporal expression patterns can be
selected as key factors for construction of tissue-specific transcriptional regulatory
network. In addition, factors that interact with these key factors can also be found from
the literature. Finally, these enhancers, genes, factors and interactions can be pieced

together to build the network (Fig. 111.4D).

A Experimentally verified enhancers C Common TFBSs and their binding factors
.
t _‘O—ﬁ—'¢ o
~
, A, 4
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Figure 111.4. Computational analysis of TFBSs and transcriptional regulatory networks for
tissue/cell-specific gene expression.
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A. Selection of experimentally verified enhancer elements from enhancer databases.
B. Depiction of enhancer elements and their flanking genes. Orange boxes represent
tissue-specific enhancer elements. Red bars represent transcript start sites of
downstream flanking genes. Black bars represent the end of the last exon of upstream
flanking genes. Enhancer elements in the intronic region of a gene were not illustrated.
C. Comparison of the trans-acting factor binding sites (TFBSs). Two examples of
common TFBS-TF pairs are illustrated by pairs of circle/azure arrows and
pentagon/cyan arrows. Other polygons on the enhancer elements (orange bars)
represent binding sites that are not common to all members. D. A simple example of a
tissue-specific transcriptional regulatory network generated with two key factors (TF1
and TF2) and their interacting genes (G). The thick horizontal lines on top of factor and
gene names (TF1, TF2 and G1) represent the cis-regulatory region of the corresponding
genes. Arrows and bars terminating on this line illustrate the input from other factors,
promoters or repressors, respectively. The arrow derived from the thick line represents
the regulatory outputs. Abbreviation: E, enhancer element; G, gene; Gd, downstream
gene; Gu, upstream gene; TF, trans-acting (e.qg., transcription) factor; TFBS, transcription

factor binding site.
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5. Conclusion and Discussion

In this study we have explored a new way of using existing TFBS-finding methods to
predict trans-acting factors and networks that regulate tissue-specific gene expression
(Fig. lll. 4). As a proof-of-principle study, using this method, we have identified
experimentally verified transcription factors (Pou3f2, Crx, Meisl, and Hes1) and their
transcriptional regulatory networks that are known to be important for embryonic retinal
development. This not only provides a general idea about the development of the RPCs
and retinal cell differentiation, but also validates the effectiveness of our newly
developed method. Furthermore, we predicted that two other factors (Pbx2 and Tcf3,
expressed in retina) may have a novel functional role in embryonic retinal development,
which generates new hypotheses for future experimentation, i.e., to test the involvement
of the two factors, i.e., Pbx2 and Tcf3, in the development of RPCs. This method is
based on the assumption that non-coding DNA sequences contain signals regulating
tissue-specific gene expression. The feasibility of this method relies on the existing data
of experimentally verified tissue-specific enhancers (Visel et al., 2007) and available
information of tissue-specific gene expression (Finger et al., 2011; Richardson et al.,
2010). The identification of retina-specific trans-acting factors and networks indicates
that our method is useful for the analysis of TFBSs and transcriptional regulatory
networks. Since our method utilizes the existing/known information about tissue-specific
enhancer elements and gene expression, we will not be able to identify novel factors that
are involved in the transcriptional regulatory networks. In order to reconstruct a more
sophisticated network in future studies, we will need to include all of the retina-specific
enhancer elements. Finally, this method can be applied to the analysis of TFBSs and

transcriptional regulatory networks in other tissue types.
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flanking genes (mouse

enhancer | pattern only) remark
hs27 eye(4/6), limb(4/6) Irx5-1rx6
eye(8/8), branchial
hs59 arch, nose Rpgripll(intragenic) slightly in SC
hs129 eye(2/4) Klhl1-Dachl 1/2 in fore brain
appear in SC when staining is
hs131 eye(3/4) Dach1-2410129H14Rik | very strong
eye(2/2), dorsal root
hs141 ganglion Dach1-2410129H14Rik | 2/2in SC
hs258 eye(3/5), limb, Ccdc39-Fxrl
hs381 eye(5/6) C80913(intragenic) very weak in SC(1/5)
weak in SC compare in
hs461 eye(9/9) Thx20-Herpud?2 eye(3/9)
hs546 eye(7/7), limb, nose Nr2f1-Arrdc3
eye(6/9, around eye),
limb, nose, branchial
hs932 arch AA408296-Irf6
weak in SC, but also weak in
hs1122 eye(6/7) Ascl1l(mASH-1)-Pah eye
hs1170 eye(8/8) Nr2f1-Arrdc3
hs1351 eye(9/9) Ahil-Myb 1/9in SC
mm9 eye(3/4) Irf2(intragenic) weak
mm134 eye(5/10), heart Dusp10(intragenic) weak in SC
mm165 eye(4/5), heart Laol - Slc2al
mm269 eye(5/5), heart, other Zfand5(intragenic) other tissue

Supporting data 1. The 17 eye-specific enhancers. Genes in red have expression at E11.5.

Supporting data 2. TFBSs predicted by TESS analysis.

Please find the Supporting data 2 in the link below:

https://onedrive.live.com/redir?resid=E6631B5EC3CCCA10!244&authkey=!AFSSYPouhYXO7aA

&ithint=file%2czip

Supporting data 3. The common TFs shared by groups of enhancers.

Please find the Supporting data 3 in the link below:

https://onedrive.live.com/redir?resid=E6631B5EC3CCCA10!244&authkey=!AFSSYPouhYXO7aA

&ithint=file%2czip
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Enhancer Sequence
gPax6 AGTAATTACAAATTACATTACA
hPax6 AGTAATTACAAATTACATTACA
hPax6 CTTAATTATGCTTTTAATTAAA
gPax6 CTTAATTATGCTTTTAATTAAA
hPax6 CGCAACTACCGCCTCTAAAAAA
hCyclinD1 AGGACTTTGCAACTTCAACAAA
mCyclinD1 AGGACTTTGCAACTTCAACAAA
rCyclinD1 AGGACTTTGCAACTTCAACAAA
hChx10 AGGAGATTCCCCTTTTATCCAA
mChx10 AGGAGATTCCCTTTTTATCCAA
mChx10 AGCGATTAGGAATTCCAAAAAG
hChx10 AGCGATTAGGAATTCCAAAAAG
mCyclinD1 AGCGATTTGCATATCTACGAAG

Supporting data 4. Enhancer sequences for the retina-specific genes. Abbreviation: r, rat; m,
mouse; h, human; g, quail.

Length E : Flanking gene expression
No. | Enhancer xp;g:?:]on Flanking genes* pattern
(bp) P (upstream; downstream)
eye(8/s), L , not express
9 hs59 1241 | branchial arch, Rpgripll(intragenic) duringTS18~28 in retina
nose
10 | hs129 | 521 |eye(2/4) Klhl1-Dach1 Sﬁtnﬁg?rrsef;zg o retina
Dachl- not express
11| hsi3l | 2606 | eye(3/4) 2410129H14Rik duringTS18~28 in retina
eye(2/2), dorsal | Dachl- not express
12 hs14l 1971 root ganglion 2410129H14Rik duringTS18~28 in retina
13 | hs381 | 890 | eye(5/6) C80913(intragenic) ggtﬂﬁ;@rgi’;% - retina
14 | hsa6l | 1419 | eye(9/9) Tbx20-Herpud2 gﬁtriﬁgf’rrsef;% o etin
. not express
15 | hs1351 | 2355 | eye(9/9) Ahi1-Myb duringPI'S 18-28 in retina
16 mm9 1676 | eye(3/4, weak) Irf2(intragenic) 38;%?@;&28 in retina
17 mm134 1493 | eye(5/10), heart | Duspl0(intragenic) gﬁtriﬁgf)rrsei;% in retina

Supporting data 5. The 10 enhancer elements excluded from study.




74

Supporting data 6. The script of the Matlab program used for comparing TFBSs.
% Read from TESS result file and compare the predicted binding
sites/factors (hits). Limited to 3 hits per run.

tn = 3; % amount of DNA sequences in this TESS result

models = [1 2 3]; % the Hits want to compare

[FileName, PathName] = uigetfile('*.x1ls', 'Select the xls-file.');
$[typ, desc] = xlsfinfo(FileName) ;

Q

% import data

for 1 = 1:tn

[ data (i) .num, data (i) .txt, data (i) .raw] =
xlsread (FileName, (1+2*1i));
end

o)

% compare
Model 0 = data(l,models (1)) .txt(2:end,2);
Model 1 = data(l,models(2)).txt(2:end,2);
m = size(Model 0);

res = zeros(m,1);

for 1 = 1:m

cmp = strncmp (Model 0(i),Model 1,6);
row = find(cmp ~= 0);

res(i,l) = size(row,l); % compare result = how many times the model
'Model 0(1)' appears in the result of other enhancer
%data(l) .res(i,2) = i; % and record the position of this model
end
[sres,index] = sort (res, 'descend');
$A = [sres,index];

o)

% sorting, get rid of the ones not appear in Hit2

row = find(sres ~= 0);
mf = size(row,1);
Model s = Model 0(l:mf); % sorted model array
for i = 1:mf
Model s(i) = Model 0 (index(i)):;
end
index = index(l:mf);

Q

% continue comparing with the Hit3
Model 2 = data(l,models(3)).txt(2:end,2);

[m,n] = size(Model s);
res = zeros(m,2);
res(:,2) = index;

for i = 1:mf

cmp = strncmp (Model s (i),Model 2,6);

row = find(cmp ~= 0);

res(i,l) = size(row,l); % compare result = how many times the model
'Model 0(1)' appears in the result of other enhancer

%data(l) .res(i,2) = i; % and record the position of this model

end
[sres,index2] = sort(res, 'descend');
for 1 = 1:mf

sres(i,2) = index(index2(i)); % keep the index number from Hitl

end



[

% sorting,

row = find(sres(:,1) ~= 0);
mf = size(row,1);
A = sres(l:mf,:);

getting rid of zeros

orted model array

t(2:end, 1);

Model s = Model s(l:mf); %

factor = data(l,models(1l)).

TF = factor(l:mf);

for i = 1:mf
Model s(i) = Model O(sres(i,2));
TF (i) = factor(sres(i,2));

end

data(l) .sort = {A,Model s,TF};

% print to .xls file
nf = numel(FileName)—4;
filename = blanks(nf+9);

filename (1: = FileName (1:nf);
xlswrite([PathName filename
x1lswrite ([PathName filename
xlswrite ([PathName filename
$xlswrite('testl.xls',data (1l
$xlswrite('testl.x1ls'

)

.sort{1l,2});
,A,'B1:C200") ;

.x1ls'],data (1)
.x1s'],A,'B1:C200"
.x1s'],TF, 'D1:D200"

filename (nf+1:nf+9)
.sort{1l,2})
) ;
) ;

_commonTF';
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Chapter IV

Nkx6.1 Regulates Notchl Expression during Interneuron Development

1. Prologue

It has been of public interest to invest the Notchl pathway, since it is critical for
many major developmental and pathological events in the CNS and non-CNS tissues.
During the development of CNS, Notchl is involved in the maintenance of NSCs,
specification of glial cell type, acceleration of apoptotic cell death and axonal guidance
of post-mitotic neurons (Alexson et al., 2006; Grandbarbe et al., 2003; Kawaguchi et al.,
2008; Mason et al., 2006; Pierfelice et al., 2011; Redmond et al., 2000; Yang et al.,
2006b). In the spinal cord, besides the function mentioned above, Notchl is also part of
the interneuron regulatory network. It is important for the fate determination of general
dorsal interneurons and V2b interneurons (Del Barrio et al., 2007; lulianella et al., 2009;
Peng et al., 2007). Upon all these studies, questions were raised as how is Notchl itself
regulated on the transcription level? What is the cis-element that silences/enhances
Notchl expression? What are its upstream regulators? This chapter is an attempt to
address these questions.

In the previous chapter, a new method combining enhancer analysis, TFBS
prediction and Motif finding was presented. This method is capable of generating the
transcriptional regulatory network that governs the temporal-spatial-specific cellular
events. In this chapter, similar computational method was used to predict the TFs that
interacts with a previously identified CNS-specific cis-element of Notchl (Notch1CR2, or
CR2). CR2 is a 399bp sequence in the second intron of Notchl gene. It is involved in the
development of GABAergic interneurons in brain (Tzatzalos et al., 2012). To answer the

question of how Notchl is regulated by CR2, a transgenic mouse line with CR2-GFP
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inserted into the genome was used for study of the specificity of CR2 in spinal cord.
Electrophoretic mobility shift assay (EMSA) and reporter assay on sub-regions of CR2
was used to identify the minimum function sequence. The consequential sequence was
then analyzed by site-direct mutagenesis in a chick model, in which Nkx6.1 and Gsx1
were found to be required for CR2 function. Afterwards, Nkx6.1 was found to be able to
regulate Notchl transcription by gPCR combining with the gene knock-down assay and
overexpression assay.

In summary, results in this study show that Nkx6.1 is able to regulate Notchl gene
expression via interaction with CR2. A simple network involved in ventral interneuron
development was proposed. It is constructed with Nkx6.1, Notch1, Notchl downstream
genes and several other interneuron-related genes. These findings provide the link
between Notchl and the genes that are critical for interneuron development. They also

shed new insight into Notch1 regulation during of the spinal cord development.

The remainder of this chapter is reproduced verbatim from a manuscript that has been

submitted for publication.



https://en.wikipedia.org/wiki/Electrophoretic_mobility_shift_assay
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2. Abstract

Notch1 signaling is central to the maintenance of neural stem cell identity and the
determination of neural cell fate, yet the transcriptional regulation of Notch1l itself
remains poorly understood. Here, we show that a cis-element (CR2, an evolutionarily
conserved non-coding fragment in the second intron of Notch1 gene) regulates Notchl
expression in neural stem/progenitor cells of the developing spinal cord. In CR2-GFP
transgenic mice, CR2 activity is prominent in the developmental stages from embryonic
day 9.5 to postnatal day 7, mainly in the interneuron progenitors and absent in the motor
neuron progenitors. CR2 activity persists in a subset of ependymal cells in the adult
spinal cord, suggesting CR2 is active in both embryonic and adult neural stem/progenitor
cells. We further show that the expression of Notchl and genes in the Notchl signaling
pathway is regulated by the interaction of Nkx6.1 with a core 139bp fragment within CR2.
Notchl and its target genes were significantly down-regulated by either the deletion of
Nkx6.1 binding site or the knockdown of Nkx6.1 expression, and upregulated by the
overexpression of Nkx6.1. Together, our findings reveal a novel mechanism of Notchl
regulation by Nkx6.1 and its interaction with CR2 in neural stem/progenitor cells during

spinal cord development.
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3. Introduction

Notchl is a member of the Notch protein family which encodes a single-pass trans-
membrane receptor. Notchl signaling plays a critical role in the development of the
central nervous system (CNS) by inhibiting neuronal progenitor differentiation,
maintaining radial glia identity, specifying glial cell type, promoting apoptotic cell death
and regulating axonal guidance of post-mitotic neurons (Alexson et al., 2006;
Grandbarbe et al., 2003; Kawaguchi et al., 2008; Mason et al., 2006; Pierfelice et al.,
2011; Redmond et al., 2000; Yang et al., 2006). In the spinal cord, Notchl is involved in
the fate determination of dorsal interneurons and V2b interneurons (Del Barrio et al.,
2007; lulianella et al., 2009; Peng et al., 2007). Notchl deficiency results in an
accelerated premature neuronal differentiation in the ventral spinal cord and a gradual
depletion of the ventral central canal (Yang et al., 2006). Despite the importance of
Notchl pathway, however, the regulation of Notchl transcription is not well understood.

Transcription regulation plays an essential role in cell fate determination.
Transcription factors function by binding to gene regulatory DNA elements, e.g.,
promoters, enhancers. Often these cis-elements are evolutionarily conserved
(Pennacchio et al., 2006; Poulin et al., 2005). We have previously identified such an
evolutionarily conserved cis-element in the second intron of Notchl gene (Notchl1lCR2,
or CR2, a 399 bp non-coding DNA fragment). CR2 regulates gene expression in neural
stem/progenitor cells and was predominantly active in the GABAergic interneuron
progenitors in the ganglionic eminence during neocortical development (Tzatzalos et al.,
2012).

In the spinal cord, in addition to Notch1l, the ventral interneuron fate is also
determined by Nkx6.1, Nkx2.2 and several other ventral-specific transcription factors

(Alaynick et al., 2011). Nkx6.1, in particular, is critical for the fate determination of
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progenitor cells in ventral interneuron layer 2 and 3 (V2, V3) (Sander et al., 2000).
Nkx6.1 deletion leads to the loss of V2 and motoneuron markers such as Lhx3, Isl1/2
and Hb9 (Sander et al., 2000), while over-expression of Nkx6.1 leads to an increase of
V2, MN markers and decrease of V1 marker Dbx2 (Briscoe et al., 2000).

In this study, we investigated the gene regulatory activity of CR2 in the developing
mouse and chick spinal cord. We show that a 139bp fragment within CR2 containing
binding sites for transcription factor Nkx6.1 is essential for its gene regulatory activity in
neural stem/progenitor cells. Deletion of the core sequence of Nkx6.1 binding sites or
knockdown of Nkx6.1 expression diminishes CR2 activity and reduces the expression of
Notchl and genes of Notch1l signaling pathway. Meanwhile, overexpression of Nkx6.1
dramatically elevated the Notchl expression. Furthermore, in CR2-GFP transgenic mice,
CR2 is predominantly active in neural stem/progenitor cells fated to become
interneurons, but not motor neurons. CR2 activity also persists in adult neural
stem/progenitor cells of the spinal cord. These results suggest that Notchl expression
and Notch1 signaling in interneuron progenitors of the developing spinal cord are
modulated by Nkx6.1. Therefore, our study provides a novel mechanism of Notchl gene
regulation in neural stem/progenitor cells by CR2-Nkx6.1 interaction during the

development of the spinal cord.
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4. Experimental Methods

Mouse strains and tissue preparation

All animal work was conducted following the regulation of the Institutional Animal
Care and Use Committee (IACUC) at Rutgers University. The CR2-GFP transgenic
mouse (Mus musculus) strain was generated as previously described (Tzatzalos et al.,
2012) and maintained in our lab. Embryonic and neonatal spinal cords were obtained
from the transgenic animals via microsurgical dissection. They were washed in 1x PBS
and fixed with 4% (w/v) paraformaldehyde overnight. Fixed tissues were washed again
and then cryopreserved in 30% (w/v) sucrose overnight. Afterwards, the spinal cord
tissue was embedded in cryo-preserving media (Tissue Tek® OCT compound) and kept

frozen at -80°C.

Immunohistochemistry

Frozen spinal cord tissue was sectioned transversely (10-12 um in thickness) using
a cryostat (ThermoScientific) and air dried. Sections were blocked and permeablized for
1 hr in blocking buffer containing 10% donkey serum, 0.1% TritonX, and 0.1% Tween®
20 at room temperature. Afterwards, they were incubated with primary antibodies
overnight at 4°C. Following three 10-min washes in PBS, sections were incubated in the
blocking buffer containing corresponding fluorophore-conjugated secondary antibodies
for 1 hr at room temperature. Slides were then washed for three times with PBS (10-min
each), and mounted with mounting media (Vector Laboratories) in the presence or
absence of DAPI (to label the nuclei). The following primary antibodies were used:
Notchl (1:100, 6014-R), Gata2 (1:200, sc-9008x) and Chx10 (1:300, sc-21692) from

Santa Cruz Biotechnology, Inc.; Enl (1:1000, 4G11-c), Evx1 (1:10, 99.1-3A2), Isl1 (1:100,
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39.4D5), Nkx2.2 (1:10, 74.5A5), Pax7 (1:25) and Pax6 (1:15) from Developmental
Studies Hybridoma Bank (DSHB); Brn3a (1:100, MAB1585), NeuN (1:1000, MAB377)
and Sox2 (1:500, MAB4343) from Millipore; anti-GFP (1:1000, AB5450) from Abcam;
anti-GFP (1:500, a11122) from Invitrogen; S100b (1:1000, S2532) from Sigma; Pax2
(1:250, 71-6000) from Zymed; Olig2 (1:10000, gift from Dr. Charles Stiles at Harvard
University). The staining with anti-Olig2 antibody requires pre-heating of slides with 1
mM Tris-EDTA buffer (PH 8.5) at 960C for 10-min to retrieve the antigen. Images were
captured using a Zeiss Axio Imager M1 fluorescence microscope and visualized with

AxioVision 4.8.

Cell counting and Statistical analysis

Cell counting was performed manually on T8~T10 spinal cord sections basing on
the DAPI stained nuclei. For each cellular marker, 3~5 sections from at least 3 animals
at each time point were counted. Since GFP protein is expressed in the cytoplasm while
Notch1l staining is located on the surface of cells, DAPI nuclei staining confirmed the
double labeling of GFP and Notchl. Quantitative data were presented as mean +

standard deviation. Significance (p-value) was determined by Student’s t-test.

Plasmid construction for cis-element activity assay and site-directed mutagenesis assay
Plasmid reporter constructs were designed to reveal the gene regulation activity of
CR sub-regions and mutated CR2.a sequences in chick embryos. Designed sub-regions
(Fig. IV.7, Table 1V.S2) and mutated CR2.a sequences (Fig. IV.8, Table 1V.S4) were
subcloned into an expression vector which contains a minimal -globin promoter (BGP)

and a GFP reporter gene. Clones were confirmed by PCR and sequencing. A
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transfection control construct with a constitutively active CAG promoter and a DsRed

reporter was also generated.

In ovo electroporation

SPF fertilized eggs were purchased (Sunrise Farms, Inc., New York) and incubated
at 37°C with 60% humidity. The developmental stages of the chicks were determined
according to stages established by Hamilton and Hamburger (Hamburger and Hamilton,
1951). In ovo electroporation was performed on E2 chick embryos (HH11-12) following
the protocol (Nakamura and Funahashi, 2001) with modifications. Mixed DNA for CR2
sub-regions and mutated CR2.a sequences contains ~2.5 ug/ul experimental plasmid,
~0.2 ug/ul transfection control plasmid and 0.025% Fast Green dye. Mixed DNA for
ShRNA assay contains ~2.5 pg/pl experimental ShRNA plasmid, ~2.5 pg/ul CR2.a-GFP
plasmid and 0.025% Fast Green dye. Mixed DNA for overexpression assay contains
~2.5 pg/ul factor expressing plasmid, ~2.5 pg/ul CR2.a-GFP plasmid and 0.025% Fast
Green dye. Injection of the mixed DNA was performed to the middle region of chick
neural tube (region with somites), following by electroporation of five 12V pulses. Eggs
were harvested at E5 and embryos were examined under a fluorescent whole mount
microscope (Leica, MZ16FA). The chick embryo tissues were then washed in 1x PBS
and fixed with 4% (w/v) paraformaldehyde for 1hr. Processes following fixation are the

same as preparing mouse spinal cord tissue.

Electrophoretic mobility shift assay (EMSA)

ESMA was performed with the designed double strand probes (Fig. IV.6) and



84

nuclear extract from E15.5 mouse spinal cord. Single strand probes were first
synthesized by IDT (Piscataway, NJ). They are biotinylated using the Biotin 3" End DNA
Labeling Kit (Thermo Fisher Scientific Inc, IL) and annealed at room temperature for one
hour. Biotin labeled double strand probes were stored at -20°C for no longer than 1 week.
Unlabeled single stranded probes were also annealed at room temperature for one hour
and used as competitors. The ratio of labeled probes and unlabeled probes was 1: 50.
EMSA is performed using the LightShift Chemiluminescent EMSA Kit (Thermo Fisher
Scientific Inc, IL) following the manufactory’s instruction. Reaction mixtures were then
loaded onto 8% non-denaturing polyacrylamide gel and run at 100V for 120-150 min at

4°C.

Quantitative RT-PCR

Total RNA was extracted from mouse spinal cord tissues at E15.5, PO and P14
using Tri Reagent Solution (Ambion). First strand cDNA library was constructed by
reverse transcription with qScript cDNA SuperMix (Quanta Biosciences) and used as the
template. gRT-PCR was performed on a Roche 480 LightCycler using SYBR Green
FastMix (Applied Biosystems) following manufactory’s instruction using primers

designed for GFP, Notchl, GAPDH and other genes (Table 1V.S6).

Similarly, gRT-PCR analysis was performed with chick spinal cord samples. E5
chick embryos were transfected with the shRNA-based Nkx6.1 gene knockdown
construct (with RFP as a reporter), the scr-shRNA construct, and the Nkx6.1
overexpression construct (see below for details) using in ovo electroporation technique.
Electroporation results in RFP+ cells in half of the spinal cord. On E6, the RFP+ half of

the spinal cord tissues were harvested for total RNA extraction. cDNA library was



constructed as described above and used as template to generate a 20-cycle PCR
product for the following g-PCR. Primers designed for all target genes are shown in

Table IV.S6.

For all gRT-PCR, results were reported as relative threshold cycles (ACt). It is
calculated by normalizing the threshold cycles based on the GAPDH expression. Each

data points contains at least 3 samples with 3 replicates.

RNAi-mediated gene knockdown assay

For RNA interference assay, two 23~29-mer shRNA hairpins were designed based
on chick mMRNA for each of the Gsx1, Nkx6.1 and Phox2b genes. They were subcloned
into a shRNA expressing vector (Origene TR30014) which contains a RFP reporter.
Clones were confirmed by PCR and sequencing. A negative control construct with
scrambled-shRNA (Origene TR30015) was used. Normal in ovo electroporation

procedure described above is performed to transfect cells in chick neural tube.

Nkx6.1 overexpression assay

A Nkx6.1 overexpression construct (Tet-O-FUW-Nkx6.1) (Rowe et al., 2007) was
obtained from Addgene (plasmid #45846). It was injected into chick neural tube on
various stages followed by in ovo electroporation as described above. DNA mixture
contains ~2.5 pg/ul Tet-O-FUW-Nkx6.1, ~0.2 pg/ul CAG-DsRed and 0.025% fast green
dye. Immunohistochemistry and qPCR analysis were used to confirm the successful

overexpression of Nkx6.1.

85
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5. Results
1) CR2 activity is in neural stem/progenitor cells and diminishes at the end of

spinal cord neurogenesis

P1
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Figure IV.1. CR2 activity is parallel to neurogenesis in the developing spinal cord. GFP
expression was examined in cross sections of transgenic spinal cord at various developmental
stages, e.g., E9.5 (A), E12.5 (B), E15.5 (C), P1 (D), P7 (E, G), P14 (F, H), and adult (I). At E9.5,
the majority of GFP+ cells were located in dorsal and ventral portion of the developing spinal cord.
From E12.5 to P1, GFP+ cells were widely distributed first in dorsal regions, then throughout the
developing spinal cord. At P7 and P14, GFP+ cells can only be observed in the ependymal cells
(enlarged). After P7, low level of GFP can be detected by immunofluorescence staining with anti-
GFP antibody (G, H). In adult, GFP+ cells can only be detected in ependymal cells surrounding
the central canal (dotted circles in I, also see Fig. IV.S4). Arrows indicate regions where GFP+
cells located. The levels of GFP mRNA were determined by qRT-PCR and decreased from E15.5
to P14 (J). Timeline of GFP mRNA and protein expression is depicted along with neurogenesis in
the mouse spinal cord (Wang and Bordey, 2008) (K). Scale bars = 100um. * p-value < 0.1, ** p-
value < 0.05; n = 3.

The spatiotemporal activity of CR2 during spinal cord development was determined

by examining GFP expression patterns at various embryonic and postnatal stages in the
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CR2-GFP transgenic mouse (Tzatzalos et al., 2012). GFP expression was first observed
near the roof plate (RP) and the floor plate (FP) at embryonic day 9.5 (E9.5) (Fig. IV.1A).
At E12.5, the GFP+ cells were widely distributed throughout the dorsal half of the spinal
cord (Fig. IV.1B). The GFP+ cells expanded to the entire spinal cord (Fig. IV.1C,D) from
E15.5 to postnatal day 1 (P1). By P7, the number of GFP+ cells was dramatically
decreased; only a few ependymal cells near the central canal maintained a low level of
GFP (Fig. IV.1E). No GFP+ cells were directly observed by P14 and later stages (Fig.
IV.1F). However, with anti-GFP antibody staining, we were able to detect some GFP+
cells at P7 (Fig. IV.1E,G; Fig. IV.S1G, H) and a few GFP+ cells outside ependymal cell
layer at P14 (Fig. IV.1H). In the adult, GFP+ cells were only visible in the ependymal
region with anti-GFP antibody staining (Fig. IV.11). No obvious difference was observed
in GFP+ cell distributions at E12.5 and E15.5 between samples with or without anti-GFP
retrieval (Fig. IV.S1A,B). gPCR analysis showed that GFP mRNA level was decreased
dramatically at PO by comparison to the level at E15.5 and was even lower at P14 (Fig.
IV.1J). Thus, CR2 activity was prominent during embryonic stages and dramatically
decreased by PO (Fig. IV.1K), which is also the end of embryonic neurogenesis in

mouse spinal cord (Wang and Bordey, 2008).
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Figure 1V.2. CR2 activity is prominent in neural progenitors during early embryonic spinal cord
development. The identity of the CR2-GFP+ cells in transgenic spinal cord was examined using
double immunofluorescence staining. GFP+ cells were first stained with Notchl1 (A-C) and neural
stem cell marker Sox2 (E-G). Histograms show the quantification of the co-labeled GFP+ cells (D,
H). Staining with the domain specific markers Nkx2.2 (I), Pax6 (J) and Pax7 (K) showed that
GFP+ cells were localized to the dorsal progenitor layer 1-3 (dP1-3), motor neuron progenitor
layer (pMN), and ventral progenitor layer 3 (pV3). (L) Schematic drawing depicts the distribution
of GFP+ cells in the E9.5 spinal cord. Further staining with post-mitotic neuronal marker NeuN
(M-P) suggests that the majority of GFP+ cells became neurons. (Q) Quantification shows that
the percentage of NeuN+/GFP+ cells increased from E9.5 to E15.5 and remained over 70% at P1.
Arrows indicate the co-labeled cells. Scale bars = 100 um. T-test * p-value < 0.05, ** p-value <
0.01; n = 3.
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Figure IV.3. CR2 activity is preferentially in interneuron progenitor domains but not motor neuron
domain. Cross sections of transgenic spinal cord at E12.5, E15.5 and P1 were stained with
domain-specific markers Brn3a (A-C), Pax2 (D-I) (interneuron) and Isl1 (K-M) (interneuron and
motor neuron). Co-labeled GFP+ cells (arrows) were found in all Brn3a+ domains, e.g., the region
adjacent to the ventricular zone and the dorsal interneuron layers 1-3 and 5 (dI1-3, dI5) (dashed
oval circles in A-C) and the ventral interneuron layer 0 (VO) (not shown). Co-labeled GFP+ cells
were also found in all Pax2+ domains including the dorsal interneuron layer 4, 6 (di4, dI6), the
ventral interneuron layer 0-1 (V0-1) (dashed circles/ovals in D-1) and Isl1+ dI3 domain (dashed
ovals in K-M). However no Isl1+/GFP+ cells were found in the motor neuron domain (MN) (solid
ovals in K-M). Boxed regions are shown in higher magnification with arrows indicating co-labeled
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cells. . (L, N) Histogram shows the quantification of Brn3a+/GFP+, Pax2+/GFP+ and Isl1+/GFP+
cells. Less than 0.5% co-labeled cells were found in MN layer at E12.5 and 0% at E15.5 and P1.
(O) Schematic of the distribution of Brn3a+ (orange, VO not shown), Pax2+ (purple) and Isl1+
(blue) cells at E15.5. Green shade indicates the expression pattern of GFP. Scale bars = 100 um;
n=3.

2) CR2 activity is restricted to specific neural progenitor domains

Since cis-elements and enhancers regulate gene expression in a spatiotemporal
manner, we thus determined the specificity of CR2 regulatory function by examining the
CR2-GFP+ cells in the transgenic mice via immunostaining with cell specific markers. At
E9.5, the vast majority of GFP+ cells were co-labeled with neural stem cell markers
Sox2 (97.8£3.2%; n=3) and Notch1 (90.1+4.3%; n=3) (Fig. IV.2A-H), confirming
expression of CR2-GFP in these neural stem cells. GFP+ cells mainly resided in the two
regions near the RP and FP. Using the progenitor domain specific markers Pax7 (dorsal
progenitor layer 1-6 (dP1-6)), Pax6 (dP4-6 and the ventral progenitor layer 0-2 (pV0-2))
(Tanabe and Jessell, 1996) and Nkx2.2 (pV3) (Liem et al., 2000), we observed GFP
expression in the dP1-3, pV3 and both dorsal and ventral region of the spinal cord (Fig.
IV.21-K). GFP expression was also observed in the motor neuron progenitor layer (pMN)
next to Pax6+ domains (Fig. IV.2J, arrows). However, in later developmental stages
(e.g., E15.5 and P1 (Fig. IV.3K-M)), no GFP+ cells were detected in the more mature

motor neuron domain, indicating these GFP+ cells were not motor neuron progenitors.

At later developmental stages, GFP+ cells were co-stained with NeuN (a postmitotic
neuron marker) (Fig. IV.2M-P), Brn3a and Pax2 (domain specific interneuron markers)
and Isll (a marker for dorsal layer 3 interneurons (dI3) and motor neurons) (Fig. IV.3).
We observed an increasing percentage of GFP+ cells labeled with NeuN from 25.6+12.4%
at E9.5t0 81.3+11.7% at E15.5 and 73.7+£8.1% at P1 (Fig. IV.2Q). We also determined

interneuron domain-specific GFP expression. At E12.5, E15.5 and P1, 18.4+7.8%,
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23.6£7.7% and 15.2+1.7% of GFP+ cells were labeled with Brn3a in the di1-3 and dI5
domain (Fig. IV.3A-C); 33.849.2%, 22.13+4.7% and 26.1+10.2% of GFP+ cells were
labeled with Pax2 in the dl4 domain (Fig. IV.3D-F); 7.8+1.8%, 6.1+3.4% and 4.7+1.3% of
GFP+ cells were labeled with Pax2 in the dI6 and VO0-1 domains (Fig. IV.3G-I),
respectively. Since the Pax2 staining of dI6 and VO-1 interneurons are clustered and
cannot distinguished, additional staining with VO cell marker Evx1, V1 cell maker En1,
and V2a cell marker Chx10, V2b cell marker Gata2 were performed. The results showed
that only a very small percentage of GFP+ cells reside in these ventral domains (Fig.
IV.S2). Meanwhile, immunostaining with Isl1 showed co-localization with GFP+ cells in
dI3 but not in the differentiated motor neurons at E15.5 and later stages (Fig. IV.5). Thus,
the majority of the GFP+ cells reside in the Brn3+ and Pax2+ dorsal interneuron

domains and not in mature motor neurons of the developing spinal cord.

A few of GFP+ cells were also found co-stained with the glial/astrocyte markers
S100b and GFAP, and oligodendrocyte marker Olig2 (Fig. IV.S3). The percentage of
S100b+/GFP+, or GFAP+/GFP+ co-labeled cells was very small (Fig. IV.S3C, F).
Furthermore, no Olig2+/GFP+ cells were found outside the VZ (Fig. IV.S3G-I), indicating

that CR2 may not be active in developing oligodendrocytes.

3) CR2 activity persists in the adult neural stem cells

Ependymal cells are known to be adult NSPCs, which remain quiescent in normal
conditions and proliferate rapidly after injury (Horky et al., 2006; Johansson et al., 1999;
Meletis et al., 2008; Sabelstrom et al., 2013). To determine the CR2 activity in the adult,
we examined the GFP expression in the adult spinal cord. A few GFP+ cells were

detected in the ependymal cells lining the central canal (Fig. IV.1l). Double
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immunofluorescent staining shows that these GFP+ cells were co-labeled with stem cell
markers in the spinal cord, e.g., Sox9 , S100b? and GFAP (Barnabe-Heider et al., 2010;
Meletis et al., 2008) (Fig. IV.S3). Thus , the expression of GFP in ependymal cells
indicates that CR2 is involved in gene regulation of adult neural stem cells. This is also
consistent with Notch1 function in the adult CNS (Imayoshi et al., 2010; Zhao et al.,

2009).
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Figure IV.4. A 139bp subregion of CR2 is required for its gene regulatory activity. Subregions of
CR2 were tested individually by EMSA and reporter assay with in ovo electroporation for their role
in gene regulation. A total of eleven EMSA probes (A, prl1-7, prl1.1-1.3, pr2.1) and five CR2
subregions (B, CR2.a-2.e) were designed based on the location of transcription factor binding
sites (purple arrows) on CR2 (black bar). CR2.c, CR2.d and CR2.e contains the sequences of
prl.1, prl.3 and pr2.1, respectively (dotted line). Probes and sub-regions that showed positive
results were colored in yellow. The factors having binding sites in these regions are listed in the
boxes. (C) Multiple bands (red arrows) were detected in EMSA using E15.5 mouse spinal cord
nuclear extracts with prl, prl.1, prl.3, pr2, pr2.1 and pr3. (D) A cross section of E5 chick spinal
cord shows that only CR2.a-GFP construct resulted in GFP expression by reporter assay with in
ovo electroporation at E3. CAG-DsRed construct was used as a transfection control. Arrows
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indicate CR2.a-GFP+ cells. (E) A table summarizes the results of all the tested subregions of CR2.
Scale bar = 50 um.

4) A fragment of 139bp is required for CR2 activity

To determine the minimum sequence and protein factors required for CR2 activity in
the developing spinal cord, we analyzed protein binding and gene regulatory activities
within subregions of CR2. Using Matlnspector (Genomatix, Germany), we identified a
total of 173 potential transcription factor binding sites (TFBSs) on the 399bp CR2,
among which 126 were unique (Table IV.S7). We analyzed all 173 TFBSs and their
corresponding transcription factors by literature searches and found that 20 of these
transcription factors are expressed in the developing spinal cord during mid-late
embryonic stages (E10-E20) (Fig. IV.S6). We thus focused on these 20 factors in further
analysis. In particular, 7 of the 20 TFBSs are 100% conserved between mouse and chick
(Fig. IV.S5, red), suggesting that these 7 factors may have critical function in the spinal

cord (Pennacchio et al., 2006; Poulin et al., 2005).

To determine the minimum CR2 subregions, we performed electrophoretic mobility
shift assays (EMSA) using nuclear protein extracts from E15.5 mouse spinal cord. A total
of 7 probes were designed based on the TFBS analysis (prl-7, Fig. IV.4A, Table IV.1).
Sequence specific binding activity was detected with pr1-3 (Fig. IV.4C). Since prl
contains a cluster of 12 TFBSs and showed multiple bands in EMSA, it was further
dissected into prl.1, prl.2 and prl.3 (Fig. IV.4A). Protein binding activities were
detected with prl.1 and prl.3 (Fig. IV.4C). Multiple bands were observed with prl.1,
suggesting that multiple proteins interact with prl.1. Thereafter, subregions of CR2 with
positive binding in EMSA (CR2.a-e, Fig. IV.4A, Table 1V.2) were selected for a GFP

reporter assay to determine their gene regulatory activity in developing chick spinal cord.
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The reporter plasmid DNA mixture containing one of the subregions (CR2.x-GFP) and a
positive control (CAG-DsRed) was injected and electroporated to transfect the
developing neural tube of E2 chick embryos. Results show that only CR2.a was able to
drive GFP expression in E5 chick spinal cord (Fig. IV.4D, Fig. IV.S7B). No GFP
expression was detected in the samples transfected with constructs containing CR2.b or
subregions of CR2.a (CR2.c, CR2.e) (Fig. IV.S7B). In addition, no reporter expression
(neither GFP nor DsRed) was observed in the transfected chick embryos (n=69) with
CR2.d construct. This suggests that CR2.d may interfere with the proper gene
expression since 55% of chick embryos transfected with constructs containing other
subregions have the control DsRed expression (Fig. IV.4E). Thus, CR2.a is determined
as the minimum required sequence and its interaction with multiple TFBSs is required in

CR2 activation.
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Figure IV.5. Nkx6.1 is required for CR2.a activity. Site-direct mutagenesis and shRNA assays
were performed in chick developing spinal cord to determine the functional role of factor binding
sites. (A-F) Five mutated reporter constructs (with human beta-globin basic promoter and GFP
reporter) were generated with 2~8 bp deletion in the core region of factor binding sites on CR2.a
(F). Each of the five constructs was tested its ability to drive GFP expression in chick embryos
electroporated at E2 and harvested at E5 (A-E). CAG-DsRed construct was used as the
transfection control. GFP expression was not observed in the sample electroporated with
CR2.a"%% (D), which is the core region of the binding sites of Gsx1, Nkx6.1 and Phox2b (Table
IV.S4). Gene knockdown analysis was performed using shRNA constructs targeting the above
three factors and coupled with a reporter RFP. Each knockdown construct was electroporated into
E2 chick neural tube together with CR2.a-GFP (H-J), respectively. A scramble shRNA sequence
(scr-shRNA) was used a negative control (G). Chick embryos were harvested at E4-5. (K) The
percentage of GFP+/RFP+ cells was determined by cell counting and dramatic decrease of GFP+
cells were found in samples with shNkx6.1. V, ventral; D, dorsal. Scale bars = 50 pum. T-test * p-
value < 0.05, ** p-value < 0.01, *** p-value < 0.005; n = 3.

5) Nkx6.1 regulates CR2 activity

To identify the specific factors which interact with CR2.a, we performed site-directed
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mutagenesis on CR2.a. Based on the predicted core matrix of TFBSs, 2-8 bps in the
CR2.a sequence were deleted to eliminate each specific protein factor binding site (Fig.
IV.5, Table IV.S4, S5). The resultant five mutated sequences were checked with
TFANSFAC (Wingender et al., 2000) to avoid generation of new TFBSs. Then the
sequences were tested with the reporter assays in the chick neural tube at E2 together
with a control CAG-DsRed construct, respectively (Fig. IV.5A-E). GFP expression was
eliminated in the samples electroporated with CR2.a%% construct (Fig. IV.5D),
comparing to the ones electroporated with CR2.a (Fig. 1V.4D) or other mutated
sequences (Fig. IV.5A-C, E). This indicates that the 2bp located at 95"-96"™ in CR2 are
essential for its enhancer activity. The deletion of the 2 bps in CR2.a disrupts the core
binding sites for Gsx1, Nkx6.1, Phox2a and Phox2b. Analysis of the ChIP-seq results
(Mazzoni et al., 2013) revealed that Phox2a does not bind to CR2 region. Since the
NCBI no longer provides the information on chick Gsx1 mRNA sequence, we thus
further analyzed the remaining two factors Nkx6.1 and Phox2b for their ability to activate
CR2.a using shRNA-based gene knockdown assay. The knockdown shRNA constructs
for these two factors (shNkx6.1 and shPhox2b with RFP as reporter) were
electroporated individually in the chick neural tube together with CR2.a-GFP at E2. The
expression of GFP in the RFP+ cells was examined at E5 to determine the effect of the
factor knockdown on CR2.a activation. Results show that knockdown of
Nkx6.1dramatically decreased the number of GFP+/RFP+ cells, while knockdown of
Phox2b has no effect on GFP expression (Fig. IV.5G-K). These results suggest that

Nkx6.1 interacts with CR2 and is required for its gene regulatory activity.
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Figure 1V.6. Nkx6.1 regulates Notchl expression during early spinal cord development. (A-C) Co-
staining of Nkx6.1 and CR2.a-GFP in developing mouse spinal cord. (D-F) Nkx6.1 expression
was knocked down in developing chick spinal cord using a shNkx6.1 construct. The reduction of
Nkx6.1 expression caused a decrease of the number of CR2.a-GFP+ cells (D, E). RFP was used
as a reporter in both scrambled-RNA negative control (scr-shRNA) and shNkx6.1. (G) Expression
of Nkx6.1 in dorsal spinal cord as a result of introduction of the Nkx6.1 overexpression construct.
(H) gRT-PCR analysis shows larger ACt (threshold cycle number) for Notch1 in samples lack of
Nkx6.1, indicating reduced transcription level; while smaller ACt for Notch1 was observed in
samples with Nkx6.1 overexpression. (I) Change of the transcription level of some related genes
was also observed using gRT-PCR analysis. (K) A simplified gene regulatory network of Nkx6.1
and Notchl for V2 interneuron development. Black arrows represent data presented in this study.
Blue arrows represent data from publications. Dotted lines indicates potential regulatory
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connection while solid lines indicate experimental testified connection. Scale bars = 50 um. T-test
* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.005; n = 3.

6) Nkx6.1 regulates expression of Notchl and neurogenesis-related genes

We next examined the interaction between Nkx6.1 and CR2.a and the expression of
Notchl and other neurogenesis-related genes. Immunostaining showed that GFP+ cells
were co-labeled with Nkx6.1 in E9.5~E15.5 spinal cord of the transgenic mice (Fig.
IV.6A-C), supporting its role in regulating domain specific gene expression. A
significantly decreased expression of Notchl and its downstream genes (e.g., GFAP and
p21) was observed along with Nkx6.1 knockdown (Fig. 1V.6) and a reduction of the
number of CR2.a-GFP+ cells (Fig. IV.5G, Fig. IV.6D-E). Quantitative RT-PCR revealed
a significant reduction in the expression of Nkx6.1 and Notchl (Fig. IV.6H, showing
relative threshold cycle number (ACt)). Transcription level of Notch1 was less than 1/16
of the control samples, while the level of Nkx6.1 is about 1/4. Such exponential decrease
of Notch1 transcription level indicates that Nkx6.1 is required for proper enhancer activity
during Notchl expression. In addition, The transcription level of Notchl downstream
genes (e.g., GFAP and p21) and Notchl associated gene (e.g., DIl4) was also found
decreased in transfected cells (RFP+) with Nkx6.1 knockdown (Fig. 1V.6). We also found
decrease of the expression of some of the interneuron-related genes (e.g., Pax6 and

Foxn4) while some other (e.g., Lhx3) was not affected (Fig. IV.6l).

Conversely, we also performed gain-of-function assay via Nkx6.1 overexpression
using plasmid Tet-O-FUW-Nkx6.1 (Rowe et al., 2007) (Fig. IV.6G). Analysis of
transfected cells with gPCR show that with an 8-fold increase in Nkx6.1 expression, we
observed a 4-fold increase in Notchlexpression (Fig. IV.6H), suggesting that Nkx6.1

overexpression enhances Notchl expression during spinal cord development. In
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addition, an increase of transcription level in GFAP and DIl4 was observed while p21 and
Pax6 was found decreased. No significant change in Foxn4 or Lhx3 was found (Fig.

IV.61).
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6. Discussion

Our study in both chick and mouse determines the spatiotemporal gene regulatory
activity of CR2, an enhancer in the second intron of Notchl1 gene, in the neural
stem/progenitor cells during the development of the spinal cord, and reveals a novel
mechanism underlying Notch1 transcription regulation by the interaction of Nkx6.1 with

CR2.

1) Nkx6.1 regulates Notchl expression and both are involved in a regulatory

network controlling V2 interneuron cell fate

Nkx6.1 has been known to define the cell fate in the V2-3 interneuron and motor
neuron progenitor domains (Liem et al., 2000; Sander et al., 2000), while Notchl also
plays a critical role in the V2 interneuron and motor neuron development (Del Barrio et
al., 2007; Peng et al., 2007; Yang et al., 2006). Common effects were reported in the
Notchl and Nkx6.1 knockout animals, e.g., an increase of V1 and VO interneurons, and
a decrease of V2 interneurons and motor neurons (Sander et al., 2000; Yang et al.,
2006). These findings establish a gene network including Notchl and Nkx6.1 in the
development of the ventral spinal cord where our finding that Nkx6.1 directly regulates
Notchl expression in the developing spinal cord provides a missing link between the two
molecules. Previous studies also showed that there is a reduction of Nkx6.1 in Notchl
conditional knockout animals (Yang et al., 2006), suggesting Notch1 is involved in
manipulation of Nkx6.1 expression. Thus, our study uncovers a feedback mechanism of
Notchl and Nkx6.1 expression in neural stem/progenitors. In addition, we observed that
the transcription level of Notchl downstream genes (e.g., GFAP and p21) are affected in

the cells with Nkx6.1 knockdown or overexpression, together with DIl4, Foxn4 and Pax6
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(Fig. IV.8). Foxn4 and Pax6 are interneuron progenitor markers and both involved in the
determination of V2 interneurons (Alaynick et al., 2011; Jessell, 2000). DIll4 is a marker
for VV2a interneuron, which expression is parallel to the V2b interneuron and is promoted
by Notchl (Alaynick et al., 2011; Del Barrio et al., 2007). DIl4 itself is directly regulated
by Foxn4 (Misra et al., 2014). The changes of their transcription levels with the
manipulation of Nkx6.1 expression suggest that these molecules are involved in a gene
regulatory network that controls the V2 interneuron cell fate. Although the expression
levels of p21, Foxn4 and Pax6 were not increased when Nkx6.1 is overexpressed,
suggesting uncovered mechanism in the network such as compensation effect caused
by high level of Nkx6.1. The finding that Lhx3, a gene plays a role in V2a interneurons
(Alaynick et al., 2011), did not change its transcription level with the manipulation of
Nkx6.1 expression may indicate that it is not a part of this Nkx6.1-Notch1 regulatory

network (Fig. IV.8).

2) CR2 activity is modulated by its interaction with Nkx6.1

Our result showed that a 139 bp region (CR2.a) is sufficient to drive GFP expression
in chick embryo (Fig. IV.6). Although a smaller piece of CR2 (CR2.1) functions as an
enhancer in the developing brain (Tzatzalos et al., 2012), it lacks the ability to drive GFP
expression in the spinal cord indicating that a different mechanism may be involved in
the developing brain and spinal cord. CR2 may interact with a different set of nuclear
factors in different parts of the CNS its enhancer activity. In supporting this idea, our
studies with site-directed mutagenesis and shRNA gene knockdown analysis confirm
that Nkx6.1 binds with CR2 and this interaction is required for its gene regulatory activity

in the spinal cord (Fig. IV.7), while Gsx1 is required for CR2 activity in the brain
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(Tzatzalos et al., 2012). In fact, Gsx1 and Nkx6.1 factors both function within distinct
domains, i.e., Gsx1 in the dorsal and Nkx6.1 in the ventral domains, of the spinal cord
(Mizuguchi et al., 2006; Sander et al., 2000; Valerius et al., 1995). This suggests that
Gsx1 and Nkx6.1 interact with CR2 in a domain specific manner (Fig. V.8 and Table
IV.S3). However, it is possible that the binding of Gsx1 with CR2 is a critical step in
activating CR2 activity during dorsal spinal cord neurogenesis. Since sequence
information on chick Gsx1 transcripts is no longer available at the NCBI nucleotide
database, the functional role of Gsx1 in regulating CR2 and subsequent Notchl

signaling in the developing dorsal spinal cord remains to be determined.

3) CR2 activity is prominent in interneuron progenitors and persists in adult

neural stem cells

Cell development in the mouse spinal cord is controlled in a progenitor domain-
specific manner. These domains are defined by the gradient expression of distinct
factors, e.g., Nkx2.2/2.9/6.1/6.2, Pax3/6/7 (Jessell, 2000; Tanabe and Jessell, 1996).
Notchl, a molecule critical for maintaining stem cell identity, is expressed throughout the
ventricular zone of the developing spinal cord and is involved in fate determination of
both dorsal and ventral interneurons (Mizuguchi et al., 2006; Okigawa et al., 2014;
Tanabe and Jessell, 1996; Yang et al., 2006). The spatiotemporal activity of CR2 in
transgenic mouse supports its role in Notchl regulation in a domain specific manner for

the spinal cord development (Fig. IV.1).

CR2 activity was determined by tracking GFP expression. GFP protein has a
relatively long half-life of ~26 hrs (Corish and Tyler-Smith, 1999). The GFP signal is

visible for ~7 days after its production (Tzatzalos et al., 2012) and the residue of GFP
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protein in cells can be detected for ~14 days (expression level reduce to
<1%;,calculation was based on half-life of 26 hrs) (Fig. IV.1). Since GFP in the
transgenic mice was directly observed from E9.5 to P7 (Fig. IV.1A-F) and GFP signal
can be retrieved at P14 by immunofluorescence staining (Fig. IV.1H), we estimate that
GFP protein was produced from E9.5 to PO. This is consistent with the result from GFP
MRNA analysis (Fig. IV.1J). Thus, we conclude that the duration of CR2 activity is from
E9.5 to PO, which is corresponds to the period of neurogenesis in the mouse spinal cord

(Jessell, 2000; Wang and Bordey, 2008).

Interestingly, we also observed a low level of GFP expression in the ependymal cells
in adult transgenic animals with anti-GFP antibody staining (Fig. IV.1l). Ependymal cells
are known to be adult neural stem cells, which remain quiescent in normal conditions
and proliferate rapidly after injury (Horky et al., 2006; Johansson et al., 1999; Meletis et
al., 2008; Sabelstrom et al., 2013). These GFP+ cells co-labeled with Sox9 and GFAP
(Fig. IV.S3), indicating that CR2 activity persists in a subset of adult neural stem cells in
the spinal cord. Since adult neural stem cells like ependymal cells are crucial for neural
regeneration after CNS diseases or injuries (Barnabe-Heider et al., 2010; Meletis et al.,
2008), the CR2-GFP+ cells may serve as an endogenous cell source for post-injury
neural repair. Studies have shown that an up-regulation of Notchl and Nkx6.1 after
spinal cord injury (GSE5296, GEO database, NCBI), suggesting auto-activation of a
neural regeneration mechanism including both molecules. Thus, we will continue our
study with the endogenous activation of Notchl and Nkx6.1 with injury models, in hope

of aiding the treatment on patients with trauma in CNS.

In summary, we characterize the activity of the Notchl enhancer CR2 and identify

the key regulators Nkx6.1 during spinal cord development. CR2 is active preferentially in
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a subset of interneuron progenitors, and a low level of CR2 activity is maintained in the
adult ependymal cells, which may serve as adult neural stem cells. Furthermore,
deletion of Nkx6.1 binding sites or knockdown of Nkx6.1 reduced CR2-GFP expression
while manipulation of Nkx6.1 expression affects Notchl expression. Thus, our study
provides new insights into the regulatory mechanism of Notchl gene expression in the
interneuron progenitor domains of the developing spinal cord. Our findings also support
a potential role of CR2 in adult neural stem cells, which may provide useful information

for studies of adult neurogenesis in animals under the conditions of disease or injury.
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8. Supplemental Materials

E12.5 | E15.5
“GFP Qf_'i«;,an!i-GFP

Figure IV.S1. Comparison of GFP expression in the transgenic mice with or without antibody
retrieval. GFP expression in transgenic spinal cord at various developmental stages, e.g., E12.5
(A-B), E15.5 (C-D), P1 (E-F), and P7 (G-H) were examined by direct observation of GFP
fluorescence (A, C, E, G) and with anti-GFP antibody staining (B, D, F, H). In all four stages,
antibody staining either enhanced the GFP signal or revealed more cells have or had GFP
expression. Arrows indicate cells only visualized in samples with anti-GFP staining. Scale bars =
100 ym.
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Figure IV.S2. A small portion of CR2-GFP+ cells are located in the V0O-2 domains of the
developing spinal cord. Cross sections of transgenic spinal cord at E15.5 and P1 were
immunostained with domain specific markers Evx1, Enl, Chx10 and Gata2 (A-D). The expression
pattern of the four markers is shown in schematic diagrams (E, the dotted rectangle areas are
shown in (A-D)). A histogram of the marker+/GFP+ cells shows that about 3% of GFP+ cells
locate in VO at E15.5 and about 1% at P1, and less than 1% of GFP+ cells locate in V1 or V2 at

E15.5 and P1 (F). Scale bar = 100 um.
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Figure 1V.S3. A small portion of CR2-GFP+ cells express S100b, GFAP and Olig2. Cross sections
of transgenic spinal cord at various developmental stages were stained with the astrocyte marker
S100b (A-D), GFAP (F, G) and oligodendrocyte progenitor/oligodendrocyte marker Olig2 (I-K).
S100b+/GFP+ (co-labeled) cells were found in both the grey matter and white matter at E15.5 (A,
arrowheads). At P1, a few co-labeled cells can only be found in the white matter (B, arrowheads).
(C) Quantification shows the percentages of GFP+/S100b+ cells. GFAP+/GFP+ co-labeled cells
were found in white matter at both E15.5 and P1 (D, E, arrowheads). (F) Quantification shows the
percentages of GFAP+/GFP+ cells. (G, H) Olig2+/GFP+ cells were found at both E12.5 and
E15.5, but only in the pMN domain where oligodendrocyte progenitor originates (arrowheads). No
co-labeled cell can be found outside the ventricular zone. (I) Quantification shows the percentage
of co-labeled cells is about 1%. Boxed regions are shown in higher magnification with arrowheads
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indicating co-labeled cells. Scale bar = 100 um. T-test * p-value < 0.05, ** p-value < 0.01; n = 3.

IDAPI/Marker

Figure IV.S4. CR2 activity persists in the adult neural stem cells. Cross sections of adult
transgenic spinal cord (two-month old) and fluorescently stained with anti-GFP antibody (green).
CR2-GFP+ cells were detected in a subset of the ependymal cells lining the central canal (A).
GFP+ cells were co-labeled with Sox9 (B) and GFAP (C). Scale bar = 50 ym.

A E9.5 B E11.5 C E12.5-155 D P1.7

Figure 1V.S5. Composition and distribution of CR2-GFP+ cells at various stages during spinal
cord development. Schematic diagrams of the right half of the developing spinal cord at various
stages (A-D). Pie charts (E-H) summarize the pattern of GFP expression in embryonic and
neonatal transgenic mice, respectively. Colored coded circles represent cells from different
progenitor domains of the spinal cord. The green shades indicate regions with GFP expression.
RP, roof plate; FP, floor plate; dP1-6, dorsal progenitor layer 1-6; pV0-3, ventral progenitor layer
0-3; pMN, motor neuron progenitor layer; di1-6, dorsal interneuron domain 1-6; V0-3, ventral
interneuron 1-3; MN, motor neuron domain/motor neuron; VZ, ventricular zone; OLG,
oligodendrocyte; OPC, oligodendrocyte progenitor cell; A, astrocyte; APC, astrocyte progenitor
cell; IN, interneuron.
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Figure IV.S6. Potential transcription factor binding sites (TFBS) on CR2. Potential TFBSs on CR2
were predicted by Matlnspector were represented on the 399 bp CR2 sequence in the second
intron of Notch1 (yellow bar). There are 20 factors (arrows represent TFBSs and their relative
positions on CR2) with expression in the spinal cord during embryonic and neonatal stages. Of
the 20 TFBSs, 9 (TF names and arrows in red) are 100% conserved between mouse and chicken.
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Figure IV.S7. Nuclear protein binding and functional assays of CR2 subregions. A total of 7
probes were designed based on the TFBS analysis and named prl1-7. Sequence specific binding
activity was detected with prl-3 (Fig. IV.4C). Since prl contains a cluster of 12 TFBSs and
showed multiple bands in EMSA, it was further dissected into prl.1, prl.2 and prl.3. In EMSA,
prl.2, pr5, pré and pr7 (Fig. IV.7) were tested with nuclear extract from E15.5 mouse spinal cord
and showed no bands (A). Subregions CR2.b, 2.c and 2.e did not allow GFP expression in
developing chick neural tube with in ovo electroporation of a GFP reporter construct (B). In gene
knockdown assay, two sets of ShRNA targeting each of Nkx6.1 and Phox2b were tested. Results
of one set of constructs are shown in Fig. V.8, and the 2" set of constructs in (C). NE, nuclear
extract; DRG, dorsal root ganglion; FP, floor plate. Scale bars = 50um.



Probes

Location (bp)

Sequence (forward strand)

TGGGAAGCCACGCATAATTAATCACACAGCATTAATC

prl 61-114 GCCTCCCAACAATAGCT

- 115170 GCTGCCCTTCTACTGAATCCCAGCTGTCGGCCTCT
P GAATGGAAGGAAATAAGATTT

3 230.287 GCAAAAAAAAAAAAAAAGTAGTGTGCATTCATTAGTG
P TCTGACAGAGGCACAATCGGC

" 171229 AGGGCATCAAGCGTCCGTGAGGCTTCTGCAAGGGG
P GAGAAAAGGCCCCCCCCAAAAAAA

5 288.340 TTTGTCCAATAAACTGCTCACAGACCTGCTTAATTGG
P CTTCAGTACAGGGCGG

I 341.399 GCCAGCCAGGGAGGTGGGGCTGCAGCCCACAGGC
P TGGGTACTGGAGGCAGCAGCACCCG

- 160 CCCTGCCAGTGAGGCAGGCAGACCAAGGAGCACA
P GAGGCGAGGAAGGGGGTTGTACATTC
pril 60-92 CTGGGAAGCCACGCATAATTAATCACACAGCA
pri.2 80-100 AATCACACAGCATTAATCGCC
pri.3 80-114 AATCACACAGCATTAATCGCCTCCCAACAATAGCT
pr2.1 125-148 TACTGAATCCCAGCTGTCGGCCTC

Table IV.S1. Probe design for EMSA.

Name | Region Sequence/Primer sequence
(bp)
CR2.a | 52~190 Forward: TGTACATTCTGGGAAGCCACGCAT
Reverse: TCACGGACGCTTGATGCCCTAAAT
CR2.b | 162~341 Forward: ATAAGATTTAGGGCATCAAGCGTCCG
Reverse: CCCGCCCTGTACTGAAGCCAATTA
CR2.c | 52-91 TGTACATTCTGGGAAGCCACGCATAATTAATCACACAGCA
CR2.d | 80-114 AATCACACAGCATTAATCGCCTCCCAACAATAGCT
CR2.e | 115-164 GCTGCCCTTCTACTGAATCCCAGCTGTCGGCCTCTGAATGG

AAGGA

Table 1V.S2. Construct design of CR2 subregions for in ovo electroporation and reporter assay.
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Transcription | Binding Expression and Functions References

factor site(s) (bp)

Pax6 70-84 Expresses during early | (Ericson et al., 1997; Helms
neurogenesis and defines the dP4- | and Johnson, 2003; Liem et
pV2 progenitor domains in the | al., 2000)
ventricular zone of spinal cord.

Brn3a 68-86 Expresses both in the pre- and | (Caspary and Anderson,
post-mitotic interneurons and | 2003; Helms and Johnson,
defines the dI1-3, dI5 and VO | 2003)
domains

Lhx6 66-88 Expresses in dorsal spinal cord | (Alifragis et al., 2004; Choi
during early neurogenesis. Function | et al., 2005; Gong et al.,
in spinal cord is unknown but it | 2003)
mediates the interneuron fate
determination and migration during
brain development.

Nkx6.3 70-84 Expresses in ventral spinal cord at | (Gray et al., 2004; Hafler et
E13.5. Function in spinal cord is | al., 2008)
unknown but it can promote V2 IN
production in hindbrain.

Vax2 68-86, 69-87 | MRNA was found expressed in | (Barbieri et al., 1999;
spinal cord. Function in spinal cord | LeDoux et al., 2006)
is unknown but it is can define the
ventral side of retina.

Lhx3 67-89, 70-92 | Defines the MN, V2 progenitor | (Sharma et al., 1998;
domains. Zhadanov et al., 1995)

Nkx6.1 71-85, 74- | Defines the MN, V2-3 progenitor | (Liem et al., 2000; Sander

88, 88-102 domains. et al., 2000)

Nkx2.5 70-88 Expresses in brain and cervical | Eurexpress
spinal cord. No known function in | (http://www.eurexpress.org/)
CNS.

Lmx1b 71-93 Defines di5/dILB progenitor | (Ding et al., 2004)
domains. It is required for terminal
differentiation of neurons locate in
the uppermost layers of dorsal horn.

Gsx1 86-104 Expresses in dI3-5 and dIL | (Mizuguchi et al., 2006;
progenitors at E10.5-E13.5. Valerius et al., 1995)

Phox2a/b 88-108 Phox2a co-stain with Lmx1lb at | (Ding et al., 2004; Dubreuil
E11.5. Forced expression of | et al.,, 2000; Pattyn et al.,
Phox2b will promote neuronal | 1997)
differentiation and projection.

Atohl 131-143 It is involved in dpl/dil domain | (Bermingham et al., 2001;

specification in which cells will later
develop into commissural
interneurons.

Helms and Johnson, 1998)

Table 1V.S3. Known function of the 13 transcription factors with binding sites on CR2.a.




115

Name

Primer sequence Transcription factor binding
sites (TFBS) involved

CR2.22767%

F:.TGGGAAGCCACGCATAATCACACAGCA | Lhx6, Lhx3, Prrx2, Vax2,
TTA Nkx6.3, Nkx2.5, Nkx6.1,

R:TAATGCTGTGTGATTATGCGTGGCTTC | Pou4fl/2/3, Pax6
CCA

CR2.a27582

F:- TGGGAAGCCACGCACACACAGCATTA | Lhx6, Lhx3, Prrx2, Vax2,
Nkx6.3, Nkx2.5, Nkx6.1,

R.TAATGCTGTGTGTGCGTGGCTTCCCA | pou4fl/2/3, Pax6

CR2 aA91—94

F:CGCATAATTAATCACACAGCATCGCCT | Lhx3, Lmx1b, Nkx6.1, Gsxl,
CCCAACAATAGCTGCTG Phox2a/b

R:CAGCAGCTATTGTTGGGAGGCGATGC
TGTGTGATTAATTATGCG

CR2 a.A95—96

F:CATAATTAATCACACAGCATTACGCCTC | Nkx6.1, Phox2a/b, Gsx1
CCAACAATAGCTGCTG

R:CAGCAGCTATTGTTGGGAGGCGTAAT
GCTGTGTGATTAATTATG

CR2 a.A1 36-139

F:CTGCTGCCCTTCTACTGAATCCCGTCG | Atohl
GCCTCTGAATGGAAG

R:CTTCCATTCAGAGGCCGACGGGATTC

AGTAGAAGGGCAGCAG

* these two deletion constructs were generated to eliminate TFBSs for Gsx1 and Nkx6.1 on

CR2.a.

Table 1V.S4. Primer design of CR2.a for mutagenesis assay and TFBS analysis.

Name Sequence

shNkx6.1-1F GATCCGAGGACGACGACGACGACTACAACAATCAAGAGTTGTTGTAGTCGT
CGTCGTCGTCCTCTTTTTGGAAA

shNkx6.1-1R AGCTTTTCCAAAAAGAGGACGACGACGACGACTACAACAACTCTTGATTGT
TGTAGTCGTCGTCGTCGTCCTCG

shNkx6.1-2F GATCCGGAGAAGACTTTCGAGCAGACCATCAAGAGTGGTCTGCTCGAAAG
TCTTCTCCTTTTTGGAAA

shNkx6.1-2R AGCTTTTCCAAAAAGGAGAAGACTTTCGAGCAGACCACTCTTGATGGTCTG

CTCGAAAGTCTTCTCCG

shPhox2b-1F

GATCCGCTTCCAGTATAACCCCATAAGGACCACTTCAAGAGAGTGGTCCTTA
TGGGGTTATACTGGAAGCTTTTTGGAAA

shPhox2b-1R

AGCTTTTCCAAAAAGCTTCCAGTATAACCCCATAAGGACCACTCTCTTGAAG
TGGTCCTTATGGGGTTATACTGGAAGCG

shPhox2b-2F

GATCCGGAGACGCACTACCCCGACATTTACATCAAGAGTGTAAATGTCGGG
GTAGTGCGTCTCCTTTTTGGAAA

shPhox2b-2R

AGCTTTTCCAAAAAGGAGACGCACTACCCCGACATTTACACTCTTGATGTAA
ATGTCGGGGTAGTGCGTCTCCG

Table 1V.S5. Sequence design of shRNA targeting Nkx6.1 and Phox2b factors in chick.
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Name Sequence

For mouse

GAPDH-F 5-ACTCTTCCACCTTCGATGCCG -3’
GAPDH-R 5- CCGAGTTGGGATAGGGCCTC -3
GFP-F 5- CTCGTGACCACCCTGACCTA -3’
GFP-R 5- CTTGTAGTTGCCGTCGTCCT -3
Notchl1-F 5- ACAGTGCAACCCCCTGTATG -3
Notch1-R 5-AGTTGTTCCGTAGCTGGTCG -3’
For chick

GAPDH-F 5- TCAAATGGGCAGATGCAGGT -3’
GAPDH-R 5- GATGGCATGGACAGTGGTCA -3’
Notchl1-F 5- CAACTGCCAGAACTTGGTGC -3’
Notch1-R 5- AGAAAGGGCTGCAGTCATCC -3’
Nkx6.1-F 5- GTCGCTCGTCTCACCTCAC -3
Nkx6.1-R 5-TGCCACGCTTTTTCAAGACG -3
Pax6-F 5- CCCACCATGCAGAACAGTCA -3’
Pax6-R 5- CAGACCCCCTCCGAGAGTAA -3’
Lhx3-F 5- CTGACTACGAGACGGCCAAG -3’
Lhx3-R 5- GGGCTCGTCTGTGAAGGAGA -3’
GFAP-F 5- TGGAGAGGTGATCAAGGAGTC -3’
GFAP-R 5- ATCAACCTGCCTCCCCCTAT -3’
p21-F 5- ACGAGCAGATCCAGAACGAC -3
p21-R 5-TTGGAGCCGTAGAAGTCTTTGA -3’
Foxn4-F 5- CTGGATAGCTACTGCGTGCG -3’
Foxn4-R 5- GGGCTGTCTTGAAGTAGGGAAA -3
Dll4-F 5- GGGCTGTGTTGTGTTCCTTTG -3
DIll4-R 5- GAACGACAGATGCACTCTCCA -3’

Table 1V.S6. gRT-PCR primers
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Chapter V

Molecular Mechanism of NSC Activation after Spinal Cord Injury

1. Prologue

Approximately 276,000 persons in the US are suffering from SCI by the year of 2014,
with an increasing rate of 12,500 new cases each year (The National SCI Statistical
Center, 2015). Researchers have been seeking proper treatments to help patient to
reduce pain, decrease secondary injury and regain the spinal function. One of the
promising direction in promoting the reconstruction of spinal cord and functional recovery
is to promote the endogenous neurogenesis from aNSCs (Estrada and Muller, 2014;
Picard-Riera et al., 2004). As a source of the aNSCs, ependymal cells in the spinal cord
response to injuries by proliferation and differentiation (Meletis et al., 2008; Moreno-
Manzano et al., 2009). However, the majority of activated ependymal cells differentiate
into the two types of glial cells: most of them become oligodendrocytes that are
vulnerable and die fast; a smaller population becomes astrocytes that form the glial scar
(Barnabe-Heider et al., 2010; Horky et al., 2006; Meletis et al., 2008; Yang et al., 2006a).
Thus, gene therapy can be utilized to promote aNSC proliferation and differentiation into
neurons (D'Onofrio et al., 2011). As Notchl is involved in both glial cell and interneuron
fate determination (Cau and Blader, 2009; Yang et al., 2006b) and is up-regulated after
CNS injury (Chen et al., 2005), it is a good candidate for gene therapy.

In the previous chapter, an Notchl enhancer CR2 was found active during the
development of ventral interneurons in the spinal cord and maintains low activity in the
adult ependymal cells. These studies lead to the hypothesis that CR2 is also involved in
the activation of aNSC after injury. To test the hypothesis, CR2 activity in response to

injury was examined in the transgenic mice with three injury models. Results show that
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in injured spinal cord, there was a dramatic increase in the number of GFP+ cells, which
indicates that injury induces CR2 activation and neurogenesis. These GFP+ cells
became glia as the injury develops over time. Thus, it is possible to promote the
proliferation of aNSCs by enhancing the activation of CR2 with its interacting factors.
These findings reveal new hints into the mechanism of NSC activation and neurogenesis
after injury. The knowledge gained from this study may facilitate the development of

gene therapy for treatment of CNS injuries.
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2. Abstract

Only a limited number of aNSCs proliferate and initiate neurogenesis after injury.
Even worse, the newly generated neural cells are vulnerable to the unfavorable
condition after injury and the majority of them will not survive. To overcome this problem,
we need to understand how genes are regulated during the activation of aNSC after SCI.
Notchl serves as a good candidate since it is one of the critical genes for spinal cord
development and is up-regulated after SCI. We have determined that enhancer CR2
regulates Notchlexpression in interneuron development via its binding with Nkx6.1 and
Gsx1. Both of these TFs are up-regulated after CNS injury. Thus, we hypothesize that
CR2 is required for the activation of a subset of aNSCs during the post-injury response.
To test the hypothesis, CR2-GFP transgenic mice were used to characterize CR2 activity
in three injury models with different severity. GFP+ cells were observed throughout the
injury site in all three models with different temporal-spatial distribution. The GFP+ cells
in the ependymal cells are Sox9+ and GFAP+, and in parenchymal region mostly of
them are GFAP+ and Pdgfra+. These results suggest that CR2 activation is triggered in

the acute phase post injury and it is involved in the endogenous neurogenesis..
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3. Introduction

SCl is the second leading cause of paralysis in US. Approximately 276,000 patients
live with SCI in 2014, and in prediction 291,500 in 2015 (The National SCI Statistical
Center, 2015). Current treatments of SCI include use of immune-repress drugs and
realignment of the spine to prevent further damage, and physical rehabilitation to regain
partial function of the spine (Estrada and Muller, 2014). Studies aiming to replace
damaged cells, promote neural regeneration and retrain neural circuits are performed
throughout the nation. Among them, transplanting cell grafts or synthetic biomaterials
into injured site showed some progress in improving spinal cord function (Kobayashi et
al., 2012; Lu et al., 2012). However, questions in timely treatment, grafting, axon
extending and transplant rejection immune responses remain unsolved. To overcome
these difficulties, new focus on treating SCI switched to promotion of the regeneration of
patients’ own aNSCs including ependymal cells (Moreno-Manzano et al., 2009) and glial
cells (Picard-Riera et al., 2004; Su et al., 2014; Yang et al., 2013). aNSCs in
parenchymal and ependymal regions of the spinal cord can both be triggered by injury
and start to proliferate into neurons, oligodendrocytes and astrocytes (Meletis et al.,
2008; Ohori et al., 2006; Yamamoto et al., 2001). Although the majority of aNSC-
originated neurons cannot survive the adverse environment after injury (Meletis et al.,
2008; Sabelstrom et al., 2013), we see an opportunity of overcome the difficulties by
promoting the proliferation of aNSC. This can be accomplished by manipulating the
expression of critical genes through transcription regulation.

Many studies have established Notchl as an important molecule in both embryonic
spinal cord development and post-SCI neural regeneration (Chen et al., 2005; Okigawa
et al., 2014; Yang et al., 2006b). It is a good gene target for study of neural regeneration.

In the previous chapter, we identified a Notch1 regulating mechanism that is specific for
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spinal cord ventral interneuron development. It involves the interaction between the
Notchl enhancer CR2 and the TF Nkx6.1 (Fig. V.6). Another CR2-interacting TF Gsx1 is
also considered as the regulator which is involved in the development of dorsal
interneurons (Fig. V.5). Moreover, CR2 is found to be quiescent in adult ependymal cells
(Fig. V.S4). Thus we hypothesize that CR2 will be re-activated in the aNSCs during the
neurogenesis after SCI, and Nkx6.1, Gsx1 are involved in this process.

To test the hypothesis, the re-activation of CR2 was studied in three SCI models
using the CR2-GFP transgenic mice. GFP+ cells were observed in all models with
different temporal-spatial distribution. The GFP+ cells were found in both ependymal and
parenchymal regions and tended to take a glial cell fate. Future study will be carried out
to examine the mechanism of CR2 activation during post-injury neurogenesis and seek

the method to enhance aNSC proliferation and differentiation. .
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4. Materials and Methods
Spinal cord injury models

All animal work was conducted following the regulation of the Institutional Animal
Care and Use Committee (IACUC) at Rutgers University. The CR2-GFP transgenic
mouse (Mus musculus) strain was generated as previously described (Tzatzalos et al.,
2012) and maintained in our lab. Adult mice that are 2-6 months old were used in the
SCI experiments. Initial anesthetization was performed with 5% isoflurane. Following
injury models were introduced to the animals which were maintained anesthetized with 2%
Isoflurane.

a). Transection injury (Tx):

Following a laminectomy at T10~11, the dorsal blood vessel was burned with a
cauterizer, and the spinal cord was cut transversely using a #10 scalpel.
b). Compression Injury (Cmp):

Following a laminectomy at T10~11, a rod was placed onto the middle of the dural
surface of the spinal cord with calculated pressure (5 g/mm? for moderate injury, 2 g/mm?
for mild injury). The rod was left in place for 5 min to create the injury.
¢). Compression-on-side Injury (Cmps):

Similar to compression injury, a rod was placed on the surface of the spinal cord that
was 1/4 to the right side and left in place for 5 min.

Following induction of injury, the surgical wound was sutured and closed in layers. The

mice were returned to their cages for 1 - 4 weeks before harvesting.

Spinal cord tissue preparation

Spinal cords form the injured and sham animals were obtained via microsurgical

dissection. They were washed in 1x PBS and fixed with 4% (w/v) paraformaldehyde for
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48 hrs. Fixed tissues were washed again and then cryopreserved in 30% (w/v) sucrose
for 48 hrs. Afterwards, the spinal cord tissue was embedded in cryo-preserving media

(Tissue Tek® OCT compound) and kept frozen at -80°C.

Immunohistochemistry

Frozen spinal cord tissue was sectioned transversely (10-12 um in thickness) using
a cryostat (ThermoScientific) and air dried. Sections were blocked and permeablized for
1 hr in blocking buffer containing 10% donkey serum, 0.1% TritonX, and 0.1% Tween®
20 at room temperature. Afterwards, they were incubated with primary antibodies
overnight at 4°C. Following three 10-min washes in PBS, sections were incubated in the
blocking buffer containing corresponding fluorophore-conjugated secondary antibodies
for 1 hr at room temperature. Slides were then washed for three times with PBS (10-min
each), and mounted with mounting media (Vector Laboratories) in the presence or
absence of DAPI (to label the nuclei). The following primary antibodies were used:
Notchl (1:100, 6014-R) from Santa Cruz Biotechnology, Inc.; Nkx6.1 (1:25, F55A11),
Pax6 (1:15) from Developmental Studies Hybridoma Bank (DSHB); NeuN (1:1000,
MAB377) and Sox2 (1:500, MAB4343) from Millipore; Sox9 (1:200, AF3075) from R&D
System; anti-GFP (1:1000, AB5450) from Abcam; anti-GFP (1:500, a11122) from
Invitrogen; S100b (1:1000, S2532) from Sigma; Pax2 (1:250, 71-6000) from Zymed.
Slides were incubated with CuSO4 solution for 10 min to reduce autofluorescence.
Images were captured using a Zeiss Axio Imager M1 fluorescence microscope and

visualized with AxioVision 4.8.

Cell counting and Statistical analysis
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Cell counting was performed manually on T8~T10 spinal cord sections basing on
the DAPI stained nuclei. For each cellular marker, 3~5 sections from at least 3 animals
at each time point were counted. Quantitative data were presented as mean * standard

deviation. Significance (p-value) was determined by Student’s t-test.
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5. Results
1) Injury induces CR2 reactivation.

In this study, three SCI models were set up on the CR2-GFP transgenic mice for the
study of CR2 and its interacting factors: a severe complete transection model (Tx), a
moderate compression-on-side model (Cmps) and a mild compression model (Cmp).
Two types of control models were also included: naive animals that are intact without
surgery, and sham animals that went through all surgery procedures except the steps
causing spinal cord injury. The increase of GFP+ cells were observed in all three injury
models comparing to the control models, suggesting reactivation of CR2 in adult animals

after injury.
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Figure V.1. Transection (Tx) injury on transgenic spinal cord increases the number of GFP+ cells.
Spinal cord sections from the CR2-GFP animals in Tx or sham groups were stained with anti-GFP
to study the activation pattern of CR2. In sham animals, low GFP expression was found in the
ependymal region (A, C, E, H). In Tx animals, increase of GFP+ cells was first found near the
ependymal region on 3dpi (D). On 7dpi, they were found in the dorsal half of the spinal cord, and
on 14dpi through the entire spinal cord (F, I). A schematic is used to show the distribution of
GFP+ cells (G, J). Scale bars in D, E, H =50 um; scale bars in F, | = 100 um.
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Chart V. 1. The number of GFP+ cells in the spinal cord increases after Tx. The number of GFP+
cells was counted in the spinal cord section that is adjacent to epi-center (< 3 mm) for 1d, 3d, 7d
and 14d post injury. This chart is related to Fig. V.1. T-test: * p-value < 0.05.
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Chart V. 2. Injury-induced GFP+ cells are concentrated near the epi-center. For animals
harvested on various stages in Tx and sham groups, spinal cord sections from different distance
to epi-center were counted for the number of GFP+ cells. As shown in the plot, significant
increases were found within the range of 1.5 mm in the Tx animals harvested on 7dpi or 14dpi.
This chart is related to Fig. V.1. T-test: * p-value < 0.05; *** p-value < 0.005.

In Tx model, severe tissue loss was observed in the sections near epi-center, which
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was probably the consequence of transection itself or secondary damage such as loss of
blood. Ependymal structure was damaged dramatically in this area. However in the
adjacent sections, higher GFP expression and increase of number of GFP+ cells were
found as early as 3 days post injury (dpi) in the ependymal (Fig. V.1A-D), suggesting
activation of CR2 in acute response to injury. These GFP+ cells migrated out from
ependymal cell layer, first towards the dorsal side where transection initialized (7dpi),
then through the entire spinal cord section (14dpi) (Fig. V.1E-H). Cell counting was
performed on the tissue sections from various distance to epicenter through 1dpi to
14dpi. The results suggest that the increase of GFP+ cells was significant at 7dpi and
14dpi (Chart V.1). In addition, the majority of GFP+ cells reside within 2 mm from the

epi-center while the peak number is found near 1~1.5 mm (Chart V.2).
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7d, sham
E

7d, Cmps

Figure V.2. Compression-on-side (Cmps) injury increases the number of GFP+ cells. Spinal cord
sections from the animals in Cmps or sham groups were stained with anti-GFP to study the
activation pattern of CR2. In sham animals, a few GFP+ cells were found located in the
ependymal region (A, C, E). In Cmps animals, GFP+ cells were found in the dorsal of spinal cord
on the injured side on 3dpi (B). On 5dpi, they were found on the entire injured side (D). On 7dpi,
GFP+ cells were found only in ependymal region (F). Schematics were used to illustrate the
distribution of GFP+ cells. Red arrows indicate the site of injury. Scale bars = 50 um.
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Chart V. 3. The number of GFP+ cells in the spinal cord increases after Cmps. The number of

130

GFP+ cells was counted in the spinal cord section that is adjacent to epi-center (< 3 mm) for 1d,
3d, 5d and 7d post injury. This chart is related to Fig. V.2. T-test: * p-value < 0.05; *** p-value <

0.005.
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Chart V. 4. Injury induced GFP+ cells concentrate near epi-center in Cmps animals. For animals

harvested on various stages in Cmps and sham groups, spinal cord sections from different
distance to epi-center were counted for the number of GFP+ cells. As shown in the plot,

significant increases were found close to the epi-center (< 1.5 mm) in the animals harvested on

5dpi or 7dpi. This chart is related to Fig. V.2. T-test: * p-value < 0.05; *** p-value < 0.005.

Since the Tx model leads to dramatic tissue damage, a moderate Cmps model was

introduced to the transgenic mice. Weight was positioned for 5 min on the side of spinal
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cord, approximately on top of the region of dorsal horn to generate the injury. In this
model, increase of GFP+ cells was observed on the 3dpi and 5dpi (Fig. V.2A-D, Chart
V.3), which is the earliest comparing to Tx and cmp model. However, on 7dpi, GFP+
cells in grey and white matter disappeared. They can still be found in the ependymal
region, buy only in this region (Fig. V.2F). Similar to Tx model, GFP+ cells were first
found in the dorsal side of the injured half of spinal cord on 3dpi (Fig. V.2B), then spread
to the entire injured half of spinal cord on 5dpi (Fig. V.2D). From counting the GFP+ cells
we found that the majority of GFP+ cells resided within the 1.5 mm range to the epi-
center, and the number of GFP+ cells per section increased as it gets closer to the epi-

center (Chart V.3).

5d, sham
A

5d, Cmp

14d, sham

7d, sham
C

7d, Cmp 14d, Cmp

=

Figure V.3. Compression (Cmp) injury increases the number of GFP+ cells on 5dpi. Spinal cord
sections from the animals in Cmp or sham groups were stained with anti-GFP to study the
activation pattern of CR2. Compare to sham, GFP+ cells in Cmp animals increased in number on
5dpi (A-B). Additional GFP+ cells were found in the dorsal column. On 7dpi and 14dpi, GFP+
cells were only found in ependymal region (C-F). Schematic was used to illustrate the distribution
of GFP+ cells. Red arrows indicate the site of injury. Scale bar = 50 um.
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The mild injury model, Cmp model was also tested in our CR2-GFP transgenic mice.
Similarly, we observed increase of GFP+ cells which suggests activation of CR2 with a
mild damage to the spinal cord tissue. However the increase was only observed on the
5dpi with a few cells outside the ependymal region (Fig. V.3B). Later on 7dpi and 14dpi,
GFP+ cells were only found within the ependymal region, similar to the sham animals
(Fig. V.3C-F). Because of the limited number of GFP+ cells generated in Cmp model, it
was eliminated from further studies.

In summary, significant increase in the number of CR2-GFP+ cells was observed in
all three SCI models comparing to control groups. These SCI induced CR2-GFP+ cells
were counted in spinal cord sections at various distances and stages to determine the
temporal and spatial activation pattern of CR2. In general, uprising of GFP+ cells were
mostly found in the close range (< 3 mm) of epi-center within the first week post injury.,
The number of GFP+ cells and the period of CR2 activation is close relative to the
severity of injury: the more severe the injury is, the more GFP+ cells are found and the

earlier the CR2 is activated.

2) Injury induces GFP expression in aNSCs and glial cells.
To determine the identity of the GFP+ cell presented following injuries,
immunohistochemistry was performed with proliferation markers, death markers and

various cell type markers.
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Figure V.4. Injury-induced CR2-GFP+ cells in the ependymal region are aNSC. Spinal cord
sections from injured animals were stained with Sox9, which labels the ependymal region; and
GFAP, which is intensively active surrounding the ependymal region. GFP+ cells were found co-
labeled with Sox9 showing in the top panel. GFP+ cells were also found partially co-labeled with

GFAP. Scale bar = 50 um.

As shown in the previous chapter, CR2 is quiescent in the ependymal cells, which
are aNSCs. After injury, CR2 is activated and GFP+ cells were found first in the
ependymal region as expected. Staining with Sox9 and GFAP supported the result that

these GFP+ cells are stem cells (Fig. V.4).
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Figure V.5. Injury-induced GFP+ are not neurons or neuronal progenitors. To identify the GFP+
cells, spinal cord sections from various stages after injury were stained with the neuronal marker
Pax2 and NeuN. Pax2 was found on 1dpi in the Tx model and disappeared on 3dpi (A, B). NeuN
was found on 5dpi in the Cmp model and disappeared on 7dpi (C, D). Neither of the markers co-
stained with GFP. Scale bar = 100 um.
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anti-GFP/Marker/DAPI

Figure V.6 Injury-induced GFP+ cells in the parenchymal region adopt glial fate. In Tx and Cmps
models, spinal cord sections were stained with glial cell marker GFAP and Pdgfra. The results
show that GFP+ cells in Tx model co-labeled with GFAP on 7dpi (A) and 14dpi (B). GFP+ cells in
Cmps model co-labeled with Pdgfra on 5dpi (C) and 7dpi (D). Scale bar = 50 um.

Following the above results, the spinal cord samples from Tx and Cmps models
were further stained with neural progenitor marker Tujl, Pax2, neuronal marker NeuN
and glial marker GFAP, Pdgfra to determine the identity of the GFP+ cells in
parenchymal region. Among these markers, Tujl showed no staining in the spinal cord
sections (data not shown) after injury. Pax2 and NeuN stained shortly after injury but did
not co-stain with GFP+ cells (Fig. V.5). Those cells stained by Pax2 and NeuN may be
the neurons survived from injury, which died shortly afterwards. In the contrary, major co-
staining of GFP+ cells with GFAP and Pdgfra was observed in both Tx and Cmps
models at various stages (Fig. V.6), suggesting that these GFP+ cells are glial cells or
glial progenitor cells. This is consistent with the current knowledge of SCI acute
response, in which neural regeneration is limited and most of the aNSCs will develop
into oligodendrocytes or astrocytes (Horky et al., 2006; Meletis et al., 2008; Yang et al.,

20064a).
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Figure V.7. A small portion of GFP+ cells in parenchymal region are proliferating. In both Tx and
Cmps models, the widely spread GFP+ cells were found partially co-labeled with the proliferation
markers, either PH3 (A) or Ki67 (D). However, the majority of GFP+ cells were not co-labeled (A-
D), which is also shown in the counting (A'-C"). Scale bar = 50 pm.

The proliferation marker PH3 (for cells in M-phase) and Ki67 (for cells in S-phase)
were also used to stain spinal cord sections, in order to find out if the GFP+ cells outside
ependymal region can proliferate. However, the majority of GFP+ cells were not co-
labeled with PH3 or Ki67 (Fig. V.7). Only a small portion of GFP+ cells are positive for
these proliferation markers, which were usually found in the grey matter near injured
area (Fig. V.7A, D). These results suggest that most of the GFP+ cells outside
ependymal region are no longer proliferating. Combine with the knowledge that most of
these GFP+ cells are GFAP+ or Pdgfra+, they may be new progenitor cells that just exit

the cell cycle.
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F4/80/ /DAPI

Figure V.8 Injury-induced GFP+ cells are not macrophages. Macrophage marker F4/80 was used
to stain spinal cord sections. But no co-labeling was found. Arrowheads represent the GFP+ cells
and arrows represent the F4/80+ macrophages. Image shown a sample from Tx model on 3dpi.
Scale bar = 50 pm

As a lot of study suggest, inflammatory responses usually occur follow the SCI, in
which the infiltration of macrophage is a main event (David and Kroner, 2011). Thus a
macrophage marker F4/80 was used to find out if GFP+ cells contain these inflammatory
cells. Result show that none of the GFP+ cells is F4/80+ (Fig. V.8). Thus GFP+ cells are
not macrophages, and CR2 is not activate in macrophages.

In summary, the GFP+ cells reside in ependymal region are aNSCs, while the
majority of the GFP+ cells in parenchymal region are GFAP+/Pdgfra+ glial cells. A small
portion of these parenchymal GFP+ cells are progenitor/stem-like cells that proliferate.

None of the GFP+ cell is neural progenitor or neuron.

6. Discussion

In this chapter, the activation of CR2 and appearance of CR2-GFP cells after SCI
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were characterized in three injury models. In mouse spinal cord, CR2 is found to be
active in both ependymal and parenchymal neural stem cells which can be labeled with
GFAP and Pdgfra.

The CR2-GFP+ cells were found quiescent in the adult ependymal cells (Fig. 1V.S4)
and activated in the three different injury models (Fig. V.1-3). They are also positive for
Sox9 (Fig. V.4), PH3 and Ki67 (Fig. V.7). Thus these GFP+ cells are identified as the
aNSCs. They were found in both the ependymal and parenchymal regions where aNSCs
usually exist (Meletis et al., 2008; Moreno-Manzano et al., 2009; Yamamoto et al., 2001).

The activation of GFP+ cells in three injury models followed different timelines. The
mild Cmp injury model only increases the number of GFP+ cells on 5dpi, while the GFP+
cells in moderate Cmps model were found from 3dpi to 7dpi, and in severe Tx model
from 3dpi to 14dpi with the number of cells continuing to increase (Fig. V.1-3). It is clear
that the CR2 activation is in positive correlation to the severity of injury. Furthermore, the
range of CR2 activation is relative to both the severity of the injury and the integrity of
tissue after injury. In Tx model, GFP+ cells were first found near the ependymal region,
but not in the parenchymal region like in Cmps model (Fig. V.1D, 3B). A possible
explanation is that in Tx model the hemorrhage and massive cell death near the epi-
center tampers the activation mechanism of aNSCs. It requires longer time to recruit the
molecules needed for aNSC activation. Once these molecules are present, aNSCs in a
boarder range are activated, resulting in more GFP+ cells in later stages (Fig. V.1F, H).

Moreover, the CR2-GFP+ cells were found distributed throughout the entire injury
site (Fig. V.1, 3). This suggests that the cells in both grey and white matter are involved
in the neurogenesis triggered by injury, and have the potential for the self-repair. The
majority of GFP+ cells were co-labeled with GFAP and Pdgfra but not neuronal markers

(Fig. V.5, 6), suggesting the preference of gliogenesis after injury. It is consistent with the
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findings that the neurons and oligodendrocyte generated from aNSC would die while the

astrocytes would survive (Barnabe-Heider et al., 2010; Meletis et al., 2008).
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Chapter VI

Conclusions and Future Direction

1. General conclusion

The focus of this dissertation is to study the endogenous coordination of the CNS
during embryonic development from the aspect of transcription regulation, and extend
the observations to the regeneration of neural cells after CNS injury. With each targeting
a different mechanism or organ, the four projects described in this dissertation provided
new insights in transcription regulation on neural system development and regeneration
from chromatin topo-structure remodeling, master TF regulation and specific TF-
enhancer interaction.

The first project described in Chapter Ill demonstrated the importance of Top2b in
neural development. Using the retina as a model, conditional Top2b knock out led to not
only defects in the dendrite growth and axon guidance as observed in previous
publications (Lyu and Wang, 2003a; Nevin et al., 2011a), but also the aberrant cell
localization, defects in cell morphology and ultimately, the cell death. Although the
mechanism of how Top2b deficiency triggers cell death remains to be determined, it is
clear that the cell death was not immediate. Top2b knockout mice do not show any
deficiency until late developmental stage. It is possible that the lack of dendritic
connections between neighboring neurons causes errors in the system which triggers
the pruning-related programmed cell death (Meier et al., 2000; Yuan et al., 2003).
Alternatively, the cell death could also be triggered by DNA degradation caused by
problematic DNA topo-structure modification (Li et al., 1999).

To focus on the intrinsic regulation of tissue specific genes, Chapter IV illustrated a
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network between 15 enhancer sequences that are critical for retinal development and six
master TFs including Pou3f2. It was the first time that a group of tissue-specific
enhancers was analyzed together to determine their combinatorial effects on
development. Typically, the TFmaster regulators are first identified and then their
interacting DNA sequences are determined by IP or ChlP-seq analysis (Spitz and
Furlong, 2012; Visel et al., 2009). In this chapter, computational method was used to first
screen the enhancers retrieved from databases to predict the TFBSs, and then perform
cross comparison between the TFBSs of each enhancer for motifs of the master TF. The
method was examined in predicting a retinal regulatory network, in which tissue all
neural cells were originated from the retinal progenitor cells (Young, 1985b). Such
single-origin cells fits best with our hypothesis of the existence of master TF. This
method can be used in any other tissues that contain cells originate from one progenitor
cell source.

Further in Chapter IV and V, the enhancer CR2 was studied in depth for its
regulatory function in Notchl1 expression during spinal cord development and after injury.
Notchl is an important gene that has multiple roles during neural development and
regeneration, including maintaining stem cells in cell cycle, determine glial cell fate and
axon guidance (Alexson et al., 2006; Grandbarbe et al., 2003; Kawaguchi et al., 2008;
Mason et al., 2006; Pierfelice et al., 2011; Redmond et al., 2000; Yang et al., 2006b). In
this study, the mechanism of Notchl regulation in interneurons was investigated. CR2
activity was found to be specific to interneurons progenitors (Fig. 1V.3) and was activated
after SCI (Fig. V.1-3). With the understanding of CR2 function and the mechanism of
how it regulates Notchl for interneuron differentiation, we hypothesize CR2 activity is
involved in the neural regeneration after injury. In Chapter 1V, Nkx6.1 was found to be

interacting CR2 during ventral interneuron development (Fig. IV.6) and Gsx1 was a
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potential factor that may interact with CR2 during dorsal interneuron development. In
Chapter V, CR2 was found re-activated in both ependymal and parenchymal regions in
the injured spinal cord. And the CR2-GFP+ cells were identified as aNSCs and glial
progenitors. Further experiments will be performed to characterize the influence of

Nkx6.1 and Gsx1 on aNSCs.

2. Future direction

1) Gene regulation network during CNS development

In this dissertation | studied the gene regulation of both one single gene (Notchl)
and group of retinal specific genes, using both traditional experimental methods (e.g.
reporter assay and in ovo electroporation) and computational methods (e.g. screening
for TFBS with Matinspector, analyzing RNA-seq data from Top2b knockout animal). The
guestions proposed were answered, however also led to many more questions, such as
the mechanism behind regulation of Top2b in retinal specific genes, how transcription
regulatory network function during retinal development, what are the other components
in the transcription initializing complex for Notch1 expression, and how we can utilize
Nkx6.1 and Gsx1 to promote post injury neurogenesis. Among all these questions, | will
focus on building a transcription regulatory network for spinal cord development, which
will expand our understanding of the development of spinal cord, and provide insights in

the treatment of developmental diseases and injuries.

Computational methods have been used for the prediction of gene regulatory
elements for almost two decades (Brazma et al., 1998; Wasserman and Sandelin, 2004),
and the widely used next-generation sequencing have largely changed our methods of

identifying cis-regulatory sequence and trans-interacting factors (Morozova and Marra,
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2008). Now researchers study the transcription regulation in a network manner. Beyond
the interaction of single TF-regulator sequence, network is more close to how genes are
regulated in nature. The excessive variability of gene expression is usually controlled in
some feedback loops that are robust enough to maintain proper phenotypes (Felix and
Wagner, 2008). Many methods have been used to study transcription binding sites in
large scales, including ChiPseq or microarray (Johnson et al., 2007; Ren et al., 2000).
With such methods the master TFs in a specific tissue can be identified, though with
high expenses. In addition, with the developed tools, we are also able to profile
transcriptome for the entire tissue, including alternative transcripts, non-coding RNAs,
etc. Databases are built with sequencing data that is contributed from scientists all over
the world, such as NCBI, Ensembl, ENCODE and NHGRIGSP. Such databases make it
possible for researchers to save the time and effort of generating their own data. Instead
we can find the datasets that are needed, pool the datasets together and use
computational tools to analyze them together. The concept of Big Data was introduced to
the biological and medical research in the past few years (Bender, 2015). With the fast
development of programs for data analysis, we will be able to handle the large amount of
data gathered for our target tissue, the spinal cord, and build the transcription regulatory

network.

2) Gene regulation after SCI

In Chapter VI, the re-activation of Notchl enhancer CR2 was characterized using
SCI mouse model. We were able to determine the identity of CR2-GFP+ cells as aNSCs
since they express NSC and progenitor markers, e.g., Sox9, GFAP and Pdgfra. However,

there was no significant difference between these GFP+ cells and the rest of the
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ependymal cells (Fig. V.4). Thus, as future direction, we plan to perform a single-cell
RNA-seq on a) the spinal cord ependymal cell after injury. Profile of the transcriptome in
GFP+ ependymal cells, GFP-ependymal cells and control naive ependymal cells will be
studied to identify gene signatures that mark the different subgroups of the NSCs before
and after injury. The use of single-cell RNA-seq instead of traditional RNA-seq aids to
reveal the molecular profile of cell population of small amount (Stegle et al., 2015) such
as ependymal cells. Several recent studies have been reported to use single-cell RNA-
seq in analyzing NSCs in adult mammalian brain (Llorens-Bobadilla et al., 2015; Luo et
al., 2015; Shin et al., 2015) which yields good resolution. We will adopt this technique
and apply on our SCI study. By comparing the GFP+ ependymal cells to the GFP- ones
we should be able to find out if these cells belong to different sub-types of stem cells and

why they both differentiate into astrocytes.



Chapter VII

Appendix: The 173 TFBS that are predicted to have binding site on CR2.
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Transcription factor <-> matrix family assignment Position
Strand
Matrix Detailed Family . Detailed Matrix
. . Matrix . from to anchor
Family Information Information
Estrogen response Estrogen response
V$EREF | elements V$ER.03 elements, IR3 sites 6 28 17 (+)
Vertebrate SMAD family Sma- and Mad-related
V$SMAD | of transcription factors V$SMAD.01 proteins 16 26 21 )
B-cell-specific activator
VSPAX5 | pPAX-2/5/8 binding sites | VEPAX5.01 protein 23 51 37 (+)
PAX-4/PAX-6 paired PAX6 paired domain binding
VSPAX6 | domain binding sites V$PAX6.04 site 28 46 37 ()
VEPAX9 | PAX-9 binding sites VEPAX9.01 Zebrafish PAX9 binding sites | 29 49 39 (+)
Pleomorphic adenoma gene
(PLAG) 1, a developmentally
Pleomorphic adenoma regulated C2H2 zinc finger
VSPLAG | gene VSPLAG1.01 protein 33 55 44 (+)
E2F-myc activator/cell w E2F-1/DP-1  heterodimeric
VSE2FF | cycle regulator 1 complex 33 49 41 (+)
Human and murine
VSETSF | ETS1 factors VSETV1.02 Ets variant 1 34 54 44 (+)
Basic transcription element
Krueppel like (BTE) binding protein,
VSKLES | transcription factors V$BTEB3.01 BTEB3, FKLF-2 40 56 48 (+)
Pleomorphic adenoma Pleomorphic adenoma gene
VSPLAG | gene VSPLAG1.02 1 44 66 55 +)
Selenocysteine  tRNA Se-Cys tRNA gene
VSSTAF | activating factor V$STAF.01 transcription activating factor | 46 68 57 )
FAST-1 SMAD FAST-1 SMAD interacting
VSFAST | interacting proteins V$FAST1.01 protein 47 63 55 ()
VSHEAT | Heat shock factors V$HSF1.01 Heat shock factor 1 49 73 61 )
STAT5: signal transducer
Signal transducer and and activator of transcription
V$STAT activator of transcription | VESTATS5.01 5 52 70 61 ()
POZ domain zinc finger B-cell CLL/lymphoma 6,
V$BCLE | expressed in B-Cells V$BCL6.04 member B (BCL6B) 53 69 61 )
Signal transducer and Signal  transducers  and
VSSTAT | activator of transcription | VESTAT.01 activators of transcription 54 72 63 )
AHR-arnt heterodimers w Aryl hydrocarbon / Arnt
VSAHRR | and AHR-related factors | 2 heterodimers, fixed core 59 83 71 0]
B-cell-specific activator
VEPAXS | PAX-2/5/8 binding sites | VSPAX5.02 protein 60 88 74 )
Cart-1 (cartilage Binding site for S8 type
V$CART | homeoprotein 1) V$S8.01 homeodomains 65 85 75 ()
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SOX/SRY-sex/testis
determinig and related

HMGA family of architectural
transcription factors

V$SORY | HMG box factors V$HMGA.01 (HMGAL, HMGA?) 66 90 78 )
Distal-less
homeodomain DLX-1, -2, and -5 binding
VSDLXF | transcription factors V$DLX1.01 sites 66 84 75 (+)
Lim homeodomain
VSLHXF | factors VSLHX6.01 LIM homeobox 6 66 88 77 ()
Pancreatic and Insulin  promoter factor 1,
intestinal homeodomain pancreatic and duodenal
V$PDX1 | transcription factor V$IPF1.01 homeobox 1 (Pdx1) 66 84 75 (+)
POU class 3 homeobox 3
V$OCTL | Octamer binding protein | VEPOU3F3.01 (POU3F3), OTF8 67 81 74 +)
Paralog hox genes 1-8
from the four hox
V$HOXFE | clusters A, B, C, D V$HOXC8.01 Homeobox C8 / Hox-3alpha | 67 85 76 ()
Brn-5, POU-VI protein class
Brn-5 POU domain (also known as emb and
V$BRNS | factors V$BRN5.01 CNS-1) 67 89 78 +)
Homeodomain binding site
Lim homeodomain in LIM/Homeodomain factor
VSLHXFE | factors VSLHX3.01 LHX3 67 89 78 6
Brn POU domain
V$BRNEF | factors V$BRN3.02 Brn-3, POU-IV protein class | 68 86 77 (+)
Homeobox transcription
V$HBOX | factors V$VAX2.01 Ventral anterior homeobox 2 | 68 86 77 ()
Homeodomain Muscle-segment homeobox
VSHOME | transcription factors V$MSX1.01 1, msh homeobox 1 68 86 77 (+)
Barx2, homeobox
transcription ~ factor  that
Homeodomain preferentially binds to paired
VS$HOME | transcription factors V$BARX2.01 TAAT motifs 69 87 78 ()
Homeobox transcription
V$HBOX | factors V$VAX2.01 Ventral anterior homeobox 2 | 69 87 78 (+)
NK1 homeobox
VENKX1 | transcription factors V$NKX12.01 NK1 homeobox 2, Sax1-like | 69 85 77 ()
Octamer-binding
transcription factor-1, POU
class 2 homeobox 1
VSOCT1 | octamer binding protein | V$OCT1.03 (POU2F1) 69 83 76 (+)
Brn POU domain POU class 4 homeobox 3
V$BRNF | factors V$BRN3.03 (POU4F3), BRN3C 69 87 78 )
Cart-1 (cartilage Binding site for S8 type
V$CART | homeoprotein 1) V$S8.01 homeodomains 70 90 80 (+)
Homeodomain binding site
Lim homeodomain in LIM/Homeodomain factor
VSLHXF | factors V$LHX3.01 LHX3 70 92 81 (+)
NK6 homeobox
VENKX6 | transcription factors V$NKX63.01 NK6 homeobox 3 70 84 77 (+)
PAX homeodomain Paired box 6, homeodomain
VSPAXH | binding sites VSPAX6 HD.01 | binding site 70 84 77 )
Paralog hox genes 1-8
from the four hox
VSHOXF | clusters A, B, C, D V$HOXC8.01 Homeobox C8 / Hox-3alpha | 70 88 79 )
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Homeo domain factor Nkx-

NKX homeodomain 2.5/Csx, tinman homolog low
V$NKXH | factors V$NKX25.02 affinity sites 70 88 79 (+)
Abdominal-B type
homeodomain
V$ABDB | transcription factors V$HOXC9.01 Homeobox C9 / Hox-3beta 70 86 78 (+)
Distal-less
homeodomain
VSDLXFE | transcription factors V$DLX2.01 Distal-less homeobox 2 71 89 80 ()
PAX homeodomain Paired box 4, homeodomain
VSPAXH | binding sites V$PAX4.02 binding site 71 85 78 (+)
Paralog hox genes 1-8
from the four hox
V$HOXF | clusters A, B, C, D V$HOXBS.01 Homeobox B8 / Hox-2delta 71 89 80 ()
Pancreatic and Insulin  promoter factor 1,
intestinal homeodomain pancreatic and duodenal
V$PDX1 | transcription factor V$IPF1.01 homeobox 1 (Pdx1) 71 89 80 )
Lim homeodomain LIM-homeodomain
VSLHXFE | factors V$LMX1B.01 transcription factor 71 93 82 ()
NK6 homeobox
VENKX6 | transcription factors V$NKX61.01 NK6 homeobox 1 71 85 78 ()
Member of the vertebrate
HOX - cluster of homeobox
VEHOXC | HOX - PBX complexes | VEHOXA9.01 factors 72 88 80 ()
Octamer-binding
transcription factor-1, POU
class 2 homeobox 1
VSOCT1 | octamer binding protein | VSOCT1.03 (POU2F1) 72 86 79 )
POU domain, class 1,
GHF-1 pituitary specific transcription factor 1
pou domain (POU1F1) / Pituitary
V$PIT1 transcription factor V$PIT1.02 transcription factor-1 72 86 79 0
AT rich interactive Bright, B cell regulator of IgH
V$ARID domain factor V$BRIGHT.01 transcription 72 92 82 (+)
Brn POU domain POU class 4 homeobox 3
V$BRNF | factors V$BRN3.03 (POU4F3), BRN3C 72 90 81 +)
TCF/LEF-1 (secondary DNA
VSLEFF | LEF1/TCF V$LEF1.04 binding preference) 72 88 80 (+)
Abdominal-B type
homeodomain
V$ABDB | transcription factors V$HOXC9.01 Homeobox C9 / Hox-3beta 73 89 81 )
AT-binding transcription AT-binding transcription
VSATBE | factor V$ATBF1.01 factor 1 73 89 81 (-)
POU domain, class 1,
GHF-1 pituitary specific transcription factor 1
pou domain (POU1F1) / Pituitary
V$PIT1 transcription factor V$PIT1.02 transcription factor-1 73 87 80 (+)
NK6 homeobox
VENKX6 | transcription factors V$NKX61.01 NK6 homeobox 1 74 88 81 (+)
Cone-rod homeobox-
Bicoid-like containing transcription
homeodomain factor / otx-like homeobox
V$BCDF | transcription factors V$CRX.01 gene 74 90 82 (+)
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Paralog hox genes 1-8
from the four hox

V$HOXF | clusters A, B, C, D V$HOXCS8.01 Homeobox C8 / Hox-3alpha | 74 92 83 (+)
Paralog hox genes 1-8
from the four hox Hox-1.3, vertebrate
V$HOXFE | clusters A, B, C, D V$HOX1-3.01 homeobox protein 81 99 90 ()
Brn POU domain POU class 4 homeobox 3
V$BRNFE | factors V$BRN3.03 (POU4F3), BRN3C 83 101 92 ()
Barx2, homeobox
transcription ~ factor  that
Homeodomain preferentially binds to paired
VSHOMEF | transcription factors V$BARX2.01 TAAT motifs 83 101 92 )
Paralog hox genes 1-8
from the four hox
VSHOXF | clusters A, B, C, D V$HOXBS8.01 Homeobox B8 / Hox-2delta 85 103 94 ()
Homeobox transcription Homeobox transcription
V$HBOX | factors V$GSH1.01 factor Gsh-1 86 104 95 ()
Homeodomain H6 family homeobox 1 /
VSHOME | transcription factors V$HMX1.01 NKX5-3 86 104 95 (+)
Abdominal-B type
homeodomain
V$ABDB | transcription factors V$HOXC9.01 Homeobox C9 / Hox-3beta 87 103 95 )
NK6 homeobox
VENKX6 | transcription factors V$NKX61.02 NK6 homeobox 1 88 102 95 (+)
Cart-1 (cartilage
VSCART | homeoprotein 1) V$PHOX2.01 Phox2a (ARIX) and Phox2b | 88 108 98 )
Cone-rod homeobox-
Bicoid-like containing transcription
homeodomain factor / otx-like homeobox
V$BCDF | transcription factors V$CRX.01 gene 88 104 96 (+)
Initiator (INR) and
downstream promoter
General transcription element (DPE) with strictly
O$TF2D | factor IID, GTF2D O$INR DPE.O1 | maintained spacing 92 130 111 ()
Myc associated zinc Myc associated zinc finger
VSMAZE | fingers VSMAZ.01 protein (MAZ) 94 106 100 )
Transcription factor with 8
C2H2 zinc finger central zinc fingers and an
V$ZF01 transcription factors 1 V$ZBRK1.01 N-terminal KRAB domain 100 124 112 (-)
Fork head homologous X
binds DNA with a dual
Fork head domain sequence specificity (FHXA
VSFEKHD | factors V$FHXB.01 and FHXB) 100 116 108 +)
SOX/SRY-sex/testis
determinig and related
V$SORY | HMG box factors V$S0OX5.01 Sox-5 101 125 113 +)
STAT6: signal transducer
Signal transducer and and activator of transcription
VSSTAT | activator of transcription | VESTAT6.01 6 117 135 126 )
Pleomorphic adenoma gene
(PLAG) 1, a developmentally
Pleomorphic adenoma regulated C2H2 zinc finger
VSPLAG | gene V$PLAG1.01 protein 128 150 139 ()
V$APAR | AP4 and related | V$AP4.02 Activator protein 4 129 145 137 ()
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proteins
Myoblast  determining w Myogenic  bHLH  protein
VEMYOD | factors 02 myogenin (myf4) 129 145 137 (+)
AP4 and related
V$APAR | proteins V$AP4.01 Activator protein 4 130 146 138 (+)
Myoblast  determining VSMYOGENIN. Myogenic  bHLH  protein
VEMYOD | factors 02 myogenin (myf4) 130 146 138 ()
NeuroD, Beta2, HLH Atonal homolog 1, HATH1,
VSNEUR | domain V$ATOH1.01 MATH-1 131 143 137 )
Paralog hox genes 1-8
from the four hox Homeobox transcription
VSHOXF | clusters A, B, C, D V$NANOG.01 factor Nanog 144 162 153 (+)
SOX/SRY-sex/testis
determinig and related HMG box-containing protein
V$SORY | HMG box factors V$HBP1.02 1 144 168 156 )
Nuclear factor of Nuclear factor of activated T-
VENFAT | activated T-cells VSNFAT.01 cells 153 171 162 )
Fork head homologous X
binds DNA with a dual
Fork head domain sequence specificity (FHXA
V$FKHD | factors V$FHXB.01 and FHXB) 156 172 164 +)
Brn POU domain
V$BRNFE | factors V$TST1.01 POU-factor Tst-1/Oct-6 156 174 165 (+)
EVI1-myleoid MEL1 (MDS1/EVI1-like gene
VSEVI1 transforming protein VSMEL1.01 1) DNA-binding domain 1 159 175 167 (+)
Member of the vertebrate
HOX - cluster of homeobox
VSHOXC | HOX - PBX complexes | VEHOXC9.02 factors 161 177 169 (+)
v-ERB and RAR-related RAR-related orphan receptor
V$RORA | orphan receptor alpha VSRORA2.01 alpha2 163 185 174 (+)
VEPAXS5 | PAX-2/5/8 binding sites | VSPAX2.02 Paired box protein 2 163 191 177 )
Krueppel-like C2H2 zinc
finger factors Hypermethylated in cancer 1
hypermethylated in (secondary DNA  binding
V$HICFE cancer V$HIC1.02 preference) 167 179 173 )
Sine oculis homeobox
Sine oculis (SIX) homolog 6, optic homeobox
V$SIXF homeodomain factors V$SIX6.01 2 (OPTX2) 168 182 175 )
VSHEAT | Heat shock factors V$HSF1.04 Heat shock factor 1 176 200 188 (+)
Winged helix protein,
involved in hair keratinization
Winged helix binding and thymus  epithelium
VSWHNE | sites V$WHN.01 differentiation 177 187 182 o)
MBD2 (methyl-CpG-binding
protein)-interacting zinc
finger protein, histone
VEHNFEP | Histone nuclear factor P | VEMIZF.01 nuclear factor P (HINF-P) 177 189 183 )
VSHEAT | Heat shock factors V$HSF2.02 Heat shock factor 2 185 209 197 )
Pleomorphic adenoma gene
(PLAG) 1, a developmentally
Pleomorphic adenoma regulated C2H2 zinc finger
VSPLAG | gene V$PLAG1.01 protein 187 209 198 ()
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Ccaat/Enhancer CCAAT/enhancer binding
V$CEBP | Binding Protein V$CEBP.02 protein 190 204 197 (+)
Ribonucleoprotein
Mouse Krueppel like associated zinc finger
VSMOKEF | factor V$MOK2.01 protein MOK-2 (mouse) 196 216 206 )
C2H2 zinc finger Zinc  finger  transcription
V$ZF02 transcription factors 2 V$ZBP89.01 factor ZBP-89 197 219 208 ()
Zinc finger protein
insulinoma-associated 1 (IA-
Insulinoma associated 1) functions as a
VS$INSM | factors VSINSM1.01 transcriptional repressor 197 209 203 (+)
Nuclear receptor HepG2-specific P450 2C
VENR2F | subfamily 2 factors V$HPF1.01 factor-1, DR1 sites 199 223 211 (+)
Pleomorphic adenoma Pleomorphic adenoma gene
VSPLAG | gene V$PLAG1.02 1 200 222 211 *)
Core promoter-binding
C2H2 zinc finger protein (CPBP) with 3
V$ZF02 | transcription factors 2 V$ZF9.01 Krueppel-type zinc fingers 204 226 215 (+)
Zinc finger and BTB domain
C2H2 zinc finger containing 7, Proto-
V$ZF02 | transcription factors 2 V$ZBTB7.01 oncogene FBI-1, Pokemon 207 229 218 ()
Ribonucleoprotein
Mouse Krueppel like associated zinc finger
VSMOKEF | factor V$MOK2.02 protein MOK-2 (human) 207 227 217 @)
GLIS family zinc finger 3,
V$GLIF GLI zinc finger family V$GLIS3.01 Gli-similar 3 211 225 218 )
GC-Box factors
V$SPLF | spi/cc V$GC.01 GC box elements 211 227 219 )
MYC-associated zinc finger
Myc associated zinc protein related transcription
VSMAZF | fingers V$MAZR.01 factor 212 224 218 @)
Ras-responsive Ras-responsive element
VSRREB | element binding protein | VORREB1.01 binding protein 1 219 233 226 ()
Barbiturate-inducible
element box from Barbiturate-inducible
V$BARB pro+eukaryotic genes V$BARBIE.O1 element 240 254 247 (+)
Brn-5, POU-VI protein class
Brn-5 POU domain (also known as emb and
V$BRN5 | factors V$BRN5.03 CNS-1) 242 264 253 ()
SOX/SRY-sex/testis
determinig and related HMG box-containing protein
V$SORY | HMG box factors V$HBP1.01 1 242 266 254 ()
Metal induced Metal-regulatory
VSMTF1 | transcription factor VSMTF-1.02 transcription factor 1 245 259 252 )
Vertebrate homologues Drosophila hairy and
of enhancer of split enhancer of split homologue
VSHESFE | complex V$HES1.01 1 (HES-1) 245 259 252 +)
FAST-1 SMAD
VSFAST | interacting proteins V$FAST1.02 Forkhead box H1 (Foxh1) 246 262 254 )
Paralog hox genes 1-8
from the four hox Homeobox transcription
VSHOXF | clusters A, B, C, D VSNANOG.01 factor Nanog 247 265 256 )
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Motif  composed  of
binding sites for
pluripotency or stem POU domain, class 5,
V$STEM | cell factors V$OCT3 4.02 transcription factor 1 247 265 256 (+)
Cart-1 (cartilage
VSCART | homeoprotein 1) V$PHOX2.01 Phox2a (ARIX) and Phox2b | 248 268 258 )
Lim homeodomain
VSLHXFE | factors V$LHX6.01 LIM homeobox 6 249 271 260 (+)
Paralog hox genes 1-8
from the four hox
VSHOXF | clustersA, B, C, D VSHOXAS.01 Homeobox A3 250 268 259 ()
Lim homeodomain
V$LHXFE | factors V$LHX6.01 LIM homeobox 6 250 272 261 ()
Homeobox transcription
V$HBOX | factors V$EVX1.01 Even-skipped homeobox 1 251 269 260 )
Brn POU domain POU class 4 homeobox 3
V$BRNFE | factors V$BRN3.03 (POU4F3), BRN3C 252 270 261 ()
Homeobox transcription
V$HBOX | factors VSEVX1.01 Even-skipped homeobox 1 252 270 261 (+)
Paralog hox genes 1-8
from the four hox Homeobox B3 / Hox 2-
VSHOXF | clusters A, B, C, D V$HOXB3.01 gamma 253 271 262 (+)
Reproductive homeobox 6,
Cart-1 (cartilage placenta specific homeobox
VSCART | homeoprotein 1) VSRHOX6.01 1 253 273 263 +)
NK6 homeobox
VENKX6 | transcription factors V$NKX63.01 NK6 homeobox 3 254 268 261 ()
Pancreatic and Pdx1 (IDX1/IPF1) pancreatic
intestinal homeodomain and intestinal homeodomain
V$PDX1 | transcription factor V$PDX1.01 TF 254 272 263 ()
Homeobox transcription Homeobox transcription
V$HBOX | factors V$GSH1.01 factor Gsh-1 255 273 264 )
TALE homeodomain TG-interacting factor
class recognizing TG belonging to TALE class of
V$TALE motifs V$TGIF.01 homeodomain factors 264 280 272 ()
Nuclear receptor Hepatic nuclear factor 4,
VENR2F | subfamily 2 factors V$HNF4.01 DR1 sites 277 301 289 (-)
Homolog to deformed
epidermal NUDR  (nuclear DEAF-1
autoregulatory factor-1 related transcriptional
V$DEAF | from D. melanogaster V$NUDR.01 regulator protein) 280 298 289 )
Bipartite binding site of
RXR heterodimer w VDR/RXR heterodimers,
VSRXRF | binding sites 3 DR1 sites 286 310 298 )
CLOX and CLOX Transcriptional repressor
VSCLOX | homology (CDP) factors | V$CDP.02 CDP 288 306 297 )
Abdominal-B type
homeodomain Homeodomain transcription
V$ABDB | transcription factors V$HOXC13.01 factor HOXC13 288 304 296 (+)
Nuclear factor Y (Y-box
VSCAAT | CCAAT binding factors | VENFY.04 binding factor) 289 303 296 (+)
Vertebrate caudal
related homeodomain Caudal type homeobox
VSCDXFE | protein V$CDX2.03 transcription factor 2 289 307 298 (-)
FAST-1 SMAD FAST-1 SMAD interacting
VSFAST | interacting proteins V$FAST1.01 protein 291 307 299 )
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MAF and AP1 related

V-maf  musculoaponeurotic
fibrosarcoma oncogene

VSAPIR | factors VSMAFK.01 homolog K (half site) 295 315 305 (+)
Farnesoid X - activated Farnesoid X - activated
receptor response receptor (RXR/FXR dimer),
V$EXRE | elements V$EXRE.O1 IR1 sites 302 314 308 )
AT  rich interactive Bright, B cell regulator of IgH
V$ARID domain factor V$BRIGHT.01 transcription 306 326 316 )
Brn POU domain POU domain transcription
V$BRNF | factors V$BRN4.01 factor brain 4 307 325 316 (+)
Hematopoietically expressed
Homeodomain homeobox, proline-rich
VSHOMEF | transcription factors V$HHEX.01 homeodomain protein 307 325 316 (+)
Cart-1 (cartilage
VSCART | homeoprotein 1) V$ISX.01 Intestine-specific homeobox | 308 328 318 )
Brn POU domain
V$BRNF | factors V$TST1.01 POU-factor Tst-1/0Oct-6 308 326 317 ()
Lim homeodomain
V$LHXF | factors V$LHX8.01 LIM homeobox 8 309 331 320 (+)
Distal-less
homeodomain Distal-less 3 homeodomain
VSDLXF | transcription factors V$DLX3.01 transcription factor 309 327 318 (+)
Paralog hox genes 1-8
from the four hox
VSHOXF | clusters A, B, C, D VSHOXAS3.02 Homeobox A3 310 328 319 ()
Lim homeodomain
V$LHXF | factors V$ISL2.01 ISL LIM homeobox 2 310 332 321 )
CLOX and CLOX Transcriptional repressor
V$CLOX | homology (CDP) factors | V$CDP.02 CDP 311 329 320 ()
Homeobox transcription
V$HBOX | factors V$VAX2.01 Ventral anterior homeobox 2 | 311 329 320 )
Homeobox containing germ
Homeodomain cell-specific transcription
VSHOME | transcription factors V$NOBOX.01 factor NOBOX 311 329 320 (+)
Homeobox transcription Homeodomain transcription
VSHBOX | factors V$GSH2.01 factor Gsh-2 312 330 321 )
Homeodomain NOBOX oogenesis
VSHOME | transcription factors V$NOBOX.02 homeobox 312 330 321 ()
NK6 homeobox
VENKX6 | transcription factors V$NKX61.01 NK6 homeobox 1 313 327 320 (+)
Bicoid-like
homeodomain Photoreceptor conserved
V$BCDF | transcription factors V$PCE1.01 element 1 313 329 321 (+)
Cart-1 (cartilage Binding site for S8 type
VSCART | homeoprotein 1) V$S8.01 homeodomains 313 333 323 (+)
Paralog hox genes 1-8
from the four hox
V$HOXFE | clusters A, B, C, D V$HOXA3.01 Homeobox A3 313 331 322 (+)
Homeo domain factor Nkx-
NKX homeodomain 2.5/Csx, tinman homolog low
VSNKXH | factors VSNKX25.02 affinity sites 313 331 322 )
Cellular and viral CCAAT
VSCAAT | CCAAT binding factors | VSCAAT.01 box 314 328 321 ()
Distal-less
homeodomain
VSDLXF | transcription factors V$DLX5.01 Distal-less homeobox 5 314 332 323 ()
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Vertebrate TATA binding

O$VTBP | protein factor O$ATATA.01 Avian C-type LTR TATAbox | 319 335 327 ()
Glucocorticoid
responsive and related Androgene receptor binding
V3$GREF | elements V$ARE.03 site, IR3 sites 327 345 336 )
Stimulating protein 1,
GC-Box factors ubiquitous zinc finger
V$SPI1F | spi/GC V$SP1.03 transcription factor 330 346 338 (+)
E2F-myc activator/cell
VSE2FF | cycle regulator V$E2F3.01 E2F transcription factor 3 332 348 340 (+)
B-cell-specific activator
V$PAX5 | PAX-2/5/8 binding sites | V$PAX5.01 protein 339 367 353 +)
GC-Box factors
V$SPIF | spu/Gc V$GC.01 GC box elements 347 363 355 +)
C2H2 zinc finger Zinc finger with KRAB and
V$ZF02 | transcription factors 2 V$ZKSCANS.01 | scAN domains 3 348 370 359 ()
MYC-associated zinc finger
Myc associated zinc protein related transcription
VSMAZF | fingers VSMAZR.01 factor 350 362 356 )
Krueppel like
VSKLFS | transcription factors V$KLF6.01 Kruppel-like factor 6 350 366 358 ()
Neuron-restrictive  silencer
Neuron-restrictive factor (17 bp  spacer
VSNRSF | silencer factor V$NRSF.03 between half sites) 357 387 372 ()
Transcription factor AP-2,
VSAP2F | Activator protein 2 VSTCFAP2C.02 | gamma 363 377 370 )
Zinc  finger transcription
factor RU49 (zinc finger
proliferation 1 Zipro 1).
RU49 exhibits a strong
preference for binding to
Zinc finger transcription tandem repeats of the
factor RU49, zinc finger minimal RU49 consensus
VSRU49 | proliferation 1 - Ziprol V$RU49.01 binding site. 377 383 380 )
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