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Cell fate specification in the developing embryo relies on combinations of transcription
factors to regulate tissue specific gene programs. Many of the same transcription factors can
be found in multiple tissue types and are crucial for their development, and at other times
these same factors can be misused in disease states. The basic helix-loop-helix (bHLH)
factors Ascll and Ptfla are examples of factors that give rise to and function in multiple
tissues. Ascll and Ptfla are essential for generating the correct number and sub-type of
neurons in multiple regions of the nervous system. In addition, Ptfla is required in the

developing pancreas for both its formation and maturation, while Ascll is crucial for tumor



growth in malignant small cell lung carcinoma (SCLC). It is unknown if Ascl1 and Ptfla
directly regulate different genes programs in these disparate tissues. Furthermore, Ptfla and
Ascl1 are members of same transcription factor family, which recognize and bind a similar
DNA sequence. How these two factors achieve specificity of DNA binding and gene target
selection in vivo is unknown. These questions have long been unanswered due in part to the
lack of known direct transcriptional targets. Thus, to understand how Ascll and Ptfla
function in these processes, the direct transcriptional targets were identified genome-wide in
the multiple tissues using ChIP-Seq and RNA-Seq. Overwhelmingly, Ascll and Ptfla
directly regulate different gene programs important for each tissue. Within a given tissue, the
specificity of Ascll and Ptfla function is partly explained by their differences in E-box
sequence preferences. Ptfla and Ascll are co-expressed in a subset of cells in the dorsal
neural tube, and comparative analysis of their binding sites show that they bind a common E-
box. However, Ptfla can also bind a distinct E-box, which is found enriched in binding sites
unique to Ptfla. However, analysis of Ascll binding in SCLC and Ptfla binding in the
developing pancreas, shows that their E-box preferences change and does not reflect the
same type of E-box they bind in the neural tube. Mechanisms in addition to E-box specificity
are likely in use because tissue specific binding coincides with tissue-specific chromatin
accessibility and enrichment of lineage-specific transcription factor binding motifs. Thus,
Ascll and Ptfla make use of different tissue-specific co-factors to regulate tissue-specific
genes. This study provides insights into how a single factor can regulate the transcription of
different genes in different tissue types, and how two related E-box binding proteins regulate

distinct genes.



ACKNOWLEDGEMENT
This dissertation would not have been possible without the support and guidance from my
friends, family, and colleagues.

I would like to acknowledge my mentor Dr. Jane Johnson, for her endless support and
guidance throughout my graduate school career. Because of Dr. Johnson’s patience and
dedication towards teaching her students, | feel prepared to take on any challenge that | may
face during my next phase of my scientific career. | have learned through Dr. Johnson that
there is no shortcut or substitute for good quality of work, and that good work will always
earn the highest respect and appreciation from your colleagues.

I would like to thank the members of my dissertation committee: Drs. Gang Yu,
Richard Lu, and Tae-Kyung Kim. Together they have provided me with both technical and
biological insight that was crucial for the success of my projects.

I was privileged to work with so many talented scientists on several different projects
and I would like to thank all of them for sharing their knowledge and assisting me at the lab
bench. I would specially like to thank members of the Ray MacDonald, John Minna, and
Francois Guillemot Labs.

Finally, I would like to give special thanks to all the past and present members of the
Jane Johnson lab. | was blessed to be surrounded by so many gifted scientists that were
willing to pass their knowledge on to me. Without their training and helpful discussion |

would not have succeeded.

vii



TABLE OF CONTENTS

DEDICATION ..o I
ABSTRACT . \%
ACKNOWLEDGEMENT ...oooiiiiiiii s VIl
TABLE OF CONTENTS ....oiiii s Vil
PRIOR PUBLICATIONS ..ot XI
LIST OF FIGURES ... Xl
LIST OF APPENDIX ...ooiiiii XV
LIST OF ABBREVIATIONS. ... XVI
KEY WORDS ... XVII



CHAPTER ONE ... e s 1

INTRODUCGTION ..o nneennne s 1
Tissue-specific gene regulation through cis-regulatory elements..........c.cccoceviverieiienenn, 1
Sequence specific binding of transcription faCtors ..........ccccecceviiiie s 4
Class Il bHLH transcription factors bind a degenerate E-box sequence ...........c.cccueve.... 6

Tissue-specific bHLH and HD factors specify somatosensory neurons in the dorsal
] 01 L= LT (o SRR 7
Ascll and Ptfla have opposing roles in neuronal subtype specification in the dorsal
] 01 L= LT (o SRS 8
Ptfla and Ascll give rise to multiple tissue types outside the neural tube...................... 10

Ptfla specifies GABAergic neurons in multiple regions of the nervous system and is

also require for pancreas deVelOPMENT ........coovviieii e 11
Ptfla forms a trimeric complex with E-protein and Rbpj to activate transcription........ 12
Direct Transcriptional Targets of PtFla ..........ccocceeieiiieii i 13
Ascl1 has neurogenic, oncogenic and gliogenic functions in the nervous system ......... 13
Transcriptional Targets 0f ASCIL ......ovviii i 15
THESIS RATIONALE AND GOALS ... 15
CHAPTER TWO ..t e e 21

Transcription Factor Network Specifying Inhibitory versus Excitatory Neurons in the
D oT ST IS o] F= L @0 ¢ o SR 21

INTRODUCTION ..ot s 21



MATERIALS AND METHODS ... ..ot 23

RESULTS it e e st e e st e e e st e e e srb e e e s nbeeesnreeesaeeanrneeas 28
Ascll and Ptfla bind largely distinct sites within neural tube chromatin and have
distinct E-DOX SEQUENCE PreferENCES.......civieiiiie et 28
Enrichment of non-E-box transcription factor motifs within Ascll and Ptfla bound
GENOMIIC FEOIONS ....iteenteetieeteeteeteesteeste et sbeete e st e s be e beeseesbe e bees b e abeebeeseenbeebeeneesseenbesnnenreas 30
Ascll and Ptfla have opposite actions in neuronal subtype specification...................... 32

Homeodomain neuronal specification factors are direct downstream targets of Ascll and

Ascll directly regulates genes involved in multiple processes of neurogenesis ............ 38

Ptfla directly represses the glutamatergic fate and upregulates components of the

GABAERIGIC MACNINEIY ...eiiieieiie ettt st beenbesneenneas 39
Ascll and Ptfla bind active neural enhancers but are not required for their activity..... 41
DISCUSSION ...ttt sttt st be b e beese e st e b e besbesbesbeaseaneeneeneeneens 42
CHAPTER THREE ..ottt e e 62

Program specificity for Ptfla in Pancreas versus Neural Tube Development correlates

with distinct collaborating cofactors and chromatin accessibility ..........cccccoocniiienennn 62
INTRODUGCTION ..ttt e et ne e nbe e san e e nbeennneas 62
MATERIALS AND METHODS.......o it 64
RESULTS ettt ettt e b et et e e s be e e bt e e b e e e beesbeeebeeeneeene e e 73



Ptfla binds similar consensus motifs in the neural tube and pancreas ...........cccccceeene.. 75
Many genomic regions bound by Ptfla are also bound by Rbpj or Rbpjl....................... 76
Tissue-specific Ptfla binding correlates with differences in tissue-specific chromatin
ACCESSIDIIITY .. 77
The Ptfla-bound sites with flanking sequences retain tissue-specific activity............... 79
Lineage-specific factor-binding motifs co-localize with Ptfla-bound chromatin in
pancreas and NEUFAl TUDE ...........c.oiiiieee et 80
Foxa2 binds to the same genomic regions as Ptfla without forming a stable complex
LT I OSSP 82

Foxa2 and Sox1 are not sufficient in combination with Ptfla to activate tissue-specific

JENE EXPIESSION PrOGIAMS......vcveveviveeeresesesesesesesesesesesesesesesesesesesesesesesesesesesesesesesesesesesesenns 84
DISCUSSION ... e e e e s et e e e e e bt e e e e e e bre e e e s sataeeeeanreeaeeennes 85
CHAPTER FOUR ...ttt et et e e e s et e e e e et e e e e e nneeeaeeeanes 101

Genome-wide analysis of ASCL1 and NEUROD1 Targets in Small Cell Lung

(O= T o] ] 1 0] 1 o= KO TSP TP TP PP T PRPRURPPPPPPPPIR 101
INTRODUCGTION ..ottt ettt e sie e sbe e aneenee e 101
MATERIALS AND METHODS ...ttt 105
RESULTS ettt ettt b e b e e bt e s he e e be e e b b e e beesaneebeesnne s 109

ASCL1 and NEUROD1 are expressed in SCLC cell lines with different genetic and
MOIECUIAr PrOTIIES ... e e 109
ASCL1 and NEUROD1 bind distinct sites to regulate different genes in SCLC......... 111

ASCL1 and NEUROD1 bind discrete consensus motifs in SCLC........cccceeeeeeeveeeeeennn. 114



Specific transcription factor motifs co-localize with ASCL1 and NEUROD1 binding

SIEES IN SCLC .. b bbbttt 115
FOXAZ2 binds to the same DNA regions as ASCL1 in SCLC........cccoccevvvvveninneniiennn, 117
DISCUSSION ...ttt et e be e bb e e be e san e e beesnne s 119
CHAPTER FIVE ...ttt ettt e s 134
Conclusions and fUtUre dirECIONS..........ciiiiiieieee e 134
APPENDIX L.t e e rr e 140

BIDHOGIaPNY ..o e 154



PRIOR PUBLICATIONS

Meredith DM*, Borromeo MD*, Deering TG, Casey B, Savage TK, Mayer PR, Hoang C,
Tung KC, Kumar M, Shen C, Swift GH, Macdonald RJ, Johnson JE. 2013 Program
specificity for Ptfla in Pancreas versus Neural Tube Development correlates with distinct
collaborating cofactors and chromatin accessibility. Mol Cell Biol. PMCID: PMC23754747

*authors contributed equally

Chang JC, Meredith DM, Mayer PR, Borromeo MD, Lai HC, Ou YH, Johnson JE. 2013
Prdm13 mediates the balance of inhibitory and excitatory neurons in somatosensory circuits.

Dev Cell. 25:182-95. PMCID: PMC3644180

Henke RM, Meredith DM, Borromeo MD, Savage TK, Johnson JE. 2009 Ascl1 and
Neurog2 form novel complexes and regulate Delta-like3 (DII3) expression in the neural tube.

Dev. Biol. 328(2):529-40. PMCID: PMC2698949

Adkins DL, Campos P, Quach D, Borromeo M, Schallert K, Jones TA. 2006 Epidural

cortical stimulation enhances motor function after sensorimotor cortical infarcts in rats. Exp

Neurol. 200(2):356-70. PMCID: 16678818

Xiii



LIST OF FIGURES
CHAPTER ONE ...ttt et e e e e s e e e nnb e e e naeeennes 1
Figure 1.1 Direct transcriptional targets of Ptfla and ASCIL ..., 17
Figure 1.2 Transcription factor network specifying the excitatory and inhibitory neurons in
the dorsal SPINAI COM .........oiiiiiie et ae e 18

Figure 1.3 bHLH factors Ascll and Ptfla have opposite actions in neuronal subtype

specification in the developing spinal Cord 1 ..o, 19
Figure 1.4 Ptfla and Ascll function in discrete tissues outside the CNS..........c.ccccevevrrnen. 20
CHAPTER TWO .ottt ettt sb et nb e enbe e enneas 21

Figure 2.1 Global characterization of Ptfla and Ascll binding sites in the developing neural
tube reveals distinct and overlapping preferences for specific E-boxes, co-factor motifs, and
DINAING SITES ...ttt sttt b et e st e et e sbeenbeenbesbeenbeaneenreas 52
Figure 2.2 Correlation analysis of Ascl1 and Ptfla binding with gene expression and the
number of E-boxes found per Peak ..o 54
Figure 2.3 Ascll and Ptfla lineage cells isolated for RNA-Seq demonstrates their opposing
roles in neural tube SPECITICALION .......c.uiiiiiiiiie i 55
Figure 2.4 Ascll and Ptfla directly regulate the Homeodomain factors involved in neuronal
SPECITICALION ...t ettt ettt et e e b e be et e e e e s re et e e ne e neenbe e 57
Figure 2.5 Ascll directly regulates several components of the neurogenic program in the

developing SPINAL COTT .....ooiiiiiie et 59



Figure 2.6 Ptfla directly opposes Ascll target genes and activates several components of the
GABAERIGIC MACNINETY ...ttt sttt e e b e st sre e e enes 60
Figure 2.7 Ascll and Ptfla bound genomic regions overlap with known neural enhancers 61
CHAPTER THREE ...ttt et 62
Figure 3.1 Ptfla-bound sites in embryonic neural and pancreatic chromatins show distinct in
VIVO DINGING ¢ttt b bbb e et e e s e be e b e s re et e eneesneenbe e 91
Figure 3.2 Ptfla co-localizes with co-factor RbpJ or RbpJL and defines the E-box: TC-box

COMPOUNT MOTIT.....eie et ettt b et sr e e e enes 92
Figure 3.3 Chromatin accessibility is a major determinant of tissue-specific Ptfla binding 94
Figure 3.4 Tissue specificity of Ptfla-bound regions is retained in transgenic embryos.... 95
Figure 3.5 Tissue-specific motifs co-localize with Ptfla binding regions ............ccccceeeee. 97
Figure 3.6 Foxa2 co-localizes with the PTF1-L complex in pancreatic chromatin.............. 98

Figure 3.7 Foxa2 does not physically interact with Ptfla but can act synergistically to

ACTIVALE TFANSCIIPTION ...ttt bttt et e neesre et enes 99
Figure 3.8 Model for generating lineage specific Ptfla binding ...........cccooeviiiiiinienen 100
CHAPTER FOUR ..ottt sbe et nae e 101

Figure 4.1 Genetic and molecular heterogeneity in ASCL1 and NEUROD1 expressing
1S O I OO RS PRSPPI 128

Figure 4.2 Top potential direct downstream targets of ASCL1 and NEUROD1 targets in



Figure 4.3 Genome-wide characterization of ASCL1 and NEURODL1 binding sites is SCLC

reveals both unique and common E-box binding preferences, along with specific co-factor

Figure 4.4 FOXA2 and ASCL.1 bind to the same genomic regions in the SCLC genome and

potentially co-regulate oncogenes RET and BCL2 .......ccccoooveiiiiiieiic i, 133



LIST OF APPENDICES
Appendix A. Table of direct Ascll and Ptfla targets genes identified in the mouse embryonic
NEUIAL TUDE......eeei ettt b e re e be et reenbe e 140

Appendix B. Genes from Venn diagrams in figure 3F for Ascl1 and Ptfla regulated

Appendix C. Distribution of E-box motifs of the central E-box in Ptfla ChlP-seq peaks in the
developing pancreas and neural tUDE ..o 144
Appendix D. These tables provides additional information regarding the Ptf1a ChIP-Seq
regions tested as transgenes in Chapter 3

Appendix E. Tissue specificity of Ptfla-bound regions is retained in transgenic embryos 147
Appendix F. Table of expression levels of Fox and Sox family members in neural tube and
[OF2 1[0 £ O TP P PP PPPTOPPRPON 148

Appendix G. ASCL1 and NEUROD1 bind distal enhancers in SCLC and have enrichment

Cell-SPECITIC MOTLITS ...t ereas 150
Appendix H. List of Potential ASCL1 and NEURODL targets in SCLC.........cccccecvevvennnn. 151
Appendix I. Specific Fox, NF-1, and OTX2/CRX factors are expressed in SCLC ............ 152

Appendix J. Venn diagram shows the overlapping ASCL1 binding sites in embryonic neural

TUDE GNO SCLC ..ottt ettt e et et e e e e e e e e e e e e e e eeee e e s e enneeeseenennnnnnnnnns 153

XVii



Ascll
Atohl
Bcl2
bHLH
Brn2a
Chip
CNS
dl
diL?
diL®
DIl
DIl
DIx
DNA

FACS
Fox
Gbx
GABA
GAD
GFP
Gsx
HD
IP

Isl
Kirrel
Lbx1
Lhx

LIST OF ABBREVIATIONS

achaete-scute like 1

atonal homolog 1

B-cell CLL/lymphoma 2

basic helix-loop-helix
brain-specific homeobox/POU domain protein 2A
chromatin immunoprecipitation
central nervous system

dorsal interneuron

dorsal interneuron late A

dorsal interneuron late B
deltalikel

deltalike3

distal-less

deoxyribonucleic acid

embryonic day
fluorescence-activated cell sorting
forkhead box

Gastrulation brain homeobox
y-Aminobutyric acid

glutamic acid decarboxylase
green fluorescent protein

GS homeobox

homeodomain
immunoprecipitation

insulin gene enhancer protein

Kin of irregular chiasm-like protein
Ladybird homeobox 1
LIM/homeobox protein

Xviii



LIM
Lmx1b
Mashl
MRNA
Mz
NeuroD
Neurog1/2
Nphs
Olig
Pax2
PBS
PNS
POU
Prdm13
Ptfla
PTF1-J
Ret
Rbpj
SCLC
Seq
Sox
TIx
vGlut2
VZ

ZF

Lin11, Isl-1 and Mec-3

LIM homeobox transcription factor 1-beta
mammalian homolog of achaete-scute complex 1
messenger Ribo Nucleic Acid

mantle zone

neurogenic differentiation factor 1

neurogeninl/2

Nephrin

oligodendrocyte transcription factor

paired box gene

phosphate buffered saline

peripheral nervous system

Pituitary specific, Octamer, Unc transcription factor
PRDI-BF1 and R1Z homology domain containing 13l
pancreatic transcription factor 1a

trimeric complex of Ptfla, E-protein and Rbpj

ret proto-oncogene

recombining binding protein suppressor of hairless
small cell lung carcinoma

sequencing

SRY-box containing gene

T-cell leukemia homeobox protein

vesicular glutamate transporters 2

ventricular zone

zinc finger



LIST OF KEYWORDS

Keyword 1; cell fate specification

Keyword 2; neuronal specification
Keyword 3; neuronal development
Keyword 4; dorsal spinal cord development
Keyword 5; bHLH transcription factors
Keyword 6; inhibitory and excitatory neurons
Keyword 7; Pancreas Development
Keyword 8; Small Cell Lung Carcinoma
Keyword 9; Ascll

Keyword 10; Ptfla

Keyword 11; Neurodl

Keyword 12; Rbpj

Keyword 13; ChIP-Seq

Keyword 14; Rna-Seq



CHAPTER ONE

INTRODUCTION

The genomic DNA for any multicellular organism encodes the information necessary to
specify each cell-type in its body. During development, the proper differentiation of various
cell types requires the precise spatial and temporal expression of specific genes. Essential to
gene regulation are transcription factors that work together to orchestrate the events
necessary to activate or repress the correct gene programs. In the following sections I will

describe some key principles of tissue specific gene regulation.

Tissue-specific gene regulation through cis-regulatory elements

Decades of research have established that tissue-specific transcription factors regulate gene
targets by binding to short specific DNA sequences, normally located in non-coding regions
of DNA. DNA regulatory elements that contain the necessary transcription factor binding
sites, known as cis-regulatory elements or enhancers, have characteristics of being highly
conserved through evolution and are located distal (up to hundreds of Kb away) from a
gene’s transcriptional start site (TSS) (for review see Visel et al., 2009b). Moreover,
enhancers can activate transcription independent of their location, distance or orientation
with respect to the TSS of a gene (for review see Ong and Corces, 2011). Because of this
latter property, researchers for the past two decades have been able to take cis-regulatory

elements and place them into reporter constructs to determine what tissue the enhancer is
1



2
transcriptionally active in and what DNA sequences are required for activity (for review see

Farnham, 2009).

Before the recent advent of genome-wide binding assays, identifying functional cis-
regulatory regions was difficult and yielded informative, but limited results. This is due in
part to the extensive amount of time it takes researchers to find enhancer regions around a
single gene of interest. Scientists relied on testing random regions around TSS or on
bioinformatic approaches to find candidates of highly evolutionary conserved DNA regions
around a gene of interest. As a result, large kilobase (Kb) segments of DNA, classified as
candidate regions, would be tested in transcriptional reporter assays; followed by several
experiments that generated DNA deletions or mutations to the candidate regions to narrow
down the sequences required for transcriptional activity. This approach is tedious, but has
been used extensively to identify important regulatory regions. For example, Meredith and
colleagues identified several highly conserved regions of DNA that spanned 15.6 kb
upstream of the gene, Ptfla (Meredith et al., 2009, Masui et al., 2008). The entire 15.6 kb
region was sufficient to activate a lacZ reporter in the proper domains of neural tube of which
Ptfla is expressed. Ultimately, the 15.6 kb region was narrowed down to a smaller 2.3 kb
region that was still able to recapitulate Ptf1a’s expression pattern. This work demonstrated
that a non-coding region of DNA, located far away from the genes promoter is capable
driving a tissue-specific pattern in the developing nervous system. The limitation of this
approach illustrated by this example is that only one regulatory element was identified for a
single gene. Thus, finding the entire repertoire tissue-specific enhancers used to regulate this

single gene is a huge task.



The significant advancements of Chromatin Immunopreciptation (ChIP) and next-
generation sequencing over the past five years has made it possible to identify tissue-specific
enhancers more readily. Scientists are now able to biochemically purify a transcription factor
and the DNA the regions it occupies to identify where in the entire genome a transcription
factor binds. In a hallmark paper, Johnson et al. were the first to demonstrate in vivo, the
genome-wide binding for a sequence-specific factor, NRSF (Johnson et al., 2007). Following
this study, Visel and colleagues adapted the use of the technology to identify relatively small
DNA cis-regulatory elements bound by the general transcriptional activator P300, a non-
DNA binding protein. P300 is recruited by transcription factor complexes bound to
enhancers to activate transcription (for review see Visel et al., 2009b). By testing and
comparing the DNA enhancers bound specifically by P300 in the developing limb versus the
brain, Visel and colleagues demonstrated the tissue-specific activity of hundreds of DNA
elements in vivo (Visel et al., 2009a). The P300 experiments clearly demonstrated that many
non-coding DNA elements can regulate tissue-specific expression; however, the P300 and
classical approaches of finding enhancers still leaves the question of what tissue-specific

transcription factors bind to these cis-regulatory elements.

Epigenetic regulation of tissue specific gene expression

There are multiple mechanisms for tissue specific gene regulation, including the chromatin
accessibility of the cis-regulatory elements. Genomic DNA is packaged around nucleosomes
which can create a physical obstacle for transcription factors to bind DNA targets. The

process of determining what DNA elements are nucleosome free or “open chromatin” is



4
highly regulated by the cell. For several years now, it has been appreciated that the chromatin

landscape for pluripotent cells changes as it becomes more restricted to a specific cell-type
(for review see Ong and Corces, 2011); and once again, lineage-specific transcription factors
play a central role determining the accessibility (Magnani et al., 2011, Zaret and Carroll,
2011). Some lineage-specific sequence specific transcription factors have been classified as
“pioneering factors” that are capable of binding closed chromatin and interacting with protein
complexes to alter the accessibility. (Zaret and Carroll, 2011). The role of pioneering factors
was demonstrated during the process of macrophage and B-cell differentiation (Heinz et al.,
2010). The pioneering factor PU.1 was demonstrated to bind an area of closed chromatin and
shortly after, the nucleosome in that region was repositioned; thus, opening the chromatin
region for other lineage determining factors to bind. Because PU.1 and other pioneering
factors such Foxal and Foxa2 are sequence-specific DNA binding proteins (Heinz et al.,
2010, Lee et al., 2005a), their DNA binding sites should be detected at the tissue specific
enhancers they establish. Thus, as more lineage-specific enhancers or open chromatin regions
become identified in different tissues, the lineage determining factors that give rise to these

tissues could potentially be identified by their DNA binding sequence.

Sequence specific binding of transcription factors

Transcription factors are key players that interpret the information encoded in DNA to give
rise to multicellular organism. Thus, the interaction between a transcription factor and their
DNA binding site are essential for the tissue-specific regulation of gene expression. It has

long been appreciated that members of the same transcription factor family can bind similar



DNA sequences, making it unclear how a transcription factor can achieve tissue-specific
function. Large scale studies using in vitro binding assays have shown that transcription
factors of the same family do indeed bind a similar degenerate sequence, but each member of
that family may prefer a specific variation of that DNA sequence (Badis et al., 2009). Thus,
subtle differences in a DNA binding site may be important in gene regulation by recruiting a
specific member of a transcription factor family that is expressed among other members in
the same cell. To determine if small variations in DNA binding affect tissue specific
regulation, binding sites of structurally related factors need to be identified in vivo.
Examination of functional enhancers show the presence of several transcription factor
binding sites (for review see Farnham, 2009). This led to the hypothesis that open chromatin
regions harbor DNA binding sites for several prospective transcription factors, and through
the interactions with DNA and other transcription factors, stabilization of the DNA region
will occur, resulting in the recruitment of the necessary components to activate transcription
(for review see Heinz and Glass, 2012). This hypothesis could explain some tissue-specific
expression patterns, given that different cell-types express different classes of transcription
factors. Thus, a single factor expressed in multiple cell-types can regulate different genes by
interacting with different tissue specific co-factors. These transcription factor interactions are
likely to be uncovered with the identification of additional binding sites for a specific factor

in multiple tissues.



Class Il bHLH transcription factors bind a degenerate E-box sequence

The focus of this thesis is to elucidate how structurally related transcription factors with
highly similar DNA binding motifs are able to achieve specificity of binding and activation
of select target genes. While these questions are likely to apply to most tissue-specific
transcription factors, | decided examine members of the basic helix-loop-helix (bHLH)
transcription factor family. The bHLH family comprises a large group of transcriptional
regulators that function in the development of several organ systems (Massari and Murre,
2000). The bHLH family can be subdivided into seven classes based on differences in
structure, tissue expression, DNA-binding, and protein dimerization (Murre et al., 1994).
Here, we focus our on work on the Class Il bHLH factors, particularly Ascll (previously
Mashl) and Ptfla, which display a tissue-restricted expression pattern and function as
heterodimers with the more ubiquitously expressed class | bHLH factors known as E-proteins
(Fig 1.1). Ptfla and Ascll give rise to multiple tissues in the developing embryo and a
detailed description of their function is described below. Other examples of Class 1l bHLH
factors include the neural-specific factors Atohl, and Neurogeninl, and the muscle-specific
factors MyoD and myogenin.

The bHLH heterocomplex binds to a canonical DNA sequence known as the E-box
(CANNTG) (Massari and Murre, 2000). For decades, researchers have tried to understand
how bHLH factors can select and regulate their specific gene targets given that they bind the
same degenerate E-box sequence in vitro (for review see Bertrand et al., 2002). Part of the
explanation for their specific target selection could be that each bHLH binds to a more

specific E-box sequence in vivo, requires additional collaborating factors to select their



target, or chromatin accessibility regulates which E-boxes they can bind. These questions

remain largely unanswered to due to lack of direct targets of the bHLH factors in vivo.

Tissue-specific bHLH and HD factors specify somatosensory neurons in the dorsal
spinal cord

The developing neural tube is an excellent in vivo model for studying the function of
multiple tissue-specific transcription factors, such as proneural bHLH, homeodomain (HD)
and other families of factors (for review see Alaynick et al., 2011). The neural tube is a
simple structure that gives rise to different neuronal populations, and the cell fate
specification of these populations relies on combinations of transcription factors to activate
or repress specific neurogenic programs. The bHLH and HD families of transcription factors
are particularly important players in generating the correct number and sub-types of neurons
in the dorsal spinal cord (Fig 1. 1) (Gowan et al., 2001, Gross et al., 2002, Glasgow et al.,
2005, Helms et al., 2005, Wildner et al., 2006, Mizuguchi et al., 2006, Cheng et al., 2004,
Cheng et al., 2005, Muller et al., 2005). Throughout the developing nervous system, bHLH
transcription factors have a prominent role in establishing progenitor domains and
coordinating the cellular events for the transition from a progenitor cell to a differentiated
neuron (Castro et al., 2006, Gohlke et al., 2008, Bertrand et al., 2002, Nakada et al., 2004).
In the dorsal neural tube, multiple progenitor domains can be identified by the neural bHLH
factors Atohl (previously Mathl), Neurogl (previously Ngnl), Ascll (previously Mashl),
and Ptfla (Fig. 1.2) (Helms et al., 2005, Gowan et al., 2001, Glasgow et al., 2005). The

neurons that arise from these progenitor domains are defined by the stage they become
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postmitotic and the combination of HD factors they express (Fig. 1.2) (for reviews see Helms

and Johnson, 2003, Alaynick et al., 2011, Hori and Hoshino, 2012). Many of the HD factors
have been shown to be essential for continued specification of the neuronal subtypes such as
the dorsal horn glutamatergic and GABAergic neurons (Cheng et al., 2004, Cheng et al.,
2005, Pillai et al., 2007, Gross et al., 2002, Batista and Lewis, 2008, Huang et al., 2008).
Given the temporal and genetic relationship between bHLH and HD factors, HD factors are
proposed to be direct transcriptional targets of the bHLH factors in the dorsal spinal cord.
The spatial restrictions of the bHLH factors and the fact that they give rise to specific
populations, highlights that each of proneural bHLH factor has a specific function. It is
unclear how they achieve this specificity given that they all can bind the same degenerate E-
box sequence. Moreover, the bHLH factors Ascll and Ptfla are responsible for giving rise to
distinct neuronal populations, and genetic analysis shows that they have opposing functions
(described below), but these factors are co-expressed in a subset of neural progenitors in the
dorsal spinal cord (Fig 1.2). It is unknown how Ascll and Ptfla each achieve their specificity

in binding and selection of target genes, while repressing the other factors function.

Ascll and Ptfla have opposing roles in neuronal subtype specification in the dorsal
spinal cord

The focus of this thesis will be on two bHLH factors Ascll and Ptfla. As described above it
is well established that bHLH factors such as Ascll and Ptfla influence the expression of
several HD factors that mark specific neuronal populations and function in the maturation of

those neurons in the dorsal neural tube (Glasgow et al., 2005, Gowan et al., 2001, Helms et
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al., 2005, Batista and Lewis, 2008, Cheng et al., 2004, Huang et al., 2008, Pillai et al., 2007,

Cheng et al., 2005, Gross et al., 2002, Muller et al., 2002). To summarize prior studies that
revealed the genetic network regulating neuronal subtype specification in the E11.5 dorsal
neural tube, and to introduce the populations used in the current study for the genome-wide
binding and gene expression experiments, | show here the expression patterns of the bHLH
factors Ascll and Ptfla, and some of the HD factors that specify the excitatory (TIx1/3) and
inhibitory (Pax2, Lhx1/5) neurons in wild type and mutants of Ascl1 and Ptfla (Fig. 1.3).
Ascll and Ptfla are largely restricted to the ventricular zone of the dorsal neural tube
although Ascll is also present in some ventrally located cells (Fig. 1.3A, D). Their
expression is transient, seen as the lack of expression in regions lateral to the ventricular zone
where cells are postmitotic and have initiated expression of neuronal specific genes. Ascll is
in both mitotically active cells and cells that have just exited the cell cycle, whereas Ptfla co-
localizes with Ascll in a subset of the post-mitotic cells (Hori et al., 2008, Glasgow et al.,
2005). Thus, Ascll is present at an earlier stage than Ptfla in these dorsal neural tube
progenitor cells.

The opposing functions of Ascll and Ptfla in specifying neuronal subtype in the
dorsal neural tube is illustrated by the changes in HD factor expression in Ascll and Ptfla
mutant mouse embryos. The excitatory populations in the dorsal neural tube (dI3, dI5, and
dIL®), marked by the HD factors TIx1 and TIx3 (Fig. 1.3G), are dramatically reduced at
E11.5 in the Ascll null (Fig. 1.3H), whereas in the Ptf1a null they are markedly increased
(Fig. 1.31). In contrast, inhibitory populations (dI4 and d1L”*) marked by Pax2, Lhx1 and

Lhx5 (Fig. 1.3J,M), are lost in the Ptfla null (Fig. 1.3L,0). These inhibitory markers are also
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diminished in the Ascll null (Fig. 1.3K,N), a phenotype likely secondary to the dependence

of Ptfla expression on Ascll at this stage (Fig. 1.2E) (Mizuguchi et al., 2006). There are
additional complexities and feedback loops not shown here in the transcriptional network
including repressive interactions of TIx1/3 on Pax2 levels (Cheng et al., 2005), and
involvement of other transcription factors such as Prdm13 (Chang et al., 2013) (see diagram,
Fig. 1.3P). In summary, Ascll and Ptfla are at the head of a transcription factor network that
is critical in generating GABAergic and glutamatergic neuronal populations in the dorsal

spinal cord.

Ptfla and Ascll give rise to multiple tissue types outside the neural tube

One of the fundamental questions of developmental biology is how a single transcription
factor can give rise to different tissues. The challenge of answering this question is that it has
been difficult to identify the genome-wide transcriptional targets for any transcription factor.
With the advancement of ChIP and next-generation sequencing, identifying transcriptional
targets has become significantly easier. Ascll and Ptfla are examples of transcription factors
that function in multiple tissue types. A part of this thesis will focus on identifying the
transcriptional targets of these two factors in different tissues. A detailed description of their

function and the tissue types they give rise to are described below.
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Ptfla specifies GABAergic neurons in multiple regions of the nervous system and is also

require for pancreas development

Beyond the dorsal neural tube, Ptf1a can be found in specific regions of the developing
cerebellum, hindbrain, and retina. Similar to Ptf1a’s function in the dorsal neural tube, Ptfla
is required for the proper specification of the inhibitory neurons in these additional
populations. (Glasgow et al., 2005, Hoshino et al., 2005, Fujitani et al., 2006, Pascual et al.,
2007). The absence of Ptfla in the dorsal neural tube not only results in failure to specify
inhibitory neurons but also creates a significant increase in the excitatory populations. A
similar phenotype can be found in the cerebellum and retina. Specifically in retinal
development, the loss of Ptfla results in the reduction of both amacrine and horizontal
inhibitory cells, and a substantial increase in the number of supernumerary excitatory retinal
ganglion cells (Fujitani et al., 2006). In the cerebellum, the inhibitory Purkinje cells and
interneurons fail to form, and an increase in the number precursor cells with an excitatory
identity is observed (Pascual et al., 2007).

Ptfla is not only important for the developing nervous system but also for formation
and maturation of the pancreas (Fig 1.4). Loss-of-function studies have demonstrated the
necessity of Ptfla for the commitment to the pancreatic lineage from endoderm and the
specification and maintenance of the acinar pancreas (Krapp et al., 1998). In the absence of
Ptfla the pancreas fails to form, and Ptfla-lineage cells instead adopt either a duodenal or
biliary identity (Krapp et al., 1998, Masui et al., 2007, Kawaguchi et al., 2002). It is unknown
if the direct transcriptional targets of Ptfla are the same in these different tissues. If the

targets are different, how does Ptfla regulate these different genes?
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Ptfla forms a trimeric complex with E-protein and Rbpj to activate transcription
Like other class Il bHLH factors, Ptfla forms a heterodimer with E-proteins; however, it
requires a third component, Rbpj, to form a trimeric complex (PTF1) that activates
transcription of target genes (Fig. 1.1) (Beres et al., 2006, Masui et al., 2007, Hori et al.,
2008). In both the pancreas and nervous system, Rbpj is required for the proper Ptfla
function (Masui et al., 2007). For example, in the nervous system, the absence of Rbpj or the
disruption of the physical interaction between Rbpj and Ptfla results in the incorrect
specification of the GABAergic neurons (Hori et al., 2008). During acinar pancreatic
development, the PTF1 complex activates the expression of the Rbpjl, which then replaces
Rbpj in the PTF1 complex to complete acinar maturation and maintain exocrine gene
expression into adulthood (Masui et al., 2010, Masui et al., 2007). Irrespective of whether
Rbpj or Rbpjl is present in the PTF1 complex, in the small number of downstream targets
identified, the complex binds a bipartite motif containing an E-box (the bHLH consensus
site) and a TC-box (the Rbpj/Rbpjl consensus site) separated by one, two, or three helical
turns of DNA (Cockell et al., 1989, Beres et al., 2006, Masui et al., 2008, Henke et al.,
2009b, Meredith et al., 2009, Thompson et al., 2012). However, how Ptfla in the PTF1
complex regulates different target genes in developing pancreas versus the neural tube

remains unknown.
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Direct Transcriptional Targets of Ptfla

In the early stages of this thesis research, eight genes were known to be direct Ptfla targets
during development (Fig. 1.1). During neurogenesis, Ptfla directly regulates Neurog2, Ptfla,
Kirrel2 and Nphsl (Henke et al., 2009b, Nishida et al., 2010, Meredith et al., 2009). As for
the pancreas, Rbpjl, Ptfla, Pdx1, and the notch ligand DII1, are known to be PTF1 targets
during development (Masui et al., 2010, Ahnfelt-Ronne et al., 2012, Masui et al., 2007,
Masui et al., 2008). Even with this limited number Ptfla targets identified, it seemed that
Ptfla might regulate distinct genes in each tissue. However, a genome-wide approach to
identify Ptfla in these disparate tissues would clarify this issue and provide further insights

into the how this transcription factor functions in these two distinct lineages.

Ascll has neurogenic, oncogenic and gliogenic functions in the nervous system
Functional analysis of Ascll has demonstrated that Ascll is required for the generation of
specific neuronal populations throughout the central and peripheral nervous systems. Mice
deficient for Ascll have defects in the development of olfactory epithelium, telencephalon,
hindbrain, retina, spinal cord, and ganglia of the autonomic nervous system (Akagi et al.,
2004, Blaugrund et al., 1996, Casarosa et al., 1999, Cau et al., 1997, Guillemot et al., 1993,
Helms et al., 2005, Hirsch et al., 1998, Pattyn et al., 2004). Ectopic expression of Ascll in the
developing neural tube induced neuronal differentiation and increased specification of
discrete neuronal cell-type populations (d13, dI5, and dILa) (Helms et al., 2005, Mizuguchi et
al., 2006, Nakada et al., 2004). Ascl1 also has an essential role in oligodendrogenesis; mice

lacking Ascll1 have a deficiency in the differentiation of oligodendrocytes in the spinal cord,
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telencephalon, cerebellum, and olfactory bulb (Sugimori et al., 2008, Parras et al., 2007,

Grimaldi et al., 2009, Parras et al., 2004). Accumulated work over the past two decades has
identified Ascll as an important transcription factor for the differentiation and specification
of multifarious neural cells in the nervous system; however, the direct transcriptional targets
of Ascll that lead to neural cell diversity still remain largely unknown.

In addition, neuroendocrine cells located in the thyroid and lung (Fig. 1.4) are absent
in Ascll deficient mice (Borges et al., 1997, Lanigan et al., 1998). Interestingly, Ascll
expression is aberrantly up-regulated in small cell lung carcinoma (SCLC), which is thought
to originate from lung neuroendocrine cells (Park et al., 2011). In the clinic, Ascll is used as
a biomarker for SCLC and other neuroendocrine tumors. In pre-clinical models, ASCL1 is
found to be highly expressed in both human derived SCLC cell lines (Jiang et al., 2009,
Borges et al., 1997, Ball et al., 1993) and mouse models of SCLC (Meuwissen et al., 2003,
Schaffer et al., 2010). ASCL1 is necessary for tumor-initiating capacity in SCLC cell lines
(Jiang et al., 2009, Osada et al., 2005). Similar to the situation of Ptfla in the neural tube and
pancreas, it is not clear how many of Ascll transcriptional targets are the same in neural and
neuroendocrine tissues. Moreover, by comparing what genes are regulated by Ascll in
normal neural and the abnormal tissue might give insight in to mechanisms of how Ascll
identifies targets in different tissues. Most importantly, identifying the targets of Ascll in
SCLC may uncover genes required for growth and survival of the tumor, which could be

later targeted pharmacologically.
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Transcriptional Targets of Ascll

Several direct targets of Ascll have been identified in different tissues (Fig 1.1). ChIP-chip
analysis, which only searches for binding events near a gene’s transcriptional start site, for
Ascll in the developing telencephalon revealed hundreds of direct targets and together these
targets show that Ascl1 has multiple functions such as regulating genes involved in cell-cycle
exit, neuronal migration, and differentiation. Moreover, in a subset of cells found in the
telencephalon, Ascll regulates genes that promote progenitor proliferation (Castro et al.,
2011). In SCLC tumor cells, Ascll targets the cancer stem cell markers CD133 and
ALDH1A1 which are essential for tumorigenicity in some SCLC. Neither CD133 nor
ALDH1AL are targets of ASCL1 in telencephalon, highlighting the cell context dependency
of Ascll function. However, some targets do appear to be the same across different tissues, in
developing telencephalon, neural tube, and SCLC tumors, the notch ligand DII3 appears to be
a common target of Ascll (Castro et al., 2006, Castro et al., 2011, Henke et al., 2009a, Ball et
al., 1993). How much of Ascl1’s function is the same or different in each tissues type is
unknown. Thus, identification of the full repertoire of Ascll targets in each tissue type will

provide insight into how much of Ascll function is different in each cellular environment.

THESIS RATIONALE AND GOALS

For several decades, investigators have attempted to elucidate how members of transcription
factor families with highly similar DNA binding motifs are able to achieve specificity of
binding and activation of select target genes. Equally puzzling is how a factor may be utilized

in multiple organ systems or in a disease state to direct exceedingly disparate genetic
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programs. These questions largely remain unanswered due to the lack on known transcription

transcriptional targets for any given transcription factor. The work presented here focuses on
the proneural bHLH transcription factor family, particularly Ascl1 and Ptfla. In the dorsal
neural tube, these two bHLH factors are co-expressed in a subset of neural progenitors,
although they have distinct activity in neuronal specification, they function in a similar
cellular environment. Thus, Chapter 2 addresses the basic concepts in transcriptional control
of cell fate determination by probing how these related transcription factors select and
regulate gene expression in vivo in the developing mouse neural tube. Chapter 3 and 4
address the fundamental question of how a transcription factor can regulate different sets of
genes in different tissues. Specifically in Chapter 3, I identify and compare Ptfla-chromatin
interactions in the developing neural tube versus the pancreas, and in Chapter 4, | identify

Ascll target genes in the neuroendocrine lineage tissue of small cell lung carcinoma.
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Figure 1.1 Direct transcriptional targets of Ptfla and Ascll. (A-B) Class Il bHLH factors
Ptfla and Ascll form a heterodimer complex with class | E-proteins, and bind the E-box
sequence. (A) The Ptfla forms a trimeric complex with Rbpj (PTF1) to activate its genes
targets (Beres et al., 2006, Hori et al., 2008). (C-D) Direct targets of Ptfla and Ascll in
different tissues (Henke et al., 2009b, Henke et al., 20093, Jiang et al., 2009, Castro et al.,
2011, Castro et al., 2006, Masui et al., 2010, Ahnfelt-Ronne et al., 2012, Wiebe et al., 2007,

Nishida et al., 2010, Meredith et al., 2009)
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Figure 1.2 Transcription factor network specifying the excitatory and inhibitory
neurons in the dorsal spinal cord. The specification of the dorsal spinal cord neurons
directed by the bHLH and HD factors (for review see ((Hori and Hoshino, 2012)). The bHLH
transcription factors are patterned in the ventricular zone (VZ) and the Lim-HD transcription
factors label different populations of interneurons in the mantle zone (MZ). Two temporal
waves of neurogenesis occur, an early wave starting at E10 creating dI1-6 populations and
later wave starting at E11.5 that gives rise to dIL*/dIL® populations. dIL” and dIL® share
markers with dI4 and dI5, respectively. The dl4/dILA neurons will further develop to
inhibitory GABAergic neurons (blue), and the dI1-3 and dI5/dILB will become excitatory

glutamatergic neurons (red).
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Figure 1.3 bHLH factors Ascll
and Ptfla have opposite
actions in neuronal subtype
specification in the developing
spinal cord. (A-O)
Immunofluorescence for Ascll,
Ptfla, TIx1/3, Pax2, and Lhx1/5
on cross sections of mouse E11.5
neural tube from wild type and
Ascll or Ptfla null embryos
(Kawaguchi et al., 2002,
Guillemot et al., 1993). Dashed
brackets indicate the dorsal
neural tube where Ascll and
Ptfla are expressed and
phenotypes are detected in the
mutants. Red indicates the
transcription factor is a marker
of excitatory neurons, and blue
indicates those marking
inhibitory neurons or their
precursors. Blue asterisk in (O)
indicates a Ptfla-independent
Lhx1/5+ population (dI2) that is
unaffected in the Ptfla null. (P)
A diagram summarizing the
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network involved in generating
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cord. Data generated by Joshua
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Figure 1.4.Ptfla and Ascll function in discrete tissues outside the CNS. Schematic
diagram shows where Ptfla and Ascll are found during the formation of the pancreas and
lung. Ptfla is critical for determining the pancreatic lineage, and the specification and
maturation of the Acinar cells (for review see MacDonald et al., 2010). Ascl1 is required for
the formation of pulmonary neuroendocrine cells and survival and proliferation of SCLC (for
review see Rock and Hogan, 2011). Note, the cells that expressed Ptfla (Red) or Ascll
(Blue) are marked.
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CHAPTER TWO

Transcription Factor Network Specifying Inhibitory versus
Excitatory Neurons in the Dorsal Spinal Cord

The work presented in this chapter was performed in collaboration with David M. Meredith,
Joshua C. Chang, and Kuang C. Tung of the Jane Johnson lab, Axel Visel of the Len

Pennacchio Lab and Diogo S. Castro of the Francois Guillemot lab.

INTRODUCTION

The neurons within the dorsal spinal cord provide the initial integration for somatosensory
information originating in the periphery. These neurons relay the sensory information to local
spinal cord neurons and higher brain centers to modulate and coordinate the appropriate
physiological response to environmental stimuli (for reviews see Ross, 2011, Liu and Ma,
2011). The proper processing of somatosensory information requires the correct balance of
excitatory and inhibitory neurons within the dorsal spinal cord; disruption of this balance
may cause neurological disorders such as hyperalgesia and allodynia (for reviews see
Tavares and Lima, 2007, Fitzgerald, 2005). Revealing the genetic programs that give rise to

these different classes of neurons will provide insight into these disorders as well as address
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fundamental concepts in transcriptional control of cell fate determination particularly in

neuronal subtype specification.

The neural basic helix-loop-helix transcription factors, Ascll and Ptfla, are essential
for generating the correct number and sub-type of neurons in multiple regions of the nervous
system. In the dorsal neural tube, Ptfla and Ascll are co-expressed in a subset of neural
progenitors, thus, although they have distinct activity in neuronal specification, they function
in a similar cellular environment. In this chapter, | address basic concepts in transcriptional
control of cell fate determination by investigating how two bHLH transcription factors select
and regulate gene expression in vivo.

Over a decade of research has gone into exploring Ascl1 and Ptf1a’s function in
neural development; however, only few direct targets of Ptfla and Ascll have been identified
in the developing spinal cord. Therefore, my goal was to identify the direct downstream
targets of Ptfla and Ascll that are involved in specifying inhibitory and excitatory neurons in
the dorsal spinal cord. In Chapter 1, I highlighted the point that the HD factors are genetically
downstream of the bHLH factors, thus | hypothesized that they are direct transcriptional
targets of Ascll and Ptfla in the dorsal spinal cord. In the following sections, | provide
evidence supporting this hypothesis as well as identify a cohort of genes directly regulated by
Ascll and Ptfla that allow these factors to direct neuronal differentiation and neuronal
subtype specification.

Genes directly regulated by Ascll and Ptfla were identified by performing ChIP-Seq

and RNA-Seq experiments using mouse neural tube tissue. Ascll1 activates a glutamatergic
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specification and maturation program by directly regulating genes encoding multiple HD

factors including Tlx1, TIx3, Lmx1b, Gsx2, Isl1 and Pou4fl (Brn3a). In contrast, Ptfla
directly activates GABAergic specification and maturation programs that include the genes
for HD factors such as Lhx1, Lhx5, Gbx1, Gbx2, and Pax2. Hundreds of additional targets for
Ascll consistent with its essential role in regulating several aspects of neurogenesis, while
targets for Ptfla illustrates its role in specifically regulating genes encoding components of
GABA biosynthesis, GABA and glycine transport pathways, and genes involved in
inhibitory synaptic function and formation. These distinct targets for Ascl1 and Ptfla reflect
differences in the timing of their function with Ascl1 being expressed earlier during
neurogenesis than Ptfla. The specificity of Ascll and Ptfla function results, at least in part,
through differences in E-box sequence preferences and co-factors. Notably, Ptfla
antagonizes Ascll in neuronal subtype specification through direct and indirect repression of

several Ascll-activated targets.

MATERIALS AND METHODS

Mouse Strains

Ptf1a“" (p48°™), where the Ptfla coding region is replaced by that coding for Cre
recombinase was used as the Ptfla null (Kawaguchi et al., 2002). 12.4Ptfla::mCherry
transgenic mice, where a 12.4 kb regulatory sequence from 3’ of the Ptfla gene drives
expression of mCherry (Meredith et al., 2009), were used for fluorescence activated cell
sorting (FACS) of Ptfla lineage cells from E11.5 wild-type or Ptfla null neural tubes.

Ascl18FP (Ascl1™Reed/3) where the Ascll coding region is replaced by that coding for GFP
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(Leung et al., 2007) was used for (FACS) of Ascll lineage cells from E11.5 control or Ascll

null (Guillemot et al., 1993) neural tubes. PCR genotyping was performed as previously
described (Meredith et al., 2009, Glasgow et al., 2005, Kim et al., 2007). All procedures on
animals follow NIH Guidelines and were approved by the UT Southwestern Institutional

Animal Care and Use Committee.

Chromatin Immunoprecipitation (ChlP) and Sequencing Library Preparation

Detailed descriptions of Ptfla, Rbpj (Meredith et al., 2013), and Ascl1(Castro et al., 2011)
E12.5 NT ChIP protocols have previously been published. Descriptions of the sequencing
library preparations for Ptfla, Rbpj and control samples have also been previously published
(Meredith et al., 2013); in short, Ascl1, Ptf1a and Rbpj with respective control libraries were
made according to Illumina’s ChiP-seq DNA sample prep protocol. Single-end Sequencing
runs were performed on an Illumina GAlIx Sequencer for Ptfla and Rbpj, and an Illumina

GA Sequencer for Ascll.

ChlIP-Seq Samples, Peak Calling, Intersections, and Quantification

All ChIP-seq samples are from the E12.5 neural tube. Ptfla and Rbpj ChlIP-seq samples are
currently available on the GEO database. For the Ptfla ChIP-Seq sample (GSM1150324), we
used the telencephalon Ptfla ChIP-Seq sample (obtaining) as the control since the
telencephalon is a neural tissue of similar developmental stage that does not express Ptfla,
thus controlling for non-specific binding of the antibody (Glasgow et al., 2005). Both Rbpj

(GSM1150327) and Ascll (obtaining) ChlP-Seq samples were compared to the E12.5 neural
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tube input (GSM1150340 and (obtaining), respectively). For Ascll and its control, sequence

reads were obtained on multiple lanes and combined prior to alignment.

Sequence reads for each sample were mapped to the mm9 assembly of the mouse
genome with Bowtie (Trapnell et al., 2009). Duplicate reads were removed, and the
remaining unique reads were normalized to 10 million reads. Peak calling was performed by
HOMER (Heinz et al., 2010) using an FDR cutoff of 0.001. We used an additional cutoff of a
cumulative Poisson p-value of <0.0001 and required a 4-fold enrichment of normalized
sequenced reads in the treatment sample over the control/input sample. We defined a
common binding site between two samples when the peak summits of each sample were

found within 150bp of each other.

Quantification the ChlP-Seq samples were performed by HOMER (annotatePeaks.pl
—size 5000 —hist 10 -ghist) (Heinz et al., 2010). Normalized sequence reads around each peak
were counted in 10bp bins, and the results were then loaded into Matlab® to generate the
heatmap. Using the normalized data, the histogram plot was generated by first calculating the
Ascll ChIP-Seq fragment size, and then extending the sequence reads to that estimated size
(ChIP-Fragment Coverage). The fragments were then tabulated in 10bp windows around the
peaks and normalized to the number peaks used in each group (i.e. Ptfla peaks subdivided by

E-box type).

MRNA Isolation and Sequencing Library Preparation

Cre/+

Individual mouse neural tubes from the 12.4kbPtfla::mCherry;Ptfla~""",

12.4kbPtfla::mCherry;Ptf1a“"“" Ascl1®7*, or Ascl1®7™" lines were dissected into
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DMEM/F12 on ice and dissociated in 0.25% trypsin for 15 minutes at 37°C. Trypsin activity

was quenched with 2% fetal bovine serum, and GFP/mCherry positive cells were purified
from the resulting single cell suspension by fluorescence activated cell sorting. Cells from the
same genotype were pooled (~1 million) and total RNA from the sorted cells were extracted
and purified with Zymo’s Mini RNA lIsolation Kit. 1jug of total RNA was used for mMRNA
(polyA) isolation and sequencing library preparation using lllumina’s mRNA-Seq kit. Two
independent libraries were made for each genotype (except for

12.4kbPtfla::mCherry;Ptf1a™™).

RNA-Seq Read Alignment, Expression Level Estimation and Significance

Sequence reads were aligned to the mm9 build of the mouse genome using TopHat v2.0.9
(Trapnell et al., 2009). All Default settings were used with the following exceptions: -G
option (instructs TopHat to initially map reads onto a supplied reference transcriptome) and -
-no-novel-juncs to ignore putative splice junctions occurring outside of known genes in the
reference. If the sequence reads were 36bp long, then —segment-length 18 was used. If a
biological replicate was available, then it was specified and used to build an expression level
model determined by the FPKM method of Cuffdiff v2.1.1 (Trapnell et al., 2010, Trapnell et
al., 2013). The options used were multiple read correction (-u) to better distribute reads
mapping to multiple genomic locations and the bias correction (-b), to correct any sequence-
specific bias introduced during the library preparation option. All other settings were left at

default values. A gene was considered to be expressed if it had FPKM greater than 1. For a
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gene to be called as differentially expressed, it required a g-value<0.05. Scatter plots and

expression bar plots were created by cummerbund (Trapnell et al., 2012).

GO Classification and ChlP-Seq Peak Gene Annotation

Distance to gene and gene annotations for ChlP-Seq peaks were obtained using GREAT
v1.82 (McLean et al., 2010). GREAT assigns a gene to a binding region if the region falls
within 5 kb 5” or 1 kb 3’ of the transcription start site (basal region) with a maximum
extension of 1,000 kb in either direction. If the binding region falls within the basal region of
multiple genes, then more than one assignment is made. All parameters were left at their
default settings. Gene names obtained from Great were then converted to Refseq names for
any downstream analysis. The software Webgestalt (Wang et al., 2013) was used for Gene

Ontology and KEGG pathway analysis. All settings were left at their default settings.

Motif Discovery and Density Plots

For motif discovery, all tests were conducted with the HOMER package v4.2 using the
following settings: -size 150 —S 10 —bits.(Heinz et al., 2010). We limited our motif analysis
by only using 150bp DNA region around each peak summit. For statistical analysis, random
background sequences with similar GC content to the test sample was generated for
comparison, except for when we searched for Ascll or Ptfla specific motifs. To find the
factor specific motifs, either all of the Ascl1 or Ptfla peaks were used as the treatment, while

the peak regions not being tested were specified as the background.
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The E-box and Rbpj motif density plots were generated in HOMER (annotatePeaks.pl —size

1000 —hist 10). The program identified all sequences that matched to the Rbpj (Ptfla
specific) or primary E-box HOMER generated motif matrices within 1 kb of the surrounding

peak regions. Density plots were then generated by Matlab®.

RESULTS

Ascll and Ptfla bind largely distinct sites within neural tube chromatin and have
distinct E-box sequence preferences

In order to uncover mechanisms by which two neural class 1l bHLH factors regulate different
sets of gene programs that give rise to distinct subtypes of neurons in dorsal neural tube, |
compared and contrasted the genome-wide binding sites of Ascll and Ptfla by ChlIP-Seq in
E12.5 mouse neural tubes. ChlP-Seq data sets for Ascl1 and Ptfla have been recently
published (Meredith et al., 2013, Sun et al., 2013) but were re-evaluated here and compared
using the peak calling software Homer (Heinz et al., 2010). Using the parameters of an FDR
cutoff of 0.001, a 4-fold enrichment of sequence tags in the target experiment over control,
and a cumulative Poisson p-value threshold of 0.0001, Ascl1 was found to bind 4,082 sites,
and Ptfla was found at 7,749 sites, with 1,588 of those sites bound by both factors (Fig.
2.1A). Heat maps of the sequence reads +/- 2.5 kb of the Ascl1 and Ptfla binding site
summits, show the binding profiles of the two factors (Fig. 2.1A). The stringent criteria for
peak calling discards many low affinity Ptfla and Ascll binding events, and visual inspection
of the heat maps (Fig. 2.1A) suggests that the 1,588 overlapping sites may be an under

estimate. The location of the Ascl1 and Ptfla bound sites with respect to gene transcriptional



29
starts sites (McLean et al., 2010) shows that Ascll and Ptfla preferentially bind distal DNA

elements (>5 to 500kb) rather than proximal promoters although they can be found at
proximal promoters as well (Fig. 2.1B). Genes with Ascl1 or Ptfla bound sites within 5 kb of
their transcription start sites, and those with multiple Ascl1 or Ptfla sites were expressed at
higher mean levels (p-values < 0.05), although the difference in levels is not dramatic (Fig.

2.2A-B).

De novo motif analysis (Heinz et al., 2010) of the Ascl1 and Ptfla called peaks
returned the canonical E-box (CANNTG) (Fig. 2.1C), the known class Il bHLH consensus
binding site (Murre et al., 1989). | found that 99% of Ascll1 and 89% of Ptfla bound sites
contained a generic CANNTG E-box within 75 bp of the peak center (data not shown). The
specific primary E-box motifs identified in the analysis are in agreement with previous
findings (Meredith et al., 2013, Sun et al., 2013), and show that while the CAGCTG E-box is
enriched in both Ascl1 and Ptfla bound sites, Ptfla peaks are also enriched with the
CATCTG/CAGATG E-box (Fig. 2.1C). The primary motif sequences of Ascll and Ptfla are
commonly found near the peak centers (Fig. 2.1C). Because on average there are two or more
E-boxes found in each Ascll and Ptfla ChIP-Seq peak (Fig. 2.2C), | counted the type of E-
box closest to the peak summit (Fig. 2.1D). This analysis confirms that the GC core is the
most common E-box found near center of the peaks, while Ptfla sites also show enrichment
for the TC/GA core E-box. An example of a Ptfla bound site that is not shared with Ascll
can be seen within the inhibitory neuronal specification gene, Pax2 (Fig. 2.1E). The DNA
sequences under the summit of the Ptfla peak within Pax2 shows a sequence highly

conserved between vertebrates that contains a TC/GA core E-box and no GC core E-box.
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Moreover, | divided the Ptfla peaks into 3 categories (peaks with TC/GA only, GC only, or

both E-boxes), based on the E-box found within 75 bp of the Ptfla peak centers, and
determined the average Ascll ChIP-Seq coverage at these peaks. Since the TC/GA E-box is
specific to Ptfla binding, | predicted the average coverage of Ascll to be low at those peaks.
Indeed, the average Ascll read occurrences is lowest at Ptfla peaks that contain only a
TC/GA core E-box compared to Ptfla peaks that have a GC core E-box (Fig. 2.1F). A total
of 1,332 Ptfla peaks were classified as peaks with a TC/GA E-box only; and among those
sites, only 145 overlap with Ascl1 peaks. These results suggest that in vivo Ptfla can bind
DNA with GC or TC/GA E-boxes; however, Ascll preferentially binds to regions with the
GC E-box. From these data it cannot be determined if Ascl1 and Ptfla bind these common E-
boxes at the same time, or even in the same cells, or if they compete for occupancy at these

sites.

Enrichment of non-E-box transcription factor motifs within Ascll and Ptfla bound
genomic regions

The specific E-box sequence may influence binding site selection or affinity of binding, but
co-operation from additional transcription factors may also modulate Ascll and/or Ptfla
binding. Therefore, | searched for additional sequence motifs that might be enriched within
the regions bound by both Ptfla and Ascll (Fig. 2.1G), and for motifs enriched in those
peaks specific to Ascll or Ptfla (Fig. 2.1H). | found that sites shared by Ptfla and Ascll are
enriched with the GC E-box, Sox, Homeodomain, Rfx and Pou motifs (Fig. 2.1G). In fact,
regardless of how the data are binned, shared sites, Ascll1 only, or Ptfla only sites, are all

enriched with Sox, Homeodomain, Rfx and Pou motifs (data not shown). Moreover, it is
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known that Ptfla is a component of a trimeric complex that includes Rbpj in addition to the

heterodimeric E-protein partner, and this complex is required for Ptfla function (Beres et al.,
2006, Hori et al., 2008, Masui et al., 2008). With over 1,500 sites shared by Ptfla and Ascl1,
| anticipated an enrichment of the Rbpj binding site. Indeed, embedded within the Rfx motif
is the canonical Rbpj binding site known as the TC-box (Fig. 2.1G, underline, YTYYC

sequence). Thus, the Rfx motifs could be bound by Rfx factors or Rbpj, or both.

In order to find motifs enriched specifically in the Ptfla bound sites, de novo motif
analysis using all of the Ptfla peaks was performed, but Ascl1 bound sites were used as the
background sequences instead of using randomly generated sequences; this approach masks
out common motifs and identifies motifs specifically found with Ptfla. This strategy again
revealed the TC/GA core E-box is more specific to Ptfla sites than to Ascll sites. In addition,
one other motif enriched within the Ptf1a bound sites was found, the Rbpj motif (Fig. 2.1H).
This motif contains a stronger consensus sequence for the Rbpj binding site than that found
within peaks in common between Ascll and Ptfla (Fig. 2.1G), and it is no longer embedded
inside the Rfx motif (Fig. 2.1H). If the Rbpj motif is specific to Ptfla binding sites, there
should not be enrichment of the Rbpj motif in the vicinity of Ascll only sites. Indeed, the
frequency of the Rbpj motif can be found highest near the center of Ptfla bound sites (Ptfla
only and shared), while Ascll only sites display a low frequency of the motif (Fig. 2.1J).
ChlIP-Seq studies have shown that Rbpj binding sites overlap with Ptfla in neural tube and
that the binding sites of these two factors can be found with a fixed DNA spacing of 1, 2, or 3
DNA helical turns (detailed description in Chapter 2 (Meredith et al., 2013)). In the

reciprocal de novo motif analysis of the Rbpj binding sites from Rbpj ChIP-Seq analysis of
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E12.5 neural tube (Meredith et al., 2013), the Rbpj motif is enriched along with an E-box that

is similar to the Ptfla primary motif (Fig. 2.11). This is consistent with a role for Rbpj in

influencing the selection of Ptfla binding.

I also searched for Ascll specific co-factors using all the Ascl1 peaks found in the
neural tube and using Ptfla sites as the background sequence. Unexpectedly, no other
transcription factor motifs were found enriched beyond the preferential binding of Ascll to
the GC core E-box (Fig. 1H). This suggests that Ascl1 specific co-factor binding sites, if
present, occur at a low frequency and are not detected by our genome-wide approach or that
the co-factor shares a redundant motif with Ptfla sites. For both Ptfla and Ascl1, no
significant occurrence of a fixed DNA spacing for any of the common motifs with the E-box
was detected (data not shown). It was previously shown that Ascl1 binds DNA regions with
single base pair spacing between an E-box and a Pou motif (Castro et al., 2006). | also find
Ascll binding at these regions such as the proximal promoters of DII1 and DII3; however,
because the Pou domain occurs frequently within Ascll peaks and at a random distribution
around the E-box, I could not detect a significant enrichment of the single base pair spacing

using the de novo motif analysis (data not shown).

Ascll and Ptfla have opposite actions in neuronal subtype specification

In order to identify the transcriptomes downstream of Ascll and Ptfla, | took advantage of
engineered mouse strains that mark Ascll and Ptfla lineage cells with fluorescent proteins
and crossed these strains with null mutants for these genes. Fluorescence-activated cell

sorting (FACS) from E11.5 neural tubes was used to isolate cells for RNA-Seq. For the
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Ascl1-lineage cells | used FACS isolated cells from Ascl1®™* knockin embryos (Leung et

al., 2007) compared to Ascl1®™!

embryos that completely lack Ascll protein. Because the
GFP in the locus is more stable than Ascl1, Ascl1-expressing progenitor cells and their
immediate progeny were isolated in this paradigm (Fig. 2.3A). For the Ptfla-lineage cells, we
isolated cells by FACS from mCherry expressing transgenic embryos where the mCherry is
driven by a 12.4 kb genomic region normally 3’ of the Ptfla coding region that directs
expression to the dorsal neural tube overlapping but not restricted to Ptfla-expressing
progenitors (Fig. 2.3B) (Meredith et al., 2009). The 12.4kbPtfla::mCherry line was crossed
to the Ptf1a“"™ knockin mouse (Kawaguchi et al., 2002), allowing us to isolate mCherry
positive cells from Ptfla heterozygous (Ptfla-/+) and Ptfla mutant neural tubes (Ptfla-/-).
From these isolated cell populations RNA was purified and mRNA-Seq performed.
Alignment of sequenced reads to the genome show that the mutant samples lack signal over

the part of the Ascll or Ptfla coding regions that were deleted in the respective mutants (Fig.

2.3C-D, see brackets), confirming the identity and purity of the samples sequenced.

Analysis of the RNA-Seq data from the Ascl1 heterozygotes compared to the Ascll
mutants, identify 1,173 genes with a significant difference in gene expression (g-Value<0.05)
(449 Ascll-activated; higher in heterozygotes versus the nulls) (724 Ascl1-repressed; lower
in the heterozygotes versus the nulls) (Fig. 2.3E, red dots top panel). There were fewer genes
that had altered expression in the Ptfla heterozygous cells compared to the Ptfla null cells
with 361 genes showing a significant change in expression (132 Ptfla-activated; higher in the
heterozygotes versus the nulls) (229 Ptfla-repressed; lower in the heterozygotes versus the

nulls) (Fig. 2.3E, red dots lower panel). As expected (described in Chapter 1), the HD
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transcription factors Tlx1, TIx3 (Fig. 2.3E, top panel), and Lmx1b—which mark the

excitatory neurons in the dorsal spinal cord—require Ascll for expression since there is a
significant decrease in their expression in the Ascl1 mutant versus Ascll heterozygous
populations (4.9, 6.6, and 9.7 fold change, respectively) (Fig. 2.3E, 2.4B). Conversely, TIx1,
TIx3 (Fig. 2.3E, bottom panel), and Lmx1b expression significantly increase in the absence
of Ptfla (56.2, 24.7, and 33.3 fold change, respectively) (Fig. 2.3E, 2.4B). Among the genes
that require Ptfla for expression are those encoding the inhibitory neuronal markers Pax2,
Lhx1 and Lhx5 (145.1, 69.6, and 48.1 fold change, respectively) (Fig. 2E, 2.4B). These
inhibitory neuronal markers also require Ascll as seen in the more subtle decrease in Pax2,
Lhx1 and Lhx5 expression in Ascll mutants (1.73, 1.49, and 1.63 fold change, respectively)
(Fig. 2E, 2.4B). The mRNA-Seq analysis is consistent with the known expression profile of
these HD factors in the Ascll and Ptfla wild-type and mutant tissue as discussed Chapter one

(Fig. 1.2A-0).

In order to gain insight into the gene network interactions dependent on Ascl1 and
Ptfla, the genes that displayed significant change in expression in each lineage in the mutants
versus controls were intersected (Fig. 2.3F). The majority of genes that change when Ascll
or Ptfla are mutated are non-overlapping, suggesting distinct functions for these bHLH
transcription factors in the neural tube. However, there is a subset of the Ptfla-activated
genes that are also activated by Ascll (32 genes, App. A), and this subset includes the HD
factors that specify the GABAergic lineage Pax2 and Lhx1/5 (Figs 1.2J-O). Thus, Ptfla and
Ascl1 activated genes distinctly define di4/dIL* Inhibitory neurons (App. A). Among these

genes are those encoding other classes of proteins such as cell adhesion molecules Kirrel2
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and Nphs1. Co-regulation by Ptfla and Ascl1 of a set of genes expressed in d14/dIL" neurons

may reflect the dependence of some Ptfla expression on Ascll.

More strikingly, 63 of the Ptfla-repressed genes are activated by Ascll (Fig. 2.3F,
App. A). This group of genes specifically marks the d13/5, dIL® neurons, and includes the
HD factors TlIx1/3 (Figs 1.2G-I and 2.3B). This group also contains genes that code for
factors such as CbInl and CblIn2 that are involved in forming connections that promote
synapse formation in glutamatergic neurons (lto-Ishida et al., 2012). In the dorsal horn of the
spinal cord, CbIn1/2 expression is restricted to the excitatory neurons (Cagle and Honig,
2013). Thus, the genes activated by Ascll but repressed by Ptfla define a subset of excitatory
neurons in the dorsal spinal cord and is consistent with the opposing phenotypes of Ptfla and
Ascl1 mutants in specifying dorsal interneurons in the first wave of neurogenesis (Helms et

al., 2005, Glasgow et al., 2005).

Homeodomain neuronal specification factors are direct downstream targets of Ascll
and Ptfla

Identifying direct downstream targets of bHLH factors has been a challenge in the past due to
the lack of specificity of the binding consensus for bHLH factors (i. e. the E-box CANNTG)
and the technology to map bound DNA regions at distal enhancers. ChlP-Seq overcomes
these challenges and allowed us to identify potential direct downstream targets of Ascl1 and
Ptfla, particularly those that influence neuronal sub-type specification. | define direct
downstream targets here as genes that 1) show a significant change of expression between

controls and mutants, and 2) have an Ascll or Ptfla binding site within the gene’s regulatory
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region as identified by the GREAT algorithm (McLean et al., 2010). In GREAT, every gene

is assigned a regulatory domain and if the transcription factor bound region falls within the
regulatory region of multiple genes, then more than one gene assignment is made. As
mentioned earlier, Ascll and Ptfla bind regions distal to the TSS, thus binding often occurs
in the extended regulatory regions. By intersecting the genes called in the ChIP-Seq data with
those genes shown in the RNA-Seq data to require Ascll or Ptfla for normal levels of
expression, genes most likely to be direct downstream targets of these bHLH factors were
identified. Using this strategy, | identified 449 putative targets regulated directly by Ascll.
Of these, 224 are activated and 225 are repressed by Ascll. In contrast, 207 putative targets
of Ptfla were identified. Of these, 101 are activated and 106 are repressed by Ptfla (Fig.

2.4A, App. B).

A major function of Ascll and Ptfla is in specification of neuronal sub-type as seen
in the dramatic changes in expression of HD factors in gain- and loss-of-function
experiments (Fig. 1.2) (Glasgow et al., 2005, Nakada et al., 2004, Chang et al., 2013). |
looked specifically for HD factor genes as direct targets of the bHLH factors. | found Ptfla
directly regulates known specification genes for inhibitory neurons such as Pax2 and Lhx1,
and Ascl1 directly regulates known specification genes for excitatory neurons such as TIx3
(Fig. 2.4B-D). Genomic regions containing the Ptfla sites near Lhx1 and Pax2, and the Ascll
binding site near TIx3 (Fig. 2.4C,D, beige highlighted peaks) are reported to drive reporter
activity in the dorsal neural tube at E12.5 (Chang et al., 2013, Meredith et al., 2013). In
addition to Pax2 and Lhx1, genes encoding other HD factors involved in development of the

dorsal horn spinal cord GABAergic neurons, such as Pax8, Lhx5, Gbx1, and Gbx2 (Pillai et
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al., 2007, Luu et al., 2011, John et al., 2005) are also direct targets of Ptfla (Fig. 2.4C). As

was seen with Pax2, these genes also require Ascll to reach normal levels of expression (Fig.
2.4B). However, in most cases this is likely indirect through Ascll regulation of Ptfla (Fig.
1.2D, E) since Ascll is not found bound near these genes. The exception is Lhx1 and Gbxl1,
both genes have an Ascll binding site (overlaps with the Ptfla sites) (Fig. 2.4C) and their
expression significantly decreases in the Ascll1 null (Fig. 2.4B). Ptfla binds at two sites near
Lhx1. The site not co-bound by Ascll is sufficient to drive dorsal neural tube restricted

expression in transgenic mice (Fig. 2.4C, beige highlighted peak) (Meredith et al., 2013).

In contrast to the HD factor genes regulated by Ptfla for specification of the
GABAergic neurons, direct targets of Ascll comprise a different set of HD factor genes
known to contribute to the proper development of dorsal horn spinal cord glutamatergic
neurons. These include TIx3, TIx1, Lmx1b, Isl1, Gsx2, and Pou4fl (Brn2a) (Fig. 2.4D) (Ding
et al., 2004, Mizuguchi et al., 2006, Avraham et al., 2010, Zou et al., 2012). Genes encoding
the dorsal neural tube HD factors Pou3fl (Oct6) and Uncx are also targets of Ascll (Saito et
al., 1996, Gray et al., 2004), but their function in glutamatergic neurons in the dorsal horn has
not been examined. It is striking that the HD factor genes activated by Ascll are repressed by
Ptfla (Fig. 2.4B). The repression by Ptfla likely involves both direct and indirect
mechanisms because there is no binding of Ptfla near genes such as TIx1, Pou4fl, and Gsx2;
but genes such as TIx3, Isl1, Uncx and Pou3fl have Ptfla bound sites independent of those
bound by Ascl1. Only Lmx1b has an overlapping Ptfla and Ascll site, but it also has
independent Ascl1 and Ptfla sites. Thus, no single model explains the mechanism of Ptfla

repression of this set of genes.
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In summary, | demonstrate a direct transcriptional regulatory relationship between the

bHLH factors and genes coding for HD factors involved in neuronal subtypes specification in
the dorsal spinal cord. Ptfla directly activates six HD factor genes that function in the
GABAergic neuronal lineages (Fig. 2.4C), while Ascll directly activates eight HD factor
genes that function in the glutamatergic neuronal lineages (Fig. 2.4D). This places the bHLH
factors at the head of a transcription factor network controlling the generation of these major

classes of neurons in the dorsal spinal cord.

Ascll directly regulates genes involved in multiple processes of neurogenesis

Like other proneural bHLH factors, Ascll coordinates the transition from a neural progenitor
cell to a differentiated neuron, and this is reflected in the Gene Ontology analysis of Ascll
targets (Wang et al., 2013) (Fig. 2.5A). This cellular transition requires several biological
processes to occur within a short window of time, such as cell-cycle exit, cellular migration,
and cell-type specific gene expression. Therefore, | anticipated Ascll neural tube targets to
be involved in several biological processes, similar to known functions of Ascll in the
developing telencephalon (Castro et al., 2011, Castro et al., 2006). Indeed, Ascll directly
regulates differentiation and specification not only through the HD factors, but though a
larger complement of transcription factors (31 out 224 activated target genes are classified as
encoding proteins with transcription factor activity; Fig. 2.5C). Ascl1 also targets
components of the Notch signaling pathway, such as DII1, DII3, Mfng, Numbl, and Hes5.
Additional aspects of neurogenesis regulated by Ascll include genes involved in neuronal

projections and axon guidance, such as Nfasc, Epha2, Ephb3, Sema7a, Sema6b, Dcc, PIxna2,
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Pak3, Rgs3, and Slit. Moreover, Ascll1 regulates several genes found in synaptic terminals

that regulate neurotransmitter release, such as Snap25 and Syt6. Notably, Ascl1 does not
directly regulate genes involved in generating or transporting the neurotransmitter glutamate,
and unlike the reported function for Ascll in the developing telencephalon (Castro et al.,
2011), Ascll in the caudal neural tube does not activate many genes associated with

proliferation.

Not only do genes need to be activated for cellular differentiation, but certain genes
also need to be shut down. Indeed, our data suggest that Ascl1 also promotes differentiation
by repressing s neural stem maintenance genes Sox2 and Pax3 (Pevny and Nicolis, 2010,
Nakazaki et al., 2008). Ascll also represses expression of several genes involved in cell
differentiation, many of which are not involved specifically in neuronal differentiation.
Genes repressed by Ascll that have known neuronal function are involved in early dorsal-
ventral pattering of the spinal cord, such as the Wnt signaling components, notably Wnt1
(Augustine et al., 1995, Lee and Jessell, 1999), and sonic hedgehog components such as Gli3

(Persson et al., 2002).

Ptfla directly represses the glutamatergic fate and upregulates components of the
GABAergic machinery

Similar to Ascll, Ptfla turns on a cascade of transcription factors that function in neuronal
differentiation and specification (Fig. 2.6A, E). Approximately a quarter (24 out 101) of
Ptfla activated targets have transcriptional activity. In contrast to Ascll, Ptfla directly

activates neural genes that are specific to the GABAergic program, including genes encoding
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the transcription factors Prdm13, Lhx1, Lhx5, and Pax2, which are important for maturation

of these neurons (Pillai et al., 2007, Chang et al., 2013). Nine of the target genes encode
synaptic proteins such as Sv2c (Fig. 2.6E), Sez6, and Igsec3, which have all been shown to
localize specifically at inhibitory synapses (Gronborg et al., 2010, Gunnersen et al., 2009,
Fukaya et al., 2011). In addition, Ptfla activates genes involved in GABA biosynthesis and
transport pathways, such as Gadl (Gad67), Abat (GABA transaminase), Slc32al (Viaat), and
Slc6ab (Glyt2) (Fig. 2.6D-F). Genes encoding both Slc32al and Slc6a5 transporters have
Ptfla sites nearby with no Ascll sites present (Fig. 2.6C-E), highlighting Ptfla’s unique role

in regulating genes specific to inhibitory neurons.

Whether the other Ptfla regulated genes are also involved in GABAergic neuronal
development is less clear. Several of these genes contribute to the extracellular matrix and
cell adhesion such as Adamts4/20 and Adamtsl1, Nrxn1, Vcan, Gpc3/4, Ccbel, Nphs and
Kirrel2. Genes encoding three subunits of the voltage-gated calcium channel (Cacna2d2,
Cacna2d3, and Cacnalg), which play a role in MAPK signaling pathway are also found to be

regulated by Ptfla.

Ptfla not only activates components necessary for the GABAergic lineage but also
represses the glutamatergic fate. Approximately a third (33 out 106) of the genes repressed
by Ptfla are directly activated by Ascll, notably HD factors TIx3 and Lmx1b (Fig. 3A, App
B). In addition, Ptfla has been shown to repress the glutamatergic fate through the activation
of a target gene Prdm13 (Chang et al., 2013). Prdm13 directly interacts with Ascl1 to block

its transcriptional activity. All of the inhibition could potentially be explained by Prdm13’s
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function; however, the ChIP-Seq analysis revealed that Ascll and Ptfla commonly occupy

the same genomic regions around 22 of 33 Ascl1-activated; Ptfla-repressed genes. A total of
42 Ascll and Ptfla shared binding sites are found around these 22 genes, suggesting Ptfla
repression of the glutamatergic fate may occur through alternative mechanisms involving

direct binding by Ptfla.

Ascll and Ptfla bind active neural enhancers but are not required for their activity

Our ChIP-Seq assay shows that both Ascl1 and Ptfla bind thousands of sites throughout
genome, but only a fraction of the genes associated with sites require either factor for
expression. | expected more genes to require Ascll or Ptfla for expression because analysis
of all the Ascll1 and Ptfla binding sites using GREAT (McLean et al., 2010), shows both
factors preferentially occupy regions near genes with known nervous system development
functions (binominal p-value= 7.23e-19 and 1.03e-44 respectively). With that said, it is
unclear if these binding sites are active neural enhancers or if they are just poised or
competent to be activated. One indication of an active enhancer is the presence of the
transcriptional co-activator P300. In a large project from the Pennachio laboratory, enhancers
identified by P300 ChIP-Seq from neural tissues were tested for activity in transgenic mice.
Most of these were examined as whole mount E11.5 embryos, and data are posted in the
VISTA Enhancer Browser database (Visel et al., 2009a, Visel et al., 2007). When identified
10 enhancers that were tested in this study that encompass Ascl1 and Ptfla ChIP-Seq peaks.
Axel Visel and Len Pennachio provided the whole mount embryos so I could cross section
them and determine if expression of the reporter gene was restricted to the Ascl1 and/or Ptfla

domain in the dorsal ventral axis of the neural tube. All 10 DNA regions contained
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overlapping Ptfla and Ascll sites, but the neighboring genes did not require Ascl1 or Ptfla

for expression and transgene expression was not restricted to the dorsal neural tube as would
be expected if these enhancers were Ascll and Ptfla specific (Fig. 2.7A-C and data not
shown). Thus, | find that Ascll and Ptfla bind to genomic regions in neural tissue where they
are not necessarily required for enhancer activity, yet the regions bound are active enhancers

in neural tissue.

DISCUSSION

Over two decades of research have established the genetic requirement for neural bHLH
transcription factors in generating the proper number and composition of neurons in the
central nervous system. However, a mechanistic understanding of bHLH factor function is
only just emerging as transcriptional targets are beginning to be identified through genome-
wide strategies utilizing ChIP-Seq. In this study, | identify numerous direct transcriptional
targets of two of these bHLH factors in the mouse dorsal neural tube using a combination of
ChIP-Seq and RNA-Seq. Ascll and Ptfla provide an informative model pair of factors for
uncovering how two related transcription factors function to specify distinct cell fates from a
common progenitor domain. Ascll defines neural progenitors that will give rise to most of
the interneurons in the dorsal horn of the spinal cord. Ptfla comes on later in a subset of
these neural progenitors and directs the cells to an inhibitory neuronal fate. In the Ascll
population lacking Ptfla, the progenitors give rise to excitatory interneurons. | show here that
Ascll and Ptfla directly activate sets of genes encoding HD factors that are known specifiers

of the glutamatergic or GABAergic neuronal fates, respectively. In addition, Ptfla represses
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many of the Ascll-activated HD genes, ensuring that the glutamatergic phenotype is

repressed in GABAergic neurons. Furthermore, Ascll targets genes early in the
differentiation process whereas Ptfla targets genes required for the activity of GABAergic
neurons, reflecting the temporal difference in their expression and fundamental differences in

their function.

Ascll and Ptfla directly regulate distinct neuronal programs in the dorsal neural tube

Many of the Ascl1 and Ptfla targets have been shown to play a key role in neural
tube development. Not only does Ascll specify the glutamatergic population through the
activation of key transcription factors, but also contributes to other components of the
neurogenic program. Historically, Ascl1 has been known as transcriptional activator in the
dorsal spinal cord (Nakada et al., 2004). However, our data suggest that Ascl1 could
potentially repress several genes too. In support, of the repression model, Ascl1 has been
shown directly interact with a putative repressor, Prdm13 (Chang et al., 2013). Moreover, |
find that Ascll and Ptfla bind a common E-box, thus Ascll1’s repression could simply be a
passive event, where Ascll blocks E-box binding sites from other bHLH factors.
Nonetheless, | observe that Ascl1 drives neuronal differentiation in two ways, by directly
repressing several genes involved in cell-cycle progression such as Cdk1 and Chek1, (Chen et
al., 2012, Tsunekawa et al., 2012), and promoting cell-cycle exit genes such as Gadd45g and
Cdknlc (Huang et al., 2010, Mairet-Coello et al., 2012). Moreover, Ascll helps in defining
boundaries of its progenitor population through suppression of different morphogenic

signaling factors (e.g., Wnt and Gli3 (Persson et al., 2002, Lee and Jessell, 1999)), and
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guides axon terminals through a large network of genes such as Dscam, Epha2/3, Dcc,

Sema7a, Sema6b, PIxna2, Pak3, Rgs3, and Slitl. Interestingly, in the developing
telencephalon, where Ptfla is not expressed (Glasgow et al., 2005), Ascll specifies the
GABAergic cell population. Both mRNA expression and ChlP-chip analysis revealed that
Ascll can directly specify the telencephalon GABAergic population through regulating
several transcription factor genes including the HD factor DIx2, and activate Gad2, encoding
an enzyme needed in synthesizing the neurotransmitter GABA (Castro et al., 2011). DIx2 and
Gadz2 are not Ascll targets in the neural tube. Moreover, it is the role of Ptfla to specify the
GABAergic population in the neural tube. With that said, several gene targets of Ascll do
remain the same between different tissues such as the Notch ligands DII1 and DII3. Thus, to
fully understand how Ascll functions, one most carefully examine its role in each tissue-type

of interest.

In contrast, Ptfla function is not as general as Ascll in the dorsal neural tube. Ptfla
does not suppress cell-cycle genes or promote cell-cycle exit genes like Ascll. For the most
part, the genes regulated directly by Ptfla are focused on ensuring proper specification and
maturation of inhibitory neurons. These include activation of HD genes important in this
lineage (i.e. Pax2, Gbx1, Gbx2, Lhx1, and Lhx2), and activation of genes encoding cellular
components specifically needed for GABAergic neuronal function such as the machinery
needed to make GABA (i.e. Gadl and Abat). In addition, Ptfla appears to directly suppress
Ascll target HD genes important in the glutamatergic lineage. The list of target genes for
Ptfla and Ascll in the developing neural tube provided from this study will serve as a rich

source of data for further probing the functions of these essential transcription factors.
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Multiple mechanisms for cross repression of Ascll and Ptfla in neuronal subtype

specification

Through identifying HD factor genes as direct targets of Ascll and Ptfla, I are gaining
mechanistic insight into fundamental processes of cell fate determination, specifically those
generating the balance of excitatory and inhibitory neurons in the dorsal spinal cord.
Function assays for Ascll or Ptfla have shown that each will induce one cell fate while
suppressing the other (Helms et al., 2005, Glasgow et al., 2005, Hori et al., 2008, Chang et
al., 2013). Because Ascll and Ptfla are known as transcriptional activators, identifying HD
genes specifying the relevant neurons as targets directly activated by these bHLH factors
provides a simple model for generation of the excitatory and inhibitory neurons, respectively.
However, it is much less clear how the alternative cell fates are repressed. Our results

provide multiple insights into mechanisms for this cross repression.

Understanding how Ascl1 can repress the Pax2 defined GABAergic lineages comes
from our data showing Ascll directly activates TIx1 and TIx3 defined glutamatergic lineages
and the current model for cross repression between the TIx factors and Pax2 (Cheng et al.,
2005). Cheng et al. demonstrated that TIx1 or TIx3 suppress the GABAergic fate by
antagonizing the ability of the HD factor Lbx1 to induce Pax2 expression (see diagram Fig.
1.2P). Thus, the higher the levels of TIx1 and TIx3 driven by Ascll, the lower the levels of
Pax2. Consistent with this indirect mechanism for Ascll suppression of the Pax2 GABAergic
lineage, Ascll did not directly suppress Ptfla activated target genes as determined by ChlP-

Seq. Rather, I found that several of the Ptfla activated genes were also activated by Ascll.
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Taken together, it appears that Ascll activates the glutamatergic lineage through direct

regulation of HD factors such as the TIx1/3 genes, but only indirectly represses the opposing

lineage.

In contrast, Ptfla uses both direct and indirect mechanisms for suppressing the
glutamatergic neuronal fate. I recently identified Prdm13 as a direct downstream target of
Ptfla that provides an indirect mechanism for Ptfla suppression of the glutamatergic fate
(Chang et al., 2013). In this case Prdm13, induced by Ptfla, directly suppresses Ascll
activity in inducing its targets such as TIx1 and TIx3 (see diagram Fig. 1.2P). In addition, |
show here that Ptfla can suppress several Ascll targets directly, although the specific
mechanism used is not clear. In several cases, | show that Ptfla may suppress Ascll activated
genes through binding sites that do not overlap with Ascl1 sites (i. e. TIx3, Uncx and Pou3f1).
This would suggest a mechanism by which Ptfla recruits a transcriptional repressor and
blocks Ascll activity from a distant site; a capability that has never been shown for Ptfla. In
other cases, such as binding around Lmx1b, I show that Ascl1 and Ptfla can locate to the
same genomic site. This opens the possibility that some type of interaction or competition
may occur between Ptfla and Ascll. In support of this mechanism, in a transcriptional assay
with an E-box reporter, the ability of Ascll to activate the reporter was suppressed by Ptfla
(Obata et al., 2001). Given that Ptfla and Ascl1 can bind a common CAGCTG E-box in vivo
as shown here, Ptfla could compete with Ascll for these E-boxes and passively block Ascll
activity. On the other hand, in vitro studies have shown that Ascl1 can form complexes with
another class Il bHLH factor Neurog2 (Henke et al., 2009a, Gradwohl et al., 1996), thus an

alternative mechanism could involve Ptfla forming a novel complex with Ascl1 that is
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transcriptionally inactive. | cannot distinguish between these models with our in vivo data

because the ChlIP-Seq resolution is limited to around 150 base pairs. I find Ascll and Ptfla
localized to common regions throughout the genome, but an examination of those regions
reveal the presence of multiple E-boxes in close proximity with each other; specifically the
GC-core E-box and at times, the Ptfla specific TC-core E-box. In addition, the ChIP-Seq
data cannot determine whether Ascll and Ptfla are binding the shared sites at the same time
or even within the same cell in the population. Regardless of these limitations, the results
support the possibility that Ptfla has the potential to directly block the activation of Ascll
target genes. Thus, Ptfla appears to deploy several mechanisms to ensure the proper
repression of a subset of Ascll target genes to ensure repression of glutamatergic lineage

genes in the GABAergic neurons.

Ascll and Ptfla bind neuronal enhancers enriched with neuronal lineage factor motifs
Our in vivo analysis of Ptfla and Ascll binding sites found enrichment of other transcription
factor family motifs such as Sox, Pou, Homeodomain, and Rfx. It remains unclear which
specific factor or factors bind to these sites and if they directly co-regulate transcription with
Ascll or Ptfla. It has been shown that the combination of lineage-specific transcription
factors can establish the cell-type identity by priming cis-regulatory elements around the
genes needed for that cell-type (Heinz et al., 2010). As pluripotent cells become more
restricted to a certain fate, changes in open chromatin and the motifs found in these regions
provide information about that cell’s fate and its lineage (Stergachis et al., 2013). In neural
development, Sox and Pou factors such as Sox2 and Brn2 are lineage-specific factors that

collaborate in order to transition an embryonic stem cell to a neural progenitor cell (NPC)
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(Bergsland et al., 2011, Lodato et al., 2013); Sox3 and Sox11 can sequentially replace Sox2

to coordinate the later stages of neural development (Bergsland et al., 2011). Point being,
once the lineage-specific factors establish the chromatin, other transcription factors can help
coordinate the remaining tissue-specific events through the same cis-regulatory region (Heinz
et al., 2010). Consistent with this model, motif analysis of the Ascll and Ptfla ChIP-Seq data
found similar motifs with Sox2 and Brn2 shared binding sites in NPC (Sox, Pou,
Homeodomain, Rfx, Nfl and E12 (E-box)) (Lodato et al., 2013), suggesting that these
families of factors are important throughout the development of the nervous system. The
neural landscape is established prior to Ascll and Ptfla expression so these neural
transcription factors could be maintaining the landscape and/or co-regulating gene expression
with Ascll or Ptfla. Indeed, Brn2a, a Pou factor, which helps establish the neural
competency with Sox2 (Lodato et al., 2013), can also work with Ascll to co-regulate genes
such as those encoding Notch ligands DII1 and DII3 (Castro et al., 2006). Our RNA-Seq
analysis shows that numerous members Pou/Homeodomain, Rfx, and NFI families are co-
expressed in Ascll and Ptfla lineage cells. However, with so many of these factors being
expressed in the dorsal neural tube and the limitation of our motif analysis, which does not
determine which specific factor or factors co-bind with Ascll or Ptfla, makes it difficult to
identify specific collaborations. Nonetheless, determining which specific factor and what
combinatorial interactions that occur between these neural factors and with Ptfla or Ascll
will be essential for understanding the specific neural programs they regulate.

Previous work has shown that enhancers containing sites independently bound by

Ascll or Ptfla can recapitulate the expression pattern of its target gene, such as an enhancer
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bound by Ascll near TIx3 (Chang et al., 2013), or enhancers bound by Pftla near Pax2,

Lhx1, and Tcfap2b (see chapter 3 (Meredith et al., 2013)). I also found that genomic regions
bound by both Ascll and Ptfla are also bound by the co-activator P300, and are active neural
specific enhancers when tested in transgenic mice. However, the genes identified near these
P300 marked enhancers do not require Ascl1 or Ptfla for normal expression, at least when
assayed by RNA-Seq. Indeed, a majority of the genes called near the Ascll and Ptfla binding
sites did not change when assessed in the Ascl1 or Ptfla mutants. This highlights a major
question in the field, what determines when a transcription factor actively alters gene
expression? Functional redundancy is one likely possibility for some of the sites, context
specific co-factors is another. As for the latter model, 1 isolated the peak regions around the
genes that showed a significant change in gene expression from Ascl1 and Ptfla wild-type
compared to mutant tissues. | searched for known motifs within those sites, but did not find
any unique motif combination that could explain the changes in expression. In fact, like the
majority of the Ascll and Ptfla bound sites, | found E-boxes and enrichment of the neural
factors previously mentioned (data not shown). Moreover, | expected to find that Ascll
directly regulates genes such as DII1, DII3, and Fbxw?7 found to be co-regulated by Ascl1 and
Brn2a in the developing telencephalon (Castro et al., 2006). This was expected because
Ascll and Brn2a are also co-expressed in the neural tube and Ascll binds the same regions in
neural tube that were identified by Castro et al. in the telencephalon. However, although DII1
and DII3 were significantly decreased in expression in the Ascl1 mutant neural tubes relative
to controls (data not shown), Fbxw7 levels were unaltered (Fig. 2.7C). Thus, not all genes

predicted to require Ascll did so, highlighting a gap in understanding of the determinants for
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transcriptional activity and reinforces the importance of cell context on transcription factor

function.

Ptfla binds a distinct E-box to regulate its specification program.

Ascll and Ptfla ChIP-Seq data alone have provided valuable insight into how two different
bHLH factors can select their DNA binding site. Motif analysis shows that Ptfla binds a
common E-box with Ascll (CAGCTG), but also has a preference for a distinct E-Box
(CATCTG/ICAGATG). Other genome-wide studies have shown bHLH factors, such as
Atohl and Neurod2, have an E-box preference similar to Ptfla (GC and TC/GA cores)
(Klisch et al., 2011, Fong et al., 2012, Lai et al., 2011). In contrast, the myogenic factor,
Myod, binds CAGCTG and CAGGTG/CACCTG E-boxes (Fong et al., 2012). Interestingly,
E-box preferences for a specific bHLH factor can change depending on the cell context; for
example, Ptfla in the developing pancreas preferentially binds E-boxes similar to Myod (GC,
and GG/CC cores) not the TC/GA core preference found in the neural tube (Meredith et al.,
2013). Several studies have suggested that E-box binding by bHLH factors is heavily dictated
by the availability of the site, thus the chromatin landscape of each tissue-type strongly
influences a transcription factor’s target selection (Meredith et al., 2013, Fong et al., 2012).
In this study, both Ascll and Ptfla are functioning in a similar chromatin landscape, yet |
was still able to detect that some of the specificity can still be accounted for by the sequence
preferences. Teasing out the consequences of this sequence preference is complicated by the
fact that most Ptfla bound regions contain the GC-core E-box or sites with both the GC and

TC/GA core E-boxes. Nonetheless, examination of the genes near Ptfla binding sites that
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contain just the specific GA/TC core E-box alone revealed this was the case in 41 out of the

101 Ptfla activated genes. Included in this subset of Ptfla targets are some the known
specification factors such as Pax2 (Fig 2.1E), Pax8, Lhx5, Gbx2, and Prdm13. Thus, Ptfla
preference for a specific E-box, distinct from Ascl1, may be a particularly important

mechanism in activating genes for the GABAergic neuronal identity and function.
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Figure 2.1. Global characterization of Ptfla and Ascll binding sites in the developing
neural tube reveals distinct and overlapping preferences for specific E-boxes, co-factor
motifs, and binding sites. (A) Heat map summarizes the ChlP-Seq signal intensity +/- 2.5
kb around the identified peak centers bound by Ascll, Ptfla, or both in E12.5 mouse neural
tube. (B) Ascll and Ptfla preferentially bind far away from promoters shown by the
distribution of Ascll and Ptfla bound sites with respect to gene transcriptional start sites
(TSS). (C) De novo motif analysis of Ascll and Ptfla bound sites show both are enriched
with a common GC core E-box, but Ptfla sites are also enriched with GC/TA core E-boxes.
Density plots show that the primary motif is enriched near the peak center. (D) The bar graph
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displays the distribution of the E-box core type found nearest to the peak centers. (E)
Example of a Ptfla bound site, not shared by Ascl1, located within the Pax2 gene that
contains a highly conserved GA/TC core E-box and Rbpj motif. (F) Coverage of Ascll ChiP-
Seq fragments at Ptfla peaks that contain a GA/TC E-box only, a GC E-box only or both
GA/TC and GC E-boxes. (G) Additional de novo motif analysis shows the GC core E-box,
Sox, Rfx/Rbpj, and Pou/Homeobox motifs are found enriched in sites shared by Ptfla and
Ascll. The percent of motifs found in the test sequences, (background sequences), and
calculated statistical p-values are provided. (H) Motifs enriched in Ascll sites over Ptfla, or
Ptfla sites over Ascll are shown. (1) Motif analysis of Rbpj ChlIP-Seq sites (from E12.5
neural tube) identified the known Rbpj motif and a Ptfla-like E-box motif allowing for the
GA/TC core. (J) The frequency of finding the Rbpj motif in Ascl1 only, Ptfla only, or
Ascl1/Ptfla shared sites.
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Figure 2.2. Correlation analysis of Ascll and Ptfla binding with gene expression and

the number of E-boxes found pe

r peak. (A) Boxplot of the genes expressed (FPKM>1) and

the number of Ascll or Ptfla binding sites found for each gene. Genes with a higher number
peaks were expressed at higher FPKM levels (Linear regression analysis, p-value<0.05) (B)

Boxplot showing expression for al

| genes that have an Ascll or Ptfla binding site in the

promoter (+/-500 bp of TSS) or outside the promoter (distal). Genes with an Ascll or Ptfla
binding site within promoter region were expressed significantly higher than genes with a
distal site only (T-test, p-value<0.05). (C) The number of E-boxes (CANNTG) found per
peak. (D) The number of binding sites found per gene that are expressed (FPKM>1) or not

expressed (FPKM<1).
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Figure 2.3. Ascll and Ptfla lineage cells isolated for RNA-Seq demonstrates their
opposing roles in neural tube specification. (A-B) Neural tube cross sections at E11.5 of
the Ascl1®P* knockin and 12.4kbPtfla::mCherry transgenic mice used to isolate Ascl1 and
Ptfla lineage cells by FACS. (A) Ascll antibody was used to show that GFP co-localizes
with Ascl1 expressing progenitors in the ventricular zone. In addition, because GFP is more
stable than Ascll, the FACS isolation of GFP cells will also isolate Ascl1-lineage cells that
have down regulated Ascll. (B) Ptfla antibody was used to show that mCherry is expressed
in the dorsal neural tube overlapping but not restricted to Ptfla-expressing progenitors. (C)
Sequence reads (RNA-Seq) mapping to the Ascl1 locus from GFP isolated cells from
Ascl1®7P"™* or Ascl1®FP- E11.5 mouse neural tubes. The brackets indicate the genomic regions
replaced by GFP in the Ascl1°"" knockin mice. . The increase in the number of sequence
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reads over the Ascll 3° UTR in the Ascl1l mutant is likely due to auto-regulation at the Ascll
locus (note scale) (Meredith and Johnson, 2000). (D) Sequence reads (RNA-Seq) mapping
to the Ptfla locus from mcherry isolated cells from Ptfla::mCherry;Ptf1a“"* or
Ptfla::mCherry;Ptf1a®"™C™ E11.5 mouse neural tubes. The brackets indicate the genomic
regions replaced by Cre in the Ptf1a®"™ knockin mice. (E) Scatterplots of RNA-Seq data
shows expression levels (FPKM) in Ascl1-lineage cells from Ascl1 control or null embryos
(top plot), and Ptfla-lineage cells from Ptfla control or null embryos (bottom plot). Genes
with a significant change in expression in the mutants versus controls are marked in red (g-
value < 0.05). Genes above the diagonal are repressed (Repr) by Ascll or Ptfla, and genes
below the diagonal are activated (Act). The expression levels for the HD factors TIx3, Pax2
and Lhx1/5 are marked in each condition. (F) Venn diagrams show the number of genes
activated or repressed by Ptfla or Ascll, and how many genes overlap in each condition.
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Figure 2.4. Ascll and Ptfla directly regulate the Homeodomain factors involved in
neuronal specification. (A) Bar graph shows the total number of genes activated or
repressed by Ascll or Ptfla determined by RNA-Seq, and how many of those genes contain
an Ascll or Ptfla binding site nearby determined by ChIP-Seq (black fill). Thus, the black
fill represents direct target genes of Ascll or Ptfla as defined by having a significant change
in expression between control and null tissues, and having a ChlP-Seq binding site assigned
by the software GREAT (McLean et al., 2010). (B) Expression levels (FPKM +1) in dorsal
neural tubes of Ascll or Ptfla control and mutant embryos of the HD factor genes that are
directly regulated by Ptfla (left panel) or by Ascll (right panel). Y-axis is in 1og10 scale.
Directly activated targets of Ptfla partially depend on Ascl1 expression, while direct targets
of Ascll are repressed by Ptfla. All changes in gene expression are significant (g-value <
0.5), except Pax8 & Gbx2 in the Ascl1 null, and Isl1 & Gsx2 in the Ptfla null. (C-D)
Genomic regions around Ptfla targets (C) or Ascll targets (D) displaying Ascll (red track)
and Ptfla (blue track) ChIP-Seq data. Note that the Ascl1 and Ptfla sites in TIx3 and Uncx
are not within 150 bp, and thus, are near each other but not overlapping (D). Target gene
names are indicated to the left as is the scale indicating normalized number of sequence
reads. Binding sites called by Homer are indicated by tick marks above each track. Beige box
marks DNA elements previously shown to drive proper dorsal neural tube expression
(Meredith et al., 2013, Chang et al., 2013).
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Figure 2.5. Ascll directly regulates several components of the neurogenic program in
the developing spinal cord. (A-B) Gene ontology/KEGG analysis of direct Ascll activated
(A) or repressed (B) targets. The color denotes the GO category or KEGG pathway the term
comes from, and adjacent number indicates the number of target genes in that category. (C)
Diagram summarizing Ascll gene targets that are involved in different steps the neurogenic
program.
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Figure 2.6. Ptfla directly opposes Ascll target genes and activates several components
of the GABAergic machinery. (A-B) Gene ontology/KEGG analysis of Ptfla activated (A)
or repressed (B) targets. The color denotes the GO category or KEGG pathway the term
comes from, and adjacent number indicates the number of target genes in that category. (C)
Genomic regions around Ptfla target genes involved in GABA biosynthesis and
GABA/glycine transport, along with Ascll (red track) and Ptfla (blue track) ChIP-Seq data.
Binding sites called by Homer are indicated by tick marks above each track. (D) Diagram of
Ptfla target genes that are specifically found in inhibitory presynaptic terminals (in
parentheses). (E) Diagram summarizing Ptfla gene targets that are involved in different steps
of inhibitory neuron specification and include repressing Ascll target genes and activating
genes encoding components of the GABAergic machinery.
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Figure 2.7. Ascll and Ptfla bound genomic regions overlap with known neural
enhancers. (A) Genomic regions near four genes showing Ascll (red track) and Ptfla (blue
track) ChlP-Seq data from E12.5 neural tube. Tick marks above each signal file indicate a
called binding site determined by the program Homer. The beige box marks the DNA region
tested in transgenic mice, a region identified by binding of the transcriptional activator p300
(Visel et al., 2009a, Visel et al., 2007) in neural tissue. DNA sequence near the Ascll and
Ptfla peak summits is shown and all E-boxes are underlined. (B) E11.5 transgenic mouse
embryos testing the enhancer::LacZ transgenes are shown in whole mount (from VISTA
Enhancer Browser) (Visel et al., 2007) and in cross-section through upper limb level neural
tube. Although LacZ expression is neural specific it is not restricted to Ascll and/or Ptfla
domains. (C) Expression levels from RNA-Seq (FPKM) for the genes near these enhancers
from RNA isolated from Ascll or Ptfla-lineage cells in control or mutant neural tubes
indicate these genes do not require Ascll or Ptfla for expression.



CHAPTER THREE

Program specificity for Ptfla in Pancreas versus Neural Tube
Development correlates with distinct collaborating cofactors and
chromatin accessibility

The work presented in this chapter was performed in collaboration with David M. Meredith,
Bradford B. Casey, Trisha K. Savage, Paul R. Mayer, Kuang C. Tung, of the Jane
Johnson lab, and Tye G. Deering, Chinh Hoang, Manonmani Kumar, and Galvin H.
Swift of the Raymond MacDonald lab. The data presented is published in the

following article:

Meredith DM*, Borromeo MD*, Deering TG, Casey B, Savage TK, Mayer
PR, Hoang C, Tung KC, Kumar M, Shen C, Swift GH, Macdonald RJ,
Johnson JE. 2013 Program specificity for Ptfla in Pancreas versus Neural
Tube Development correlates with distinct collaborating cofactors and
chromatin accessibility. Mol Cell Biol. PMCID: PMC23754747

*authors contributed equally

INTRODUCTION

In the first chapter I described how loss-of-function studies have demonstrated the necessity
of Ptfla both for the commitment to the pancreatic lineage from endoderm and the

maintenance of the acinar pancreas, as well as for the specification of inhibitory neuron
62
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populations in the dorsal spinal cord, cerebellum, and retina (Krapp et al., 1998, Glasgow et

al., 2005, Hoshino et al., 2005, Fujitani et al., 2006, Pascual et al., 2007). In short, the
absence of Ptfla the pancreas fails to form, and Ptfla-lineage cells instead adopt either a
duodenal or biliary identity (Krapp et al., 1998, Masui et al., 2007, Kawaguchi et al., 2002).
Similarly, in multiple regions of the nervous system inhibitory neurons fail to form in Ptfla
mutants, and Ptfla-lineage cells switch fates to acquire an excitatory neuronal identity
(Glasgow et al., 2005, Hoshino et al., 2005, Fujitani et al., 2006, Pascual et al., 2007, Storm
et al., 2009). These functions of Ptfla are dependent on a Ptfla:Rbpj transcription complex
(Masui et al., 2007, Hori et al., 2008). However, how Ptfla in the PTF1 complex regulates
different target genes in developing pancreas versus the neural tube remains unknown.

In this chapter, we again use a combination of genome-wide deep sequencing
technologies to address possible mechanisms by which Ptfla can give rise to such different
tissues as the pancreas and neural tube. The majority of Ptfla binding regions do not overlap
between these tissues, and those that do tend to be near genes for non-tissue-specific
developmental signaling processes. Results from experiments to distinguish between the role
of lineage-specific chromatin accessibility and lineage-specific co-factors support the
involvement of both mechanisms for the tissue-specific activities of Ptfla. In particular, the
forkhead factor Foxa2 is localized with Ptfla in the pancreas-specific genomic regions,
whereas Sox motifs are found near Ptfla-bound sites in the neural tube. Further experiments
testing direct interactions between Foxa2 and Ptfla showed no such complex formation and
suggest alternative mechanisms for their collaboration in pancreas development. Taken

together, our results support a model whereby Ptfla directs distinct gene expression
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programs that are established by the interplay of chromatin accessibility, collaborating

transcription factors, and the DNA motifs within tissue-specific regulatory enhancers.

MATERIALS AND METHODS

Chromatin Immunoprecipitation and Sequencing Library Preparation

Neural tube, telencephalon, and limb tissues from E12.5 mouse embryos, and pancreata from
E17.5 embryos were dissected and placed in Buffer A (15 mM HEPES pH 7.6, 60 mM KClI,
15 mM NaCl, 0.2 mM EDTA, 0.5 mM EGTA, 0.34 M sucrose) on ice. Nuclei were liberated
by Dounce homogenization and purified by centrifugation through a sucrose gradient (15
mM HEPES pH 7.6, 60 mM KCI, 15 mM NaCl, 0.1 mM EDTA, 0.25 mM EGTA, 1.25 M
sucrose). Nuclei were then fixed in 1% formaldehyde for 10 minutes at 30°C, and fixation
was terminated by adding glycine to a final concentration of 0.125 M. After centrifuging
through another sucrose gradient, fixed nuclei were lysed in sonication buffer (1% Triton,
0.1% sodium deoxycholate, 150 mM NaCl, 50 mM Tris, 5 mM EDTA). Chromatin was
sheared using a Diagenode Bioruptor for 30 minutes on high power with 30 second on:off
cycles. 100 pg (pancreas) or 250 pg (neural tube, telencephalon/limb) chromatin was
immunoprecipitated with either 2.4 ug affinity purified rabbit anti-Ptfla antibody (Rose et
al., 2001), 5 ul of rabbit Rbpjl antiserum (Beres et al., 2006), 5 pl of rabbit Rbpj antisera
(laboratory generated), or 4 ug of goat anti-Foxa2 antibody (Santa Cruz; Hnf3b M-20, cat no.
sc-6554) and Protein A/G agarose beads (Santa Cruz). Rabbit polyclonal Rbpj antibodies
were generated (Covance) using the peptide Sequence (CKKK)NSSQVPSNESNTNSE, an

epitope near the C-terminus of Rbpj that has no similarity to the related Rbpjl. Captured



65
bead:antibody complexes were washed twice with sonication buffer, three times with a high

salt buffer (1% Triton, 0.1% sodium deoxycholate, 500 mM NaCl, 50 mM Tris, 5 mM
EDTA), twice with LiCl (0.5% NP-40, 0.5% sodium deoxycholate, 250 mM LiCl, 10 mM
Tris, 1 mM EDTA), and once with TE (10 mM Tris pH 8.0, 1 mM EDTA). Two 15 minute
elutions were performed with 1% SDS, 0.1 M NaHCO3, 10 mM Tris at room temperature.
The immunoprecipitated DNA was then purified by QIAGEN PCR Purification kit.

Independent sequencing libraries were prepared for two E12.5 neural tube and one
E12.5 telencephalon for Ptfla and Rbpj ChlPs, and for two E17.5 pancreas for Ptfla, Rbpjl,
and Foxa2 ChlIPs. In addition, an input sample from E17.5 pancreas and E12.5 neural tube
were also prepared for sequencing. All libraries were made according to lllumina’s ChIP-seq
DNA sample preparation protocol. Amplified libraries were prepared using Invitrogen’s
Platinum Pfx polymerase for 16 cycles of 94°C for 15 seconds, 62°C for 30 seconds, 72°C for
seconds. Single-end Sequencing of 36 bp (Ptfla, Rbpjl) or 40 bp (Rbpj, Foxa2) was
conducted for all samples on an Illumina GAlIx Sequencer. Data generated by David
Meredith(NT Ptfla), Rbpj (NT Mark Borromeo), and Tye Deering (Pancreas

Ptfla/Rbpjl/Foxa2).

FAIRE and Sequencing Library Preparation

Tissue samples from E12.5 neural tube and E17.5 pancreas were dissected in cold PBS,
homogenized, and crosslinked with 1% formaldehyde for 8 minutes at room temperature and
fixation was terminated by adding glycine to a final concentration of 0.125 M. Samples were

sonicated using a Diagenode Bioruptor for 36 minutes with 30 second on:off cycle times.
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Samples were centrifuged at 14,000 rpm to pellet debris. Two rounds of phenol:chloroform

extraction were performed yielding 500 pl aqueous phase, to which 8.25 pul 5M NacCl
solution was added. Samples were incubated overnight at 65 °C to reverse crosslinks.
Samples were ethanol precipitated and resuspended in 50 pul 10mM Tris-HCI pH 7.5,
digested for 4 hours using 5 pl 10 mg/ml Proteinase K. 1 pl of 10 mg/ml RNAse A was
added, and incubated an additional 30 minutes at 37 °C. Samples were purified using a
Qiagen PCR Cleanup Kit, and prepared for sequencing using NEBNext ChiP-Seq Library
Prep Set Master Mix for lllumina and sequenced on the lllumina HiSeq2000. Data generated

by Chinh Hoang.

MRNA Isolation and Sequencing Library Preparation

Mouse neural tubes were dissected from E12.5 2.3Ptfla-GFP embryos (Meredith et al.,
2009) into DMEM/F12 on ice and dissociated in 0.25% trypsin for 15 minutes at 37°C.
Trypsin activity was quenched with 2% fetal bovine serum, and GFP positive cells were
purified from the resulting single cell suspension by fluorescence activated cell sorting. Total
RNA from the sorted cells was extracted and purified with Zymo’s Mini RNA Isolation Kit.
MRNA was isolated, reverse transcribed and amplified for sequencing with Illumina’s
MRNA-Seq kit. Two independent libraries were made from RNA isolated from 6 and 9
embryos, respectively. For the pancreas and transgenic embryos, total RNA was isolated
using Trizol (Invitrogen). mRNA was isolated, reverse transcribed and amplified to prepare
libraries for Sequencing with Illumina’s Tru-Seq kit. Whole pancreata from E15.5

2.3Ptfla::Sox1 and wild-type littermates, and neural tubes from E12.5 R7Ptfla::Foxa2
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embryos and wild-type littermates were used. Two Foxa2 transgenic E12.5 neural tube

libraries and three Sox1 transgenic E15.5 pancreas libraries were made from RNA isolated
from two embryos that were confirmed to express each transgene. One wild-type E12.5
neural tube library was made from RNA isolated from three embryos, and two wild-type
E15.5 pancreas libraries were made from RNA isolated from three pancreata. Data generated
by David Meredith (NT), and Tye Deering (Pancreas)

Bioinformatics

Peak Calling, Quantification, and Intersections

ChlP-Seq and FAIRE-Seq sequence reads were mapped to the mm9 assembly of the mouse
genome with Bowtie (Trapnell et al., 2009). Duplicate reads were removed, and the
remaining unique reads were normalized to a 10 million read count for peak calling analysis.
Peak calling was performed by HOMER (Heinz et al., 2010) using an FDR cutoff of 0.001.
Putative peaks were required to have 4-fold enrichment over the control/input sample and a
cumulative Poisson p-value of <0.0001. All pancreas ChlP-Seq samples were compared to
the pancreas input, while the neural tube RbpJ samples were compared to the neural tube
input. Neural tube Ptfla ChIP-Seq samples were compared to a Ptfla ChlP-Seq sample
performed in the telencephalon (a non-Ptfla expressing neural tissue of similar
developmental stage to control for non-specific background from the antibody). This control
was more stringent than using neural tube input chromatin but similar results were found
with both methods. For downstream analysis, only ChIP-Seq peaks that were called in both
biological replicates were used. Common binding sites were required to be within 150 bp of

each peak center. Quantification of the data at peak regions was performed by HOMER and
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loaded into Multiple Experiment Viewer (MeV) v4.8.1 (Saeed et al., 2003) to generate heat

maps. All sequencing datasets have been submitted to GEO (Accession #’s in process).

RNA-Seq Read Alignment and Expression Level Estimation

Sequence reads were aligned to the mm9 build of the mouse genome using TopHat v2.0.4
(Trapnell et al., 2009). Default settings were used with the following exceptions: -G option
(instructs TopHat to initially map reads onto a supplied reference transcriptome) and —no-
novel-juncs option, which ignores putative splice junctions occurring outside of known gene
models. If a biological replicate was available, then it was specified and used to build an
expression level model determined by the FPKM method of Cuffdiff v2.0.2 (Trapnell et al.,
2010). Upper quartile normalization (-N option) was performed to more accurately estimate
levels of low-abundance transcripts, and multiple read correction (-u option) was selected to
better distribute reads mapping to multiple genomic locations. To correct any sequence-
specific bias introduced during the library preparation option —b was used. All other settings

were left at default values.

GO Classification and ChlP-Seq Peak Gene Annotation

Gene ontologies and gene annotations for ChIP-Seq peaks were obtained using GREAT
v1.82 (McLean et al., 2010). GREAT assigns a gene to a binding region if the region falls
within 5 kb 5” or 1 kb 3’ of the transcription start site (basal region) with a maximum

extension of 1,000 kb in either direction. If the binding region falls within the basal region of
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multiple genes, then more than one assignment is made. All parameters were left at their

default settings.

Motif Discovery and Occurrence Probability

Peak regions were first trimmed to 150 bp centered about the peak summit to increase the
likelihood of finding motifs associated with binding and to decrease computational burden.
Motif discovery was conducted with the HOMER package v3.8.1 using the following
settings: -size 150 —S 10 —len 8,10,12 —bits. Motif density plots were generated in HOMER
(annotatePeaks.pl) by identifying all matches to HOMER generated motif matrices with 1 kb

surrounding peak regions.

Half Site Spacing Analysis

Locations and numbers of enriched motifs were obtained by HOMER (annotatePeaks.pl).
Motif spacing was calculated from midpoint to midpoint between any E-box and any TC-
box, Sox, Hox, Fox, or GATA motif found in the same peak. Histogram frequencies were
then normalized to the total number of spacings found within each ChIP-Seq dataset for

better comparison.

Transgenic Mice and Tissue Processing

LacZ-reporter transgenes were generated by cloning PCR fragments (~1 kb) from mouse
genomic DNA for the regions listed in Supplementary Table 3 5° of the basal promoter of a
lacZ reporter plasmid. The lacZ reporter contains the basal promoter from the rat Elal gene,

an SV40 nuclear localization signal, the lacZ coding sequence, and the 3’ untranslated region
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plus polyA addition signal from bovine growth hormone, as well as an insulator sequence

from the Gallus gallus HS4 gene (Masui et al., 2008). Transgenic constructs for
misexpressing Foxa2 or Sox1 were generated using regulatory sequences from the Ptfla
locus. R7Ptfla::Foxa2 transgene contains a 1.2 kb enhancer 3’ of the Ptfla gene called R7
that has the same activity in transgenic mice as 12.4 kb Ptfla enhancer previously described
(Meredith et al., 2009) (and unpublished data). R7 (chr2:19380202-19381456 from mm?9)
was cloned upstream of the S-globin basal promoter driving mouse Foxa2 cDNA followed
by a bovine growth hormone polyA signal sequence. 2.3Ptfla::Sox1 transgene contains the
2.3 kb autoregulatory enhancer region (chr2:19351717-19354014 from mm9) (Masui et al.,
2008) cloned upstream of the S-globin basal promoter driving mouse Sox1 cDNA followed
by a bovine growth hormone polyA signal sequence.

Transgenes were prepared for microinjection using Elutip-d columns (Schleicher &
Schuell). Transgenic embryos were generated by pronuclear injection of linear transgene
DNA into mouse eggs by the UT Southwestern Transgenic Core Facility. All housing,
husbandry, and procedures were performed in accordance with NIH guidelines, under
protocols approved by the Institutional Animal Care and Use Committee at UT Southwestern
Medical Center. Data was generated by Bradford Casey, Galvin Swift, and Yanjie Chang

For lacZ reporter gene expression, embryos were harvested at E12.5 or E15.5, and
yolk sacs PCR genotyped using primers directed against the lacZ gene. Primers used were 5’-
TGCTGCTGGTGTTTTGCTTCC -3’ and 5’ - CGATATTATTTGCCCGATGTA -3".
E12.5 embryos were immersion fixed in 4% formaldehyde/PBS for 30 minutes, then washed

in PBS before transferring to an X-gal staining solution overnight. E15.5 embryos were
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dissected to remove the head and the contents of the peritoneum, and fixed for 1 hour,

washed in PBS before transferring to an X-gal staining solution overnight. X-gal staining
solution consists of 5 mM potassium ferrocyanide trihydrate, 5 mM potassium ferricyanide, 2
mM MgCl,, 1 mg/ml X-gal in PBS. Embryos/tissues were washed in PBS, post-fixed in 4%

formaldehyde/PBS at 4°C before embedding for cryosection.

Cell transfection and transcription reporter assays

HEK?293 or pancreatic 266-6 cells were transfected with plasmid DNA using FuGene 6
(Promega) as described previously (Masui et al., 2008). Transfection results reflect at least
four independent experiments assayed in duplicate. Beta-galactosidase levels expressed by
reporter genes were normalized according to the levels of Renilla Luciferase from the co-
transfected pRL-CMV (Promega). To permit transfections performed at different times to be
analyzed together in the HEK293 experiments, final results were normalized according to the
level of the positive control transfections of pCMVbeta (Clontech). Results are presented as
normalized relative light units (nRLU). Transcription factor expression vectors used the
CMV promoter to direct expression of mouse Ptfla (in pcDNA3.1) (Masui et al., 2007) and
mouse Foxa2 (in pCIG) (Megason and McMahon, 2002). For reporter constructs, one to
three repeats in tandem of the tested motifs (sequences in Fig. 7C) were cloned adjacent to
the promoter of the lacZ reporter plasmid described above for mouse transgenes. Empty
pcDNA3.1 vector was used to keep the total amount of expression vector and CMV promoter

constant in each transfection. Data was generated by Galvin Swift.
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Electrophoretic Mobility Shift Assay

Proteins were synthesized in vitro (IVTT) using the TnT Coupled Reticulocyte System
(Promega). DNA probes were radiolabeled with (y-*2P)-ATP using T4 polynucleotide kinase
(New England Biolabs). Binding reactions (20 ul) were incubated for 30 minutes at 30°C and
setup as follows: 5 pl 4X binding buffer (20% glycerol, 40 mM HEPES-NaOH pH 7.9,

16 mM Tris-HCI pH 8.0, 320 mM NaCl and 4 mM EDTA pH 8.0), 1 ul 100 mM DTT, 2 ul
800 ng/ul poly-dI/dC, 1-5 ul IVTT protein extract(s) and 1 pl labeled probe (20,000 CPM).
Binding reactions were separated on 4.5% polyacrylamide gel by applying a constant current
of 1.5 mA/cm for 2 hours at 4°C; gels were prepared using 1X running buffer: 50 mM Tris-
HCI, 380 mM glycine and 2.8 mM EDTA, and were pre-run for 15 minutes at a constant

current of 0.75 mA/cm at 4°C. Data was generated by Paul Mayer.

Co-immunoprecipitation

HEK?293T cells were seeded at a concentration of 8 x 10° cells/6 cm dish. The following
morning, cells were co-transfected as indicated using FuGene 6 (Roche Life Sciences). The
cells were washed with ice-cold PBS and collected 48 hours after transfection. Cell pellets
were dissolved with 5 pellet volumes of lysis buffer (50 mM HEPES-NaOH pH 7.4, 5 mM
MgCl,, 100 mM KCI, 1 mM DTT, 0.2% Triton X-100, 1 mM PMSF and EDTA-free
protease inhibitor cocktail (Roche Life Sciences)) and homogenized by passing through a
25g needle 5 times. After resting on ice for 20 minutes, lysates were cleared by
centrifugation at 20,000 x g for 20 minutes at 4°C. Anti-Ptfla antibody (Hori et al., 2008)

was conjugated to protein A/G beads (Santa Cruz) in lysis buffer by rotating for 2 hours at
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4°C. 100 pl of the resulting antibody/bead mixture was added to cleared lysate and rotated

overnight at 4°C. Beads were washed 4 times with lysis buffer and eluted with a small
volume of 2X SDS-PAGE sample buffer (30 mM Tris-HCI pH 6.8, 1% SDS, 5% glycerol,
0.0125% bromophenol blue and 100 mM DTT). Co-immunoprecipitation was assessed by
western blot using anti-myc (A-14, Santa Cruz, 1:2000) and anti-Foxa2 (#3143, Cell
Signaling Technology, 1:1000) antibodies. Note that the heavy-chain fragment
(approximately 50 kDa) from the anti-Ptfla antibody used for immunoprecipitation co-
migrates with Foxa2 and weakly cross-reacts with the HRP conjugated secondary antibody

used for detection. Data was generated by Paul Mayer.

RESULTS

Ptfla is bound largely to non-overlapping genomic sites in the pancreas and neural tube
An intuitive explanation for the divergent functions of Ptfla in pancreatic and neural
development is that it binds to distinct enhancers and, thus, regulates tissue-specific gene
programs. To test this, we performed genome-wide chromatin immunoprecipitation
sequencing (ChIP-Seq) to identify chromatin sites bound by Ptfla in the E12.5 neural tube
and E17.5 pancreas. Using ChlIP-Seq data from two replicates each from neural tube and
pancreas we identified genomic regions with enriched Ptfla binding (peaks) signifying
potential Ptfla-regulated enhancers. Taking the peaks present in both replicates in a given
tissue, our analysis revealed 2,241 Ptfla-bound sites in the neural tube and 9,985 in the

pancreas, of which 501 were common to both tissues (Fig. 3.1A,B). Our approach for



74
defining a Ptfla binding site in this chapter is more conservative than the approach we took

in the previous chapter; thus, the number of Ptfla binding sites in the neural tube is less. In
addition, the neural tube ChIP had a lower signal to noise probably due to the heterogeneity
in the tissue used relative to the pancreas sample, and thus is likely an underestimate of the
number of Ptfla-bound sites in neural tissue. Nevertheless, a majority of genomic sites bound
by Ptfla are distinct between neural tube and pancreas. This conclusion holds true even when
reducing the stringency of the peak calling.

To gain more insight into the characteristics of Ptfla binding, we assigned peaks to
genes using the algorithm GREAT developed for ChIP-Seq data (McLean et al., 2010).
Notably, many genes have more than one associated Ptfla-bound region (Fig. 3.1C), and the
overwhelming majority of Ptfla-bound regions fall well distal to their assigned genes (i.e. 5-
500 kb either upstream or downstream from the transcription start sites) (Fig. 3.1D)
(Thompson et al., 2012). These findings are consistent with other recent studies for site-
specific binding factors (McLean et al., 2010). Gene ontology analysis from GREAT showed
that genes assigned to neural tube restricted binding sites are significantly enriched for neural
processes such as the development of spinal cord and eye, and axon guidance. Similarly,
genes assigned to pancreas-specific sites are heavily enriched for processes of glandular and
exocrine development and differentiation, including enhancements for protein synthesis,
endoplasmic reticulum functions, intracellular protein trafficking, and the response pathways
for unfolded secretory proteins. Target genes common to both tissues are involved in more
general functions, including cell proliferation and regulation of signal transduction (Fig.

3.1E).
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Ptfla binds similar consensus motifs in the neural tube and pancreas

Ptfla exists in a trimeric complex with an E-protein and Rbpj or Rbpjl, and it is these
complexes that are required for transcription activation and the development of the neural
tube and pancreas (Hori et al., 2008, Beres et al., 2006, Masui et al., 2007). From previous
studies largely using select gene targets in the pancreas, the trimeric form of Ptfla (PTF1)
was found to bind to sequences containing an E-box (CANNTG) and a TC-box (YTYYCA)
separated (midpoint to midpoint) by one or two helical turns (Beres et al., 2006).

One possible explanation for the tissue-specific binding preferences of Ptfla is that
the PTF1 complex binds distinct DNA motifs in the neural tube and pancreas. To address
this, we analyzed 150 bp surrounding the apex of the Ptfla peaks for motifs using HOMER
(Heinz et al., 2010). For both tissues, we identified an E-box as the most enriched motif, with
only subtle sequence preferences in the two tissues (Fig. 3.2A; also see Fig. 3.5). Both tissues
have a strong prevalence of the palindromic CAGCTG E-box; however, the E-box
CATCTG/CAGATG is enriched in neural tube binding regions, while CACCTG/CAGGTG
E-boxes are enriched in the pancreas (Fig. 3.2A and App. C). The second most enriched
motif was the cognate Rbpj/Rbpjl binding sequence, or TC-box, which also exhibited only
slight differences in each tissue. The neural tube TC-box, YTSYCA, shows greater
degeneracy at the third position than does the pancreas TC-box, YTCYCA (Fig. 3.2A). The
TC-box from Ptfla-bound regions shared between the two tissues, TTCYCA, shows even
less degeneracy. Because the differences represent preponderance rather than the absolute

range of variations, which is the same among the three groups, it is unclear whether these
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subtle tissue-specific preferences affect the specificity of in vivo binding or function of

PTF1.

To investigate whether the previously proposed spacing constraint for 1 or 2 helical
turns between the E-box and TC-box applied to all Ptfla-bound sites, we determined the
spacing of all E-box and TC-box motifs in each peak measuring the distance midpoint to
midpoint. The most frequent spacing in both tissues occurs around 11 and 22 bp, consistent
with previous studies (Fig. 3.2A) (Cockell et al., 1989, Beres et al., 2006, Masui et al., 2008,
Henke et al., 2009b, Meredith et al., 2009). The Ptfla peaks in pancreas demonstrated
enrichment for a 3 helical turn spacing as well, consistent with a recent study using the acinar
cell line 266-6 (Thompson et al., 2012). A majority of Ptfla peaks in each group (pancreas
only 67%, neural tube only 53%, and common 81%) have at least one E-box:TC-box with
the PTF1 constrained spacing (Fig. 3.2A, pie charts). It is likely that this analysis
underestimates bona fide PTFL1 sites given PTF1’s tolerance of motif degeneracy (Beres et
al., 2006). Taken together, the genome-wide analysis of Ptf1a binding alone in the two
tissues confirms the E-box/TC-box with spacing constraints as previously predicted for Ptfla
in the pancreas. No novel spacing preference between E-box and TC-box in either tissue was

revealed.

Many genomic regions bound by Ptfla are also bound by Rbpj or Rbpjl
The motif analysis of Ptfla-bound sequences implies Rbpj and Rbpjl binding at many of
these same sites, which is also expected given the apparent requirement of Rbpj or Rbpjl for

the transcriptional activity of Ptfla (Beres et al., 2006, Masui et al., 2007, Hori et al., 2008).
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To assess this genome-wide, we performed ChlIP-Seq for Rbpj and Rbpjl with chromatin

from the neural tube and pancreas, respectively. Rbpjl was used for pancreas rather than Rbpj
since it is the dominant binding partner for Ptfla at E17.5 in the pancreas (Masui et al.,
2007), and ChIP-Seq for Rbpj at this stage identified fewer than 1,000 peaks making
comparative analysis more difficult. Using similar analyses as above, we identified 11,678
Rbpjl binding sites in the pancreas at E17.5 and 3,035 significantly enriched Rbpj binding
sites in the neural tube at E12.5 (Fig. 3.2B,C). As predicted, most (71%) Ptfla-bound regions
in the pancreas displayed co-localization with Rbpjl (Fig. 3.2B). Significant co-localization
between Ptfla and Rbpj occurred for the neural tube although with decreased frequency
(25% of Ptfla peaks) (Fig. 3.2C), consistent with the lower frequency of E-box/TC-boxes
with constrained helical turn spacing found by the motif analysis. The stringent criteria for
peak calling discards many low affinity Ptfla and Rbpj/Rbpjl binding events, and visual
inspection of the heat maps (Fig. 3.2B,C) suggests that the overlap is likely greater than 25%
for neural tube and may approach 100% for pancreas. Together these results assessing Ptfla
and Rbpj/Rbpjl binding genome-wide support the broad existence of the PTF1 complex in
both pancreas and neural tube, although the decreased frequency in the neural tube suggests a

possible Rbpj-independent role for Ptfla in the nervous system.

Tissue-specific Ptfla binding correlates with differences in tissue-specific chromatin
accessibility
Chromatin accessibility as defined by the epigenetic landscape is known to change over

developmental time from stem cell stages to differentiated cell types in mature tissues (Ong
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and Corces, 2011, Ladewig et al., 2013). Chromatin accessibility is a likely candidate for

explaining the distinct Ptfla binding in the pancreas and neural tube chromatin given the
different developmental histories for these tissues. To determine if chromatin accessibility
differences correlate with the ability of Ptfla to bind its recognition motif in the two tissues,
we performed formaldehyde-assisted identification of regulatory elements followed by deep
sequencing (FAIRE-Seq) (Giresi et al., 2007). In this procedure, open chromatin regions are
preferentially isolated and subsequently sequenced. We performed FAIRE-Seq with E12.5
neural tube and E17.5 pancreas chromatin (Fig. 3.3). A heat map of Ptfla-bound sites
designated as neural tube only, pancreas only, or in common in the two tissues is shown next
to the FAIRE-Seq signals at these sites in the two tissues. Sites bound by Ptfla in each tissue
show concordant FAIRE enrichment, as the chromatin accessibility model predicts. In the
pancreas-only Ptfla-bound regions, FAIRE-Seq indicated 53% of these were ‘open’ (>5
sequence tags) in pancreas and only 10% were ‘open’ in the neural tube. Conversely, in the
neural tube-only Ptfla-bound regions, FAIRE-Seq indicated 75% were ‘open’ in the neural
tube compared to 15% in the pancreas. Similarly, Ptfla-bound sites in common between the
two tissues are at regions with high FAIRE in both tissues with 61% of the sites ‘open’ in
both tissues. This is illustrated both globally (Fig. 3.3A) and for specific examples around
KIf7 (neural tube only), Cela3b (pancreas only), and FbxI19 (common target) (Fig. 3.3B, also
see Fig. 3.4). Thus, chromatin accessibility is at least part of the mechanism of tissue-specific

Ptfla binding in the genome.



79
The Ptfla-bound sites with flanking sequences retain tissue-specific activity

To determine whether genomic regions bound by Ptfla and Rbpj/Rbpjl represent active
enhancers that retain their tissue-specificity out of the normal genomic context, we tested the
ChlP-Seq identified regions in lacZ reporter constructs for activity in transgenic mouse
embryos. One such region located between Kirrel2 and Nphs1 is occupied by PTF1
complexes in both the neural tube and pancreas (Fig. 3.4A). This region contains two
consensus PTF1 motifs; both are required for reporter expression in vitro (Nishida et al.,
2010, Mizuhara et al., 2010). At E12.5, the Kirrel2/Nphsl enhancer faithfully recapitulates
endogenous Ptfla expression, as well as that of Kirrel2 and Nphsl (Volker et al., 2012,
Mizuhara et al., 2010, Nishida et al., 2010, Minaki et al., 2005, Putaala et al., 2001) in both
dorsal neural tube and in pancreas (Fig. 3.4B-C, App. D). Similarly, reporter expression is
detected in the correct Ptfla-expression domains in the developing cerebellum and medulla,
and in the pancreas, at E15.5 (Fig. 3.4D-D’’, App. D).

We next examined whether regions with tissue-specific Ptfla binding in vivo were
capable of directing tissue-restricted expression in transgenic animals despite the similarity in
the consensus PTF1 motifs found in these regions. In this fashion, we hoped to address
whether the intrinsic sequence, and hence the binding of additional tissue specific factors
contributes to the distinct Ptfla binding in the two tissues. Regions chosen for testing had
strong Ptfla binding in the neural tube and no significantly enriched binding in the pancreas
and vice versa (App. D). Additionally, genes near each tested region had expression only

within the tissue in which there was Ptfla binding, as determined by RNA-Seq analyses from
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each tissue (App. D). Preference was also given to regions with significant evolutionary

conservation and the presence of a PTF1-binding motif.

Of the six neural tube-specific regions tested in this study, three had reproducible
activity in the dorsal neural tube at E12.5 (Fig. 3.4E-G, App. D-E). Histologic analysis of
these embryos revealed reporter staining in the correct Ptfla domain in the ventricular zone,
as well as in more mature neurons of this lineage in the mantle zone (Fig. 3.4F-G’, App. E).
No pancreatic expression was detected in any of these embryos (Fig. 3.4F’-G’’, App. E).
Similarly, of the eight pancreas-specific regions tested, five efficiently drove reporter
expression within the pancreas at both E12.5 (Fig. 3.4H-J°, App. E) and E15.5 (Fig.3. 41°’-
J”’, App. D-E). Only one region, that upstream from DIk1, also directed expression in Ptfla
domains in the nervous system at E12.5 (App. E). The tissue-specific activity of Ptfl1a-bound
regions in vivo, therefore, is intrinsic to the DNA sequence and is not due to the imposition

of chromatin architecture by the flanking regions of the endogenous loci.

Lineage-specific factor-binding motifs co-localize with Ptfla-bound chromatin in
pancreas and neural tube

The intrinsic tissue-specific activity of Ptfla-bound regions strongly suggests that other
tissue-restricted factors are needed for pancreas versus neural tube specific PTF1 functions.
To investigate this possibility, we searched for other enriched motifs within Ptfla-bound
regions. Indeed, besides the E-box and TC-box, which were found with the highest
frequency, HOMER identified additional enriched motifs that are distinct for the two tissues

(Fig. 3.5).



81
For the neural tube, the consensus Sox family binding site ACAAWG (van Beest et

al., 2000, Maruyama et al., 2005) was present in 22% of Ptfla-bound regions, and the
consensus Hox family binding site RTTAATY (Pellerin et al., 1994) occurred in 19% (Fig.
3.5A). These consensus sites are not enriched in the pancreatic Ptfla-bound regions. To
determine if these motifs are indicative of additional or alternative binding partners for Ptfla,
we examined whether they occurred at stereotyped intervals from the E-box. Unlike the E-
box and the TC-box, which are centered around the apex of the Ptfla peak and are enriched
in the 1 and 2 helical spacing (Fig. 3.2A, 3.5B), the Sox and Hox motifs are randomly spread
across the peak region and have no apparent spacing constraints relative to the E-box (Fig.
3.5B,C). These results suggest Sox and Hox factors are not forming DNA-bound complexes
with Ptfla and Rbpj that have strict stereochemical constraints, but rather may be serving a
more general role to stabilize the region in a neural-specific open chromatin state.

In contrast, in the Ptfla-bound regions specific to the pancreas, the next most
enriched motifs after the E-box and TC-box were a consensus forkhead motif (Fox)
RYMAAYA (Benayoun et al., 2008) found in 16% of the peaks, and a GATA family motif
GATAA in 12% of the peaks (Fig. 3.5D). Like the Sox and Hox motifs in the neural tube
Ptfla peaks, the GATA motif was randomly spread across the peak region and had no
spacing constraint relative to the E-box. However, the Fox motif was also enriched at the
center of the peak with the E-box and TC-box (Fig. 3.5E). Notably, a compound motif with
the E-box:Fox with a single base-pair separation 3’ of the E-box was identified (Fig. 3.5F).
Neither this compound motif nor the Fox motif alone occur at any particular interval with

respect to the TC-box (data not shown), suggesting that Ptfla, and not Rbpjl or the PTF1
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complex, may form a novel stereochemically constrained complex with a pancreas-specific

forkhead protein.

Foxa2 binds to the same genomic regions as Ptfla without forming a stable complex
with PTF1
The presence of the E-box:Fox motifs with the constrained spacing in 430 (4.3%) of the
pancreatic Ptfla-bound regions led us to hypothesize that a forkhead factor might bind
cooperatively with Ptfla on such sites. Among forkhead family members present in the
pancreas at E15.5 (App. F), we chose Foxa2 as the best candidate for interaction with Ptfla
based on its high level of expression and its role in pancreatic development (Gao et al., 2008,
Lee et al., 2005b). To determine if Foxa2 localizes to the same genomic regions as Ptfla in
vivo, we performed ChIP-Seq for Foxa2 with chromatin from E17.5 pancreas. Surprisingly,
Foxa2 localizes to at least 31% of all Ptfla localized regions, and 38% of PTF1 sites defined
by Ptfla and Rbpjl overlapping peaks (Fig. 3.6A,B). An example of a site with co-localized
Foxa2, Ptfla, and Rbpjl is shown for the Gata4 locus (Fig. 3.6C). GO analysis reveals that
genes near regions bound by Ptfla, Rbpjl, and Foxa2 function generally in organogenesis,
such as stem cell development, branching morphogenesis, and Notch and RhoA signaling
(Fig. 3.6D).

The ChIP-Seq results demonstrate that Ptfla, Rbpjl, and Foxa2 localize to many of
the same genomic regions, but they cannot determine if these factors are present at these sites
at the same time. To test whether Foxa2 binds cooperatively with Ptfla to the compound E-

box:Fox motifs, we performed EMSAs with several sequences present in pancreatic Ptfla-
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and Foxa2- bound regions. Foxa2 and PTF1 (Ptfla:E12:Rbpj) bound the motifs separately,

but no evidence of a higher order complex between Foxa2 and the PTF1 trimer or Ptfla:E12
dimer was detected indicating PTF1 and Foxa2 bind DNA independent of one another (Fig.
3.7A,B, and data not shown). Furthermore, co-immunoprecipitation studies from transfected
cells failed to demonstrate an association of Foxa2 and Ptfla (Fig. 3.7D). Thus, there is no
evidence for a stable complex containing Foxa2 and Ptfla in vitro.

Three compound sites that bind Ptfla, Rbpjl and Foxa2 in close proximity were
selected from genomic control regions that direct pancreas-specific expression (Clps, DIk1,
and Rbpjl regulatory regions; see App. D) and examined for their ability to activate
transcription in response to Ptfla and Foxaz2 in cell transfection assays (Fig. 3.7C,E,F). These
experiments provided insight into how Ptfla and Foxa2 work together to activate pancreas-
specific target genes. First, in mouse pancreatic 266-6 cells, which express endogenous PTF1
and Foxa2, all three PTF1-Fox compound sites could activate reporter gene transcription
(Fig. 3.7E). Activity of the Fox-PTF1 site from the Clps control region in particular required
all three binding motifs (E-box, TC-box, and Fox).

We then used HEK293 cells, which do not contain endogenous Ptfla or Foxa2 but
contain ample Rbpj and E-proteins (Sathira et al., 2010), to test the individual versus joint
contribution of these factors. Each compound site responded to Ptfla and Foxa2 differently.
For the Fox-PTFL1 site from the Clps regulatory region, Ptfla and Foxa2 had strong
synergistic activity (Fig. 3.7F). Importantly, this activity required the presence of each
individual motif, just as for 266-6 cells. In contrast, the addition of Foxa2 had no effect on

the Ptfla induced activity of the Fox-PTFL1 site from the DIk1 regulatory region. And finally,
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Foxaz2 inhibited the Ptfla activation of the Fox-PTF1 site from the Rbpjl regulatory region

(Fig. 3.7F). Thus, Ptfla and Foxa2 can work together in different ways to provide distinct
regulatory outcomes, depending on the nucleotide sequence of compound sites.

Our results demonstrate that Foxa2 and Ptfla bind in close apposition in many
genomic regions in vivo, including hundreds that contain a compound E-box:Fox motif. It
appears, however, that no stable physical interaction between these factors occurs either in
solution or on DNA, indicating independent rather than cooperative binding and the
possibility of sequential or alternating binding. In addition, the effect of Foxa2 on Ptfla-
mediated transcription is variable and may depend on the relative spacing or precise

sequences of their binding motifs in compound sites.

Foxa2 and Sox1 are not sufficient in combination with Ptfla to activate tissue-specific
gene expression programs

We tested whether Foxa2 or Sox1 might collaborate with Ptfla to control pancreas
and neural programs, respectively, given the enrichment of motifs for these factors in Ptfla-
bound regions. Transgenic embryos were generated that misexpressed Foxa2 in Ptfla-
expressing cells in the dorsal neural tube, or Sox1 in Ptfla-expressing cells in the developing
pancreas. In this paradigm, the ectopic expression of Foxa2 or Sox1 occurs simultaneously
with the endogenous Ptfla rather than prior to Ptfla as would happen during normal
development. Changes in gene expression as a consequence of misexpressing Foxa2 or Sox1
were assayed by RNA-Seq. We found that the combination of Foxa2 and Ptfla in neural

tissue, or Sox1 and Ptfla in the pancreas used in this paradigm is not sufficient in vivo to
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fully reprogram neural tissue to pancreas, or pancreas to neural tissue, respectively (data not

shown). The effects are most supportive of a model whereby the lineage-specific factors
Foxa2 and Sox1, normally expressed prior to Ptfla, generate lineage-specific chromatin
accessibility that allows Ptfla to bind when it appears at later developmental stages (see

model Fig. 3.8 and Discussion).

DISCUSSION

Distinct binding of Ptfla within chromatin of neural tube versus developing pancreatic
tissue

The bHLH transcription factor Ptfla is critical to the development of both the pancreas and
nervous system. In this study, we address a fundamental question in developmental biology
of how one transcription factor can control diverse gene expression programs by assessing in
vivo Ptfla binding genome-wide in the two developing tissues. We demonstrate that genomic
occupancy of Ptfla in the pancreas and neural tube are largely distinct, yet there is little
difference in the most common binding motifs in these regions. These motifs contain an E-
box and a TC-box separated by 1, 2, or 3 helical turn spacing as previously predicted by a
select set of targets identified in the pancreas, and in pancreatic 266-6 cells (Thompson et al.,
2012, Beres et al., 2006). Thus, the broad existence of this compound E-box:TC-box motif
was shown in vivo in pancreas and in neural tissue. Despite the use of an alternate binding
partner in the pancreas (Rbpjl, which recognizes the identical TC-box consensus sequence),
the motifs bound by the PTF1 trimer in the pancreas and neural tube are nearly identical.

Indeed, Rbpj can compensate for the absence of Rbpjl in E17.5 and adult pancreatic acinar
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cells (Masui et al., 2010). Although we detected subtle differences in E-box and TC-box

preferences between neural tube and pancreas, it seems unlikely that such subtleties alone
could dictate the observed binding profiles of Ptfla. Indeed, several of the first validated
PTFL1 sites near exocrine pancreatic genes possess widely degenerate sequences (Beres et al.,
2006).

Although the PTF1 motif was found in a majority of Ptfla-bound sites, there were
still many where HOMER did not detect a TC-box, particularly in the neural tube. While
visual inspection often identified potential TC-boxes not detected by HOMER, there remain
numerous examples where no clear PTF1 motif or TC-box is evident. This suggests that
Ptfla may serve another function independent of the PTF1 complex at least in neural tissue.
Since the Ptfla/E-protein heterodimer does not activate transcription (Beres et al., 2006), it is
possible that Ptfla competes at enhancers used by other E-box binding proteins near genes

involved in opposing programs.

Ptfla-bound regions define tissue-specific enhancers

Ptfla-bound sites restricted to either tissue define tissue-specific enhancers in transgenic
mice. This result was not necessarily predicted because transgenes integrate in non-
homologous loci where the lineage-specific chromatin landscape is presumably absent. The
alternative was that the enhancers would be inactive or their specificity lost, and thus be
active in both neural tube and developing pancreas where there is endogenous Ptfla. The fact
that this did not occur indicates that information present in the transgene, including the Ptfla-

bound site and surrounding sequence, is sufficient to retain the tissue specificity. Motif
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analysis with HOMER identified multiple tissue-specific consensus motifs and suggested that

additional collaborating factors may provide such specificity. Fox and GATA motifs were
enriched specifically in the Ptfla peaks restricted to the pancreas, whereas Sox and Hox
motifs were enriched specifically in the Ptfla peaks restricted to the neural tube. Factors in
these families, such as Foxa2 and Gata4/6, or the SoxB1 family, represent known lineage-
defining factors for pancreas and neural tissue, respectively (Xuan et al., 2012, Bergsland et
al., 2006, Lodato et al., 2013). The simplest model currently is that factors such as Foxa2 and
Gata4 combine to define accessible sites within the chromatin allowing Ptfla in the PTF1
complex to bind and activate transcription of its targets in pancreas (Xu et al., 2011).
Conversely, SoxB1 and Hox family factors combine to define sites accessible to PTF1 in
neural tissue (Bailey et al., 2006, Lodato et al., 2013) (see model Fig. 3.8). The transgenes
chosen originally based on Ptfla binding also possess consensus sites for these collaborating
factors and potentially confer tissue-specificity on these enhancers. That artificial co-
expression of Foxa2 or Sox1 with Ptfla was not sufficient to direct Ptfla to regulate pancreas
versus neural targets in transgenic mice suggests that additional factors are also required, or
that the correct temporal relationship of expression must also be respected.

Not all Ptfla regions tested for enhancer activity were sufficient to direct expression
in transgenic mice. Since Ptfla often binds multiple regions near genes it regulates, it may
require more than one of these enhancers for detectable activity. Similar observations have
been made with Crx in the adult mouse retina, in which Crx binding regions cluster around
genes important for photoreceptor identity (Corbo et al., 2010). When tested individually,

many of these regions were not able to direct reporter expression; however, several such
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bound regions in the Rho locus dramatically increased the activity of a functioning enhancer

when tested in combination. The use of alternate enhancers to regulate critical development
genes has been well described in Drosophila (Hong et al., 2008, Frankel et al., 2010),
implying that the combinatorial action of cis-regulatory elements in modulating target levels
is a widespread and highly conserved phenomenon. Perhaps in more complicated genomes
there exist many partial enhancers necessary for proper gene regulation that are insufficient
on their own to induce gene transcription. If this is true, then it could account for the fact that

not all Ptfla-bound regions we tested functioned individually as enhancers.

Lineage-specific chromatin landscapes correlate with lineage-specific binding of Ptfla
It has been appreciated for many years that the chromatin landscape changes as development
proceeds and cells become restricted to specific lineages (Ladewig et al., 2013, Ong and
Corces, 2011). We assessed differences in chromatin accessibility between embryonic
pancreas and neural tube tissue using FAIRE-Seq. This analysis illustrated the differences in
these two tissues and demonstrated that Ptfla often binds to chromatin defined as open by
this assay, consistent with a model whereby the chromatin landscape defines which PTF1
sites are available for binding. Although from these data alone we cannot distinguish whether
Ptfla binding is a consequence of the availability of its motif or whether Ptfla can direct the
opening of the chromatin, the fact that Ptfla binding is tissue-specific suggests the former.
Furthermore, based on previous studies with Foxa2 and Sox factors, it is more likely that

these factors prepare specific regions of chromatin in early developmental progenitor cells
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with broad potency in anticipation of binding of more restricting lineage factors — such as

Ptfla — later (Fig. 3.8) (Xu et al., 2011, Bailey et al., 2006).

Seminal work by Zaret and colleagues has elucidated the pioneering function of
Foxaz2 in liver development, in which Foxa2 acts as a place holder to preserve access to
critical regulatory regions for specification factors (summarized in (Zaret and Carroll, 2011)).
Our observations are consistent with a similar role for Foxa2 in pancreatic development.
Although Foxa2 and Ptfla bind many of the same regions in vivo, and there is a compound
motif with a constrained spacing of the E-box and Fox motif, we were unable to detect any
physical interaction between Foxa2 and Ptfla either in solution or on DNA. These findings
favor a model of mutually independent binding, perhaps with Foxa2 protecting PTF1 binding
regions for future use. Given the disparate combined activities of Ptfla and Foxa2 in our cell-
transfection experiments, it is tempting to speculate that Foxa2 buffers PTF1 activity to
achieve optimal levels of target transcription. For example, Foxa2 augments Ptfla function
on the Clps element, which itself possesses a low affinity PTF1 binding site, while it
decreases Ptfla mediated transcription on the high affinity PTF1 site in the Rbpjl element.
Nonetheless, we cannot discount that additional co-factors or post-translational modifications
may be needed to correctly assemble a higher order complex including Foxa2 and Ptfla.
In summary, the tissue specific transcription factor Ptfla utilizes multiple strategies to
activate transcription of lineage-specific genes. In previous work, Ptfla was shown to form a
transcriptional activator complex with its E-protein partner and Rbpj or Rbpjl. These factors
cooperatively bind a bipartite DNA motif resulting in increased sequence specificity and

efficient transcriptional activation, a mechanism shared in pancreas and neuronal
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development. From results in this study, we show that the distinct activity of Ptfla in

pancreas versus neural tube utilizes additional mechanisms that likely combine collaboration
with other tissue-specific factors, either directly or indirectly, with lineage-specific chromatin
accessibility to regulate target genes. Furthermore, we identify Foxa2 and GATA factors, or

Sox and Hox factors, as the most likely candidates for the collaborating factors that influence

Ptfla specificity in the pancreas and neural tube, respectively.
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Figure 3.1. Ptfla-bound sites in embryonic neural and pancreatic chromatins show
distinct in vivo binding. (A) Comparison of genomic sites bound by Ptfla in vivo for mouse
E12.5 neural tube (NT) and E17.5 pancreas (Panc). Venn diagram shows Ptfla binds largely
dissimilar genomic regions. (B) Left: Heat map signatures of all called Ptfla binding sites for
two neural tube and two pancreas ChIP-Seq experiments. Right: Enlarged image of Ptfla
binding signatures at NT only, Panc only, and Common sites. Heat signatures show 1000-bp
left and right of each peak center. (C) ~35% of NT and ~55% of pancreas genes associated
with Ptfla ChIP-Seq peaks identified by GREAT have more than one region with a Ptfla-
bound site. (D) Ptfla-bound regions tend to fall distal (5-500 kb) to the transcription start site
(TSS) of genes. (E) Select GO terms for the genes near NT-specific, panc-specific, or
common Ptfla-bound sites.
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Figure 3.2. Ptfla co-localizes with co-factor RbpJ or RbpJL and defines the E-box:TC-
box compound Motif. (A) Primary and secondary motifs (E-box and TC-box, respectively)
enriched in the Ptfla-bound regions restricted to pancreas, neural tube, or those common to
both tissues. Histogram of distances (in bp) between any E-box (CANNTG) and TC-box
(YTYYCA), N=A/G/C/T, Y= C/T within each ChlP-Seq peak. Frequencies were normalized
to total number of binding sites in each condition to facilitate comparison. Preferential
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spacing of 1, 2, or 3 integral helical turns of DNA separating the E-box and TC-box is
consistent with that proposed for the PTF1 binding consensus (Beres et al., 2006). The pie
charts show the percentage of peaks that contain 1, 2, or 3 helical turn spacing defined as a
PTF1 site. (B, C) Heat map signatures and Venn diagrams of Ptfla and Rbpj binding sites
from ChIP-Seq analyses of biological replicates for the pancreas (B) and the neural tube (C).
Right: Zoomed images of regions indicated. Heat signatures were obtained for 1000 bp left
and right of each peak center. The Venn diagrams show the extent of Rbpj/Rbpjl co-
localization with Ptfla. E17.5 pancreas has a 71% co-localization of Ptfla with Rbpjl, and
E12.5 neural tube a 25% co-localization with Rbpj.
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Figure 3.3. Chromatin accessibility is a major determinant of tissue-specific Ptfla
binding. (A) FAIRE-Seq (open chromatin) heat map signature at ChlP-Seq-determined
Ptfla-binding sites in the neural tube (NT), pancreas (Panc), and sites in common in both
tissues (Common) (from Fig. 1) indicates tissue-specific chromatin accessibility at these
sites. Heat signatures were obtained for 1000 bp left and right of each peak center. (B)
Representative genomic regions showing ChIP-Seq data for Ptfla binding at these sites in
NT (red) and Pancreas (blue). This is compared to FAIRE-Seq data that indicates open-
chromatin (NT, light grey; Panc, dark grey). Normalized read counts are shown on the right
of each track. The KIf7 locus represents a NT-specific Ptfla binding site, the Cela3b locus
represents a Panc-specific Ptfla binding site, and the FbxI19 represents a locus with a Ptfla-
bound site in common in both tissues.
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Figure 3.4. Tissue specificity of Ptfla-bound regions is retained in transgenic embryos
(A) ChIP-Seq and FAIRE-Seq at the Kirrel2/Nphsl enhancer. Ptfla/Rbpj both localize in
Vvivo to this region at E12.5 in the neural tube (NT); similarly, Ptfla/Rbpjl both bind at E17.5
in the pancreas (Panc). Ptfla binding data for the telencephalon (Tel, Ptfla-negative tissue) at
E12.5 is displayed for comparison. FAIRE-Seq for each tissue is shown. Normalized read
counts are at the right of each track. The black bar at the top designates the ~1 kb region used
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for transgenic analysis (see Table S3 for coordinates for all transgenes). (B-D) The
Kirrel2/Nphsl enhancer directs tissue-appropriate reporter expression in both the dorsal
neural tube and pancreas. (B) Whole mount E12.5 embryo stained for 3-gal showing
prominent activity in the neural tube. (B’) Cross-section of neural tube at forelimb level
showing restricted expression in the dorsal region (bracket). (C) Isolated gut organs from the
E12.5 embryo showing strong pancreatic expression. (D-D’’) E15.5 transgenic embryos
showing reporter expression in a sagittal section of cerebellum (Cb) and medulla (Me) (D),
and in pancreas (dashed outline) (D’); expression mirrors native Ptfla expression at this
stage. (D’’) Higher magnification of outlined region in (D’). (E) Ptfla (red) and Rbpj (green)
binding near the neural-specific genes Lhx1 and Tcfap2b in the E12.5 neural tube. Black bars
labeled “F’ or ‘G’ represent regions chosen for transgenic analysis (see Table S3). Lack of
Ptfla binding to these sites in the pancreas is shown for comparison (blue). FAIRE-seq for
each tissue is also shown. (F-G) Representative E12.5 whole mount embryos stained for 3-
gal activity possessing enhancer-reporter transgenes derived from Ptfla-bound regions in the
E12.5 neural tube (Table S3). (F’-G’) Cross-section of embryos shown in (F-G) at forelimb
level. Brackets indicate the region of endogenous Ptfla expression. ( F’-G’”) Gut organs
from E15.5 transgenic embryos showing lack of pancreatic expression (dashed outlines). (H)
Summary of ChlIP-Seq and FAIRE-Seq near pancreas-specific genes Clps and Cpal in E17.5
pancreas. Lack of Ptfla binding in the neural tube (red) at E12.5 is shown for comparison.
Black bars labeled ‘I’ or ‘J’ represent regions chosen for transgenic analysis (App D). (I-J)
Representative E12.5 whole mount embryos stained for 3-gal possessing enhancer-reporter
transgenes derived from Ptfla-bound regions in the E17.5 pancreas. Note the lack of reporter
expression in the dorsal neural tube. (I’-J”") Gut tissue from E12.5 and E15.5 transgenic
embryos showing prominent pancreatic expression. The number of embryos exhibiting Ptfla-
like expression/number of embryos possessing transgene is shown in the bottom right of each
image panel. D, duodenum; dP, dorsal pancreas; L, liver; S, stomach; vP, ventral pancreas.
Transgenic animals were generated by Bradford Casey, Galvin Swift, and Yanjie Chang.
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Figure 3.5. Tissue-specific motifs co-localize with Ptfla binding regions. HOMER was
used to search 150 bp regions bound by Ptfla in neural tube (A) or pancreas (D) for
enrichment of sequence motifs. In each case, the E-box and TC-box were the most highly
enriched. However, secondary motifs were distinct in the two tissues. (A-C) In neural tube-
specific Ptfla peaks, consensus Sox and Hox family DNA binding motifs were identified as
enriched. (B) A density plot of the motif frequencies relative to Ptfla peak centers is shown.
While E-boxes and TC-boxes cluster near the middle of peak regions, Sox and Hox motifs
are more irregularly distributed. (C) Histogram of distances (in bp) between E-boxes and the
Sox/Hox sites shows no preferred spacing or orientation of Sox motifs relative to E-boxes.
(D-F) In contrast, consensus Fox and GATA family DNA binding motifs were identified in
pancreas-specific Ptfla peaks. (E) A density plot of motif frequencies relative to Ptfla peak
centers shows Fox motifs cluster near peak centers along with E-boxes and TC-boxes, while
the GATA motif is more irregularly distributed. (F) Spacing analysis between E-box and Fox
motifs reveals enrichment of a novel compound motif with a single bp separating the
consensus motifs. The HOMER derived matrix of this E-box:Fox motif is shown.
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Figure 3.6. Foxa2 co-localizes with the PTF1-L complex in pancreatic chromatin. (A, B)
Heat map signature and Venn diagram of ChIP-Seq data shows many regions bound by Ptfla
and Rbpjl in the pancreas at E17.5 are also bound by Foxa2. (C) Diagram of the Gata4 locus
illustrating the ChIP-Seq data in this locus and shows several intronic regions bound by Ptfla
(blue), Rbpjl (brown), and Foxa2 (green). Lack of Ptfla binding in the neural tube at E12.5
(red) is displayed for comparison. Normalized read counts are shown on the left of each
track. (D) GO classification of genes near regions occupied in common by Ptfla, Rbpjl, and

Foxa2.



A 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Ptf1a - | + | -+ 1+ FT1-TF71- T+
E12[- [ - [+ - [+ |- [+]-|-|* Nk
Rbpj [~ = = [+ (- |+ 1+ (]
Foxa2 |- - l-1- + ]+ B

T™ 01

B 1 2
Ptila| -7+
E12
Rbpg
Foxa

99

7 8 9 10 11 12 13 14
+ + + |+ |+
e ! o
+

(R E S
F-N
+ 4+

(BESERES ]

<PTF1>

Clps s s s o o ot - —

! ;M*FMWHHHHH'EIIIIHI

RDDJ| e e bl b bl o -

C . ) D
Elements with Compound E-box:Fox Motif T L S
- + |  + [+ [+ ]+
Clps WT gctCAGGTGHGCAAACAkagaagct TTCCCTGAaggtcty mycueg - - -+ - T+
Clps mE gcttcGGTat|GgCAACAEagaagctTTCCCTGAaggtctg MYCRbpj - -l -1+ 4
Clps mTC  gctCAGGTGHGCAAACNgagaagctTTaaaTGAaggtcty Foxa2 | - - + |+ | + + |
Clps mF gCtCAGGTGtECggaCAkagaagct TTCCCTGAaggtcty WB: & » - T <Foxa?
DIk1  cactgcfGTGTACkCAGCTGgaggccagecageTTICCCATARERS & |Foxa2
*Rbpjl ggcctgggcaggaCACCTGctgggCAGATG‘ta— E WB: *’E12‘
gBCTTCCCACGRC & | myc .-" +§3$|
= «
E-box  TGrhox, L °
I'ETEIEIEIEIE
F HEK293
E 2500,  266-6 600 cells ns’
cells
2000 e
5 3400— —
n_:' 1500 v
1000 = 200-
* #*
500 "i
0— I T I z
0 1 [T | |T| |T|T| u
W, §. Ptf1al| |+| [+ [+ [+] [+]| [+ [+]| |+| [+]| [+] [+ [+| [+] [+
$ L& Foxa2 [T Ts T3+ T T3 T A3 [ [+ [ o 1 ol
Cips prom WT mE(E:] mTC mF, Dik1 Rbpjl
ps

Figure 3.7. Foxa2 does not physically interact with Ptfla but can act synergistically to
activate transcription. EMSA with the Clps element (A) or Rbpjl element (B) shows that
the PTF1 complex (lanes 7 and 14) and Foxa2 (lanes 8-14) bind DNA independent of one
another. Free radiolabeled probe is shown as loading control (bottom panel). (C) DNA
sequences of elements near Clps, DIk1, and Rbpjl that contain PTF1 and Fox consensus
motifs and used in the reporter constructs and EMSA. * The Rbpjl element does not contain
the compound E-box:Fox motif as do the Clps and DIkl elements. (D) Co-
immunoprecipitations with Ptfla antibodies using lysates from HEK293 cells transfected
with combinations of expression vectors for ™°Ptf1a, ™*HEB, ™°Rbpj, and Foxa2. Western
blot with antibodies to Foxa2 or the myc epitope. No interaction between Foxa2 and Ptfla is
detected (compare elution (E) lanes to input (1)). (E) Luciferase reporter constructs
containing elements from Ptfla/Rbpjl/Foxa2 peaks with PTF1 and Fox motifs (shown in (C))
were transfected into pancreatic 266-6 cells that express these factors endogenously. Activity
of the Clps element is abrogated when the binding site for Ptfla (mE), Rbpjl (mTC), or
Foxa2 (mF) is mutated. (F) The luciferase reporter constructs were transfected into HEK293
cells along with expression vectors for Ptfla, Foxa2, or both. Error bars represent +/-SEM. *
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p-value <0.01. RLU, relative luciferase units; nRLU, normalized RLU (see Methods). Data
was generated by Paul Mayer and Galvin Swift.
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Figure 3.8. Model for generating lineage specific Ptfla binding. Ptfla binds to pancreas-
specific regions and neural-specific regions within the genome. Lineage-specific
transcription factors of the Fox and Sox families present prior to Ptfla may function to
maintain open chromatin at pancreatic and neural enhancers, respectively. When Ptfla is
expressed, it forms the PTF1 complex with its co-factors Rbpj/Rbpjl and E-protein and binds
at PTF1 sequence motifs in these accessible sites. Since the relevant Fox factors such as
Foxa2 are not co-expressed with Ptfla in the neural tube, the pancreas-specific enhancers are
not available for interaction with the PTF1 complex. And vice versa, Sox factors such as
Sox1-3 are not expressed in the developing pancreas so the neural-specific enhancers are not
available to be bound by PTF1 in this tissue even though Ptfla is present. Thus, the lineage-
specific cofactors may determine the accessibility of PTF1 sites.




CHAPTER FOUR

Genome-wide analysis of ASCL1 and NEUROD1 Targets in Small
Cell Lung Carcinoma

INTRODUCTION

In the previous chapter Ptfla binding activity was compared in two distinct tissue types
during normal development. In this chapter, | examine how a bHLH factor, ASCL1,
functions in a disease condition such as small cell lung carcinoma (SCLC). Ptfla is not
expressed in SCLC, but another proneural bHLH factor, NEUROD1, can be identified
certain subtypes of SCLC tumors. Both Ascll and Neurodl functions will be described
below.

Small cell lung cancer (SCLC) accounts for 10%-15% of all lung cancers (Siegel et
al., 2013). Lung cancer (SCLC and non-SCLC) in general is by far the leading cause of
cancer death among men and women. In fact, more people die of lung cancer compared to
colon, breast, and prostate cancers combined (Siegel et al., 2013). According to the National
Institute of Cancer, SCLC patients without treatment have a median survival of 2-4 months
after diagnosis. Patients that do receive treatment will typically see the return of disease
within two years (90% of total SCLC population) and the overall survival at 5 years of any
lung cancer patient is only 5-10%. The high reoccurrence of the tumor and the unacceptable

mortality rate of the lung cancer are due in part to the lack of effective therapies. Thus,

101



102
understanding the molecular underpinnings of the SCLC and finding “druggable” targets are

active areas of research.

Genetically, SCLC can harbor several different types of mutations, but the majority of
SCLC tumors find a way to delete or inactivate the TP53 and Rb1 genes (D'Angelo and
Pietanza, 2010). Moreover, it is also common to find transcription factors to be genetically
amplified, including at least one member of the MYC Family (MYC, MYCN, or MYCL1), and
at times Nuclear Factor | B-type (NFIB) (Dooley et al., 2011, Kim et al., 2006). Clinically,
SCLC is presented as a highly aggressive malignant lung tumor that displays poorly
differentiated neuroendocrine features. Gastrin-releasing protein, chromograinins,
synaptophysin, and neural cell adhesion molecules are commonly expressed in
neuroendocrine tumors and used as specific biomarkers for diagnosis (Stovold et al., 2012).
However, tumors classified as SCLC histologically do not always express all of the
neuroendocrine markers (Guinee et al., 1994), thus proper classification of SCLC remains a
challenge, due in part to a lack of consensus in defining the subtypes neuroendocrine tumors
(Moran et al., 2009).

Ascll is a biomarker readily used in the clinic for SCLC and other neuroendocrine
tumors (Stovold et al., 2012), even though genetic alternations around the ASCL1 locus have
not been reported. ASCL1 is found to be highly expressed in both human SCLC (Jiang et al.,
2009, Borges et al., 1997, Ball et al., 1993) and mouse models of SCLC (Meuwissen et al.,
2003, Schaffer et al., 2010). Molecular studies have shown that ASCL1 is necessary for
tumor-initiating capacity in SCLC cell lines (Jiang et al., 2009, Osada et al., 2005). In

addition, ASCL1 is sufficient to activate neuroendocrine markers not normally found in a
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non-SCLC cell line (Osada et al., 2008). Consistent with these reports, the ectopic expression

of ASCL1 with SV40 large T antigen in lung Clara cells generated aggressive adenoc-
arcinoma with neuroendocrine phenotype (Linnoila et al., 2000).

SCLC is thought to originate from pulmonary neuroendocrine cells (PNECSs) (Fig.
1.3) (Ball, 2004, Park et al., 2011). During normal development, ASCL1 is critical for the
proper development of several neuronal populations throughout the nervous system,
including PNECs. In mice, the ablation of ASCL1 expression results in the complete loss of
PNECs (Borges et al., 1997, Ito et al., 2000). Thus, ASCL1 plays a critical role in both the
normal development of the pulmonary neuroendocrine cells, and survival of SCLC cell lines.

Another proneural bHLH factor NEURODYZ1, is found to be expressed in a subset of
SCLC cell lines (Osborne et al., 2013, Westerman et al., 2007, Hiroshima et al., 2006,
Yazawa et al., 2009). Similar to ASCL1, NEUROD1 is important for the survival of SCLC
cells in culture, and it also regulates the migratory capabilities of the cells (Osborne et al.,
2013). NEUROD1 was also shown to be important in development of neuroendocrine cells in
the lung. In contrast to the loss of ASCL1 that resulted in a complete ablation of PNECs,
PNECS are still generated in the absence of NEURODL, but the morphology and distribution
of the cells are altered. The loss of NEUROD1 decreases the number of solitary PNECs and
increases the number found in neuroendocrine bodies (NEBs) (Neptune et al., 2008). This
suggests NEUROD1 may function genetically downstream of ASCL1. Similar to ASCL1,
over-expression of NEURODL1 in non-endocrine non-small cell lung cancers cell lines is
sufficient to increase cell proliferation and activate a neuroendocrine program (Neptune et

al., 2008). Although ASCL1 and NEURODL1 are both capable of increasing cell proliferation
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while activating neuroendocrine genes, it is unclear where these two bHLH factors bind in

the genome, what genes they regulate, and if these related factors share a common function
in SCLC.

Throughout the dissertation | have described that transcription factor binding and
gene target regulation are influenced by many factors, including the DNA sequence the
transcription factor can bind, the chromatin accessibility to the DNA binding sites and
availability of co-regulatory factors. Given, that several human SCLC cells lines have been
shown to harbor different genetic mutations, and display different expression profiles, it is
unclear how ASCL1 and NEURODL1 function in these different cellular conditions.

In this chapter, | used two next-generation sequencing assays, ChlP-Seq and RNA-
Seq, to gain insight into the possible mechanism by which ASCL1 and NEUROD1 select
their gene targets, and to identify what those gene targets are in different pre-clinical models
of SCLC. The vast majority of ASCL1 and NEUROD1 sites do not overlap, and their E-box
binding preferences are quite distinct. A close examination of the DNA binding motifs
surrounding ASCL1 and NEURODZ1 binding sites revealed potential co-regulators. Among
the potential ASCL1 co-factors was FOXAZ2, which bound thousands of the same DNA
regions as ASCL1, which included key oncogenes important for the survival of SCLC.
Further analysis of all the potential ASCL1 and NEUROD1 gene targets shows that these
proneural transcription factors still regulate neuronal genes, but they also activate genes
important for the proliferation and survival of the tumor cells. Taken together, results here

support the model of ASCL1 and NEUROD1 having distinct functions in driving the neural
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phenotype in SCLC, while also promoting their own individual gene programs important for

the malignant behavior of tumor.

MATERIALS AND METHODS

Cell culture conditions
Cancer lines H889, H2107,H82, and H524 were maintained in RPMI-1640 (Life
Technologies Inc.) supplemented with 5% or 10% fetal calf serum (FCS) without antibiotics

at 37°C in a humidified atmosphere containing 5% CO2 and 95% air.

MRNA Isolation and Sequencing Library Preparation

10 million lung cancer cells were prepared for RNA extraction by washing twice with cold
PBS followed by trypsinization. Total RNA was extracted and purified with Zymao’s Mini
RNA Isolation Kit. 1jug of total RNA was used for mRNA (polyA) isolation and sequencing
library preparation using SOLID Total RNA-Seq kit. Single-end sequencing of 75 bp was

conducted for all samples on the ABI SOL.id sequencer.

RNA-Seq Read Alignment, Expression Level Estimation and gene clustering

Sequence reads were aligned to the Hg19 build of the human genome using TopHat v2.0.9
(Trapnell et al., 2009). All Default settings were used with the following exceptions: -G
option (instructs TopHat to initially map reads onto a supplied reference transcriptome) and -
-no-novel-juncs to ignore putative splice junctions occurring outside of known genes in the

reference. The options used were multiple read correction (-u) to better distribute reads
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mapping to multiple genomic locations and the bias correction (-b), to correct any sequence-

specific bias introduced during the library preparation option. Gene expression levels were
determined by the FPKM method of Cuffdiff v2.1.1 (Trapnell et al., 2010, Trapnell et al.,
2013).

For K-means clustering, | filtered out any gene that was expressed at a low level (<10
FPKM) in all four cell lines, and any gene that did not show more than 2-fold difference in
expression between the highest expressing and lowest expressing population. Expression
levels for the remaining genes were then log2 transformed before clustering, then the log2
expression levels for each gene were centered along their respective mean across all four cell
lines. K-means clustering (specifying 10 groups) was performed by Cluster 3.0 (de Hoon et
al., 2004). Heatmap showing gene clusters were generated by Java TreeView (Saldanha,

2004).

Chromatin immuneprecipitation (ChIP) and Sequencing Library Prep

10 million lung cancer cells were prepared for chromatin immunoprecipitation (ChIP) by
washing twice with cold PBS followed by trypsinization. Nuclei were liberated from cells by
dounce homogenization and then fixed in 1% formaldehyde for 10 minutes at room
temperature. The fixation process was terminated by adding glycine to a final concentration
of 0.125M. Chromatin was sheared by using a Diagenode Bioruptor for 30 minutes on high
power with 30s:30s on:off cycles. 250 pg chromatin was immunoprecipitated with 5 pg
affinity-purified mouse anti-ASCL1 antibody (BD Biosciences) followed by anti-mouse

Dyna beads (Invitrogen), with 5 pg goat anti-NEUROD1 (Santa Cruz, N-19) or goat anti-
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FOXAZ2 (Santa Cruz, sc-6554) followed by Protein G Dynabeads (Invitrogen). The

immunoprecipitated chromatin was then purified with the Qiagen PCR Clean-up kit and then
prepped for sequencing. ChlP-Seq libraries were prepared using the NEBNext ChlIP-Seq
Library kit. Indexing primers and adapters were obtained from Illumina. Single-end
sequencing of 50 bp was conducted for all samples on the Illumina High-Seq 2000

sequencer.

ChIP-Seq Samples, Peak Calling, Intersections, and Quantification

ASCL1 ChlP-Seq samples from cell lines H889 and H2107 were compared to an antibody
control data set, an ASCL1 ChIP-Seq data in H524 a non-ASCL1 expressing cell line.
NEURODL1 ChlP-Seq samples from H82 and H524 were compared to an antibody control
data set, NEUROD1 ChlP-Seq data in H889, a non-NEURODL expressing cell line. FOXA2
in H889 was compared input control sample.

Sequence reads for each sample were mapped to the Hg19 assembly of the human
genome with Bowtie (Trapnell et al., 2009). Duplicate reads were removed, and the
remaining unique reads were normalized to 10 million reads. Peak calling was performed by
HOMER (Heinz et al., 2010) using an FDR cutoff of 0.001, a cumulative Poisson p-value of
<0.0001 and required a 4-fold enrichment of normalized sequenced reads in the treatment
sample over the control/input sample. | defined a common binding site between two samples
when the peak summits of each sample were found within 150bp of each other.

Quantification the ChlP-Seq samples were performed by HOMER (annotatePeaks.pl

—size 5000 —hist 10 -ghist) (Heinz et al., 2010). Normalized sequence reads around each peak
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were counted in 10bp bins, and the results were then loaded into Matlab® to generate the

heatmap.

GO Classification and ChlP-Seq Peak Gene Annotation

Distance to gene and gene annotations for ChlP-Seq peaks were obtained using GREAT
v1.82 (McLean et al., 2010). GREAT assigns a gene to a binding region if the region falls
within 5 kb 5” or 1 kb 3’ of the transcription start site (basal region) with a maximum
extension of 1,000 kb in either direction. If the binding region falls within the basal region of
multiple genes, then more than one assignment is made. All parameters were left at their
default settings. The software Webgestalt (Wang et al., 2013) was used for Gene Ontology,

all settings were left at their default settings.

Motif Discovery and Density Plots

For motif discovery, all tests were conducted with the HOMER package v4.2 using the
following settings: -size 150 —S 10 —bits.(Heinz et al., 2010). I limited motif analysis by only
using 150 bp DNA region around each peak summit. For statistical analysis, random
background sequences with similar GC content to the test samples was generated for

comparison (Homer default).

The E-box and secondary motif density plots were generated in HOMER (annotatePeaks.pl —

size 1000 —hist 10). The program identified all sequences that matched to the HOMER
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generated motif matrices within 1 kb of the surrounding peak regions. Density plots were

then generated by Matlab®.

RESULTS

ASCL1 and NEURODLI are expressed in SCLC cell lines with different genetic and
molecular profiles

For decades, human derived SCLC cell lines have been used as the model system to uncover
the genetic and molecular variations that can potentially drive the malignant behavior of the
tumor cells. It is known that there is variation in the genetic alterations in human SCLC cell
lines, and ASCL1 and NEUROD1 can be expressed at different levels (Fig. 4.1A-B). To
compare the function of ASCL1 and NEURODL1 in SCLC, I identified two SCLC lines that
express high levels of ASCL1 and low levels of NEUROD1 (H889 and H2107 (ASCL1™)),
and two SCLC that express high levels of NEUROD1 and low levels of ASCL1 (H82 and
H524, NEUROD1""). mRNA expression levels of ASCL1 and NEUROD1 is demonstrated
by RNA-Seq from these cell lines (Fig. 4.1B). The four human SCLC cell lines used in this
study have known genetic alterations such as mutations in TP53 and RB1 genes, and genetic
amplifications around some of the oncogenic Myc genes (MYCL1, MYC, & MYCN) and
NFIB (Fig. 4.1A) (Johnson et al., 1996, Kim et al., 2006, Dooley et al., 2011). Both ASCL1
expressing SCLC cell lines are characterized as having classic SCLC characteristics, while
the NEURODL cell lines has variant features, thus these two groups have morphological
differences and express different neuroendocrine markers (Carney et al., 1985). The known

genetic alterations in these lines did not always reflect high gene expression, such as seen
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with MYCL1, which is genetically amplified in both in H889 and H2107, but high levels of

expression were detected only in H889 (Fig. 1B). Instead, H2107 had high levels of MYC,
but no known amplification around that gene locus has been reported. H82 and H524 have
amplifications around the MYC locus and show high expression levels of MYC. Thus, all the
cell lines used for this study have at least one member of the Myc family that is highly
expressed. Another oncogenic transcription factor NFIB is genetically amplified in H889 but
not in either of the NEUROD1"™ SCLC cells (Dooley et al., 2011). Moderate levels of NFIB
can be detected in both ASCL1"" SCLC cells and is present at higher levels compared to the
NEUROD1" cells. Taken together, ASCL1 and NEURODL are differentially expressed in
SCLC cell lines characterized by different types of genetic and molecular alterations.

To begin uncovering differences in the SCLC lines that could be due to
transcriptional regulation by ASCL1 and NEUROD1, | used K-means clustering to identify
discrete expression profiles (Fig. 4.1C). In order to find substantial differences in expression,
| filtered out any gene that was expressed at a low level (<10 FPKM) in all four cell lines,
and any gene that did not show more than 2-fold difference in expression between the highest
expressing and lowest expressing population. 5,706 genes (data not shown) met these criteria
and results show that majority of the genes can clustered into cell-specific expression
profiles, where one gene expressed significantly higher in one cell line compared to the other
three. Despite the heterogeneity, 263 genes were expressed higher in both ASCL1™ cells
compared to NEUROD1 cells, and 271 genes were expressed higher in the NEUROD1™
cells compared to ASCL1"™ cells (Fig. 4.1C). We used these two gene clusters as pools of

candidate targets specific for ASCL1 or NEURODJ, respectively. Ontology analysis of these
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two gene clusters (Wang et al., 2013) revealed both groups were enriched with genes with

known neural function (Fig. 4.1D). Given that the genes from this analysis are non-
overlapping, it suggests that NEUROD1 and ASCL1 contribute to different aspects of neural

phenotype in SCLC.

ASCL1 and NEUROD1 bind distinct sites to regulate different genes in SCLC

In order to determine if the genes found in our clusters are direct targets of ASCL1 or
NEURODL1 requires us to know where these two factors bind with in each cancer’s genome.
Given the various genetic and molecular differences found in the SCLC cell lines, it is
unclear if these conditions influence ASCL1 and NEURODZ1 binding. To investigate these
questions, we performed Chromatin Immunoprecipitation coupled with high throughput
sequencing (ChlP-Seq) for ASCL1 in H889 and H2107, and NEUROD1 in H82 and H524.
Unexpectedly, our analysis found a large degree of discrete binding sites between ASCL1
and NEURODL1 for each cell-type (Fig. 4.1E-F). For ASCL1, we discovered 29,976 and
15,077 binding sites in H889 and H2107, respectively. The majority of these ASCL1 and
NEURODL sites are located distal from transcription start sites (App. G). Among all the
ASCL1 sites found in either of the Ascl1™ cell lines, 9,124 were found to overlap. For
NEUROD1, 11,250 and 4,011 were found in H82 and H524, and 1,405 were found to be in
common. Among all the ASCL1 and NEUROD1 bound sites, only 289 sites were found to be
in common. Taken together, ASCL1 and NEURODZ1 bind distinct sites between each cell

line, and a small subset of sites overlap among all the cell lines.



112
To gain insight into the genes directly regulated by ASCL1 and NEUROD1, |

intersected the common ASCL1 and NEUROD1 ChIP-Seq sites with the specific ASCL1"
and NEUROD1"" expression enriched clusters found in the RNA-Seq data, respectively.
Given the large amount heterogeneity found in each cell line, analysis was restricted to the
overlapping sites of ASCL1 in the ASCL1™ and the overlapping NEURODL sites in the
NEUROD1 cells, to find common targets specific to ASCL1 and NEUROD. This analysis
highlights the different functions ASCL1 and NEURODL1 in SCLC.

In order to assign a binding site to a gene, the algorithm defined by the Genomic
Regions Enrichment of Annotations Tool (GREAT) software (McLean et al., 2010) was
used. Overwhelmingly, both ASCL1 and NEURODL1 bind to DNA sites far away from
transcriptional start sites (TSS) (App G), regardless of the cell line; thus, assigning the
nearest gene to the binding site is not always appropriate (McLean et al., 2010). GREAT
defines a basal regulatory region for a gene within 5 kb upstream or 1 kb downstream of the
transcriptional start site (TSS) and defines an extended regulatory region that exists within
1000 kb both up and downstream of the TSS or until the region reaches an adjacent gene’s
basal region. If the binding site falls within a gene’s basal regulatory region, the peak is
assigned to that gene alone, but if the binding site is outside the basal region, and falls into
extended regions of genes, then the peak will be assigned to both genes. Given, that ASCL1
and NEURODL bind sites distal from the TSS, more than one gene is commonly assigned
(data not shown).

Among the 271 genes expressed higher in the NEURODL1 cell lines, only 70 had a

common NEUROD1 binding site (App H). Genes of interest include oncogenes such as MYC



113
and the cell-cycle regulator CDK6 (App. H). Among the highest expressing genes found in

this group, are genes typically associated with neuronal function such as transcription factor
OTX2, the excitatory amino acid transporter, SLC1A7, the axon growth regulator, OLM1, and
even NEURODL1 itself (Fig. 4.2A, Table App. H).

NEURODL1 binding around these genes comes in different flavors, some genes such
as SLC38A5 have one binding site, just upstream of the TSS, but in most cases multiple
binding sites around a gene was found, and these were located up- or down-stream of the
TSS (Fig.. 4.2B, and data not shown).

In contrast, among the 263 genes expressed higher in the ASCLL1 positive cells, 200
had an ASCLL1 binding site assigned to it (App H). Included among the top ASCL1 potential
targets were the neuroendocrine marker GRP and ASCL1 itself (Fig. 4.2C). Also, known
oncogenic genes appear to be targets such as the anti-apoptotic gene BCL2, and Ret. There
were 19 ASCL1 targets that have a known function in central nervous system development
(data not shown), which do not overlap with NEUROD1 targets. Genes important for lung
development were also targeted by ASCL1 such as FOXA2, NKX2-1, PROX1, and WNT11;
as well as genes important for endocrine function (hormone secretion) such as SEC11C,
ISL1, FAM3B, GCG, PRKARIB, GCK, INHBB, and CACNA1A. Like NEUROD1,
multiple ASCLL1 binding sites can be found surrounding the potential target genes distal from

the TSS (Fig. 4.2D).
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ASCL1 and NEURODL1 bind discrete consensus motifs in SCLC

Both ASCL1 and NEUROD1 are class 1l bHLH factors that bind DNA sequences containing
the E-box motif (CANNTG) (for review see Bertrand et al., 2002). Given that ASCL1 and
NeuroD1 are capable of binding so many distinct sites in each cell line, it is unclear if there
are differences in E-box binding preferences. To gain more insight into which specific E-box
motifs ASCL1 and NEUROD1 bind to in SCLC, we performed de novo motif analysis on all
the ASCL1 and NEUROD1 sites for each cell line (Fig. 4.3A). Specifically, we analyzed the
150 bp regions surrounding the apex of each called binding site using the program Homer
(Heinz et al., 2010). The primary motif returned from the analysis was the E-box motif and
was found in almost all of the binding sites. With that said, ASCL1 and NEUROD1 did show
differences in the type of E-box they bind. In particular, ASCL1 maintained its preference in
both ASCL1"" for CASSTG E-boxes (S=G or C); specifically, CAGCTG or
CAGGTG/CACCTG. In both NEUROD1" cell lines, NEUROD1 also maintained its E-box
preference for CAGMTG (M=C or A) motifs; specifically, the CAGCTG or
CATCTG/CAGATG E-boxes. In order to quantitate the different E-box preferences, |
determined the frequency and location for each specific E-box for all the peaks called in each
cell line (Fig. 4.3B). Indeed, density plots show that the E-boxes are typically found near the
center of the peak, but the occurrence of each E-box type is differentially distributed. In order
to compare between cell lines, all results were normalized by the total number of peaks from
each cell line. As expected, the GC core E-box is enriched in peaks found in all four cell

lines, while the GG/CC-core is only enriched in the ASCL1"™ cells. Conversely, the TC/GA



115
core E-box motif is not enriched in the ASCL1 expressing lines compared to the enrichment

found in NEUROD! cell lines NEUROD1"".

In addition, motif analysis to binding sites unique to each cell line (App. G) and to
sites found in common was performed (Fig. 4.3C). For all categories, ASCL1 and
NEUROD1 maintained their E-box preferences, except for when ASCL1 and NEUROD1
where bound to the same location in all four cell lines. Moreover, the commonly shared E-
box between all four cell lines appears more similar to NEUROD1’s primary E-box (Fig.
4.3C, lower right). However, a closer examination of the 281 shared ASCL1 and NEUROD1
binding sites show the presence of both the GC-core and TC/GA within same binding site
(data not shown), so it is unclear if ASCL1 is binding the TC/GA core E-box or just simply
binding the GC E-box next to it. In summary, even though the majority of ASCL1 and
NEURODL sites do not overlap, both factors prefer to bind to the GC-core E-box, but also
have a preference for their own specific E-box, CACCTG/CAGGTG for ASCL1 or

CATCTG/CAGATG for NEURODI.

Specific transcription factor motifs co-localize with ASCL1 and NEUROD1 binding
sites in SCLC

The differential binding between ASCL1 and NEUROD1 and the distinct molecular profiles
found in each cell line maybe a result of cell line specific co-factors. To explore this
possibility and to focus in on potential co-regulators important to both ASCL1" and

NEUROD1"™ tumor cells; thus, we searched for additional motifs enriched in the common



116
ASCL1M™ or the common NEUROD' sites. Indeed, we find ASCL1 and NEURODZ1 sites are

enriched with distinct transcription factor motifs.

Among the ASCL1"" common sites, two additional motifs matching the consensus
binding sites of NF-I half site (also recognized as CTF) (Roulet et al., 2002) and forkhead
factors (Badis et al., 2009) were enriched (Fig. 4.3C). Just over 40% of the ASCL1 binding
sites contained the NF-I half-site motif and over 25% contained the forkhead motif. As for
the NEURODL sites, the homeodomain motif matching to the CRX or Otx2 factors (Corbo et
al., 2010, Bunt et al., 2011) was found in over 41% of the sites. In order to determine if these
co-factor motifs are specific to either the ASCL1 or NEUROD1 sites, we determined the
frequency of each motif with respect to the peak summits (Fig. 4.3D). For comparability, the
number of occurrences was normalized to the total number of peaks in each group.
Unexpectedly, the NF-I motif was enriched in both ASCL1 and NEUROD1 motifs and found
near the peak centers, even though de novo analysis did not detect the motif in the
NEURODL sites (Fig. 4.3D top panels). In fact, we found that 54% of the NEURODL sites
contained the NF-1 motif. The absence of the NF-1 motif in the de novo motif analysis is
likely due to the fact the NF-1 site overlaps considerably with NEUROD1 primary E-box
motif, thus NF-I1 motif is being masked by the frequent number of E-boxes found in the
NEURODLI peaks. As far as the additional motifs found in our analysis, the forkhead motif
was specifically enriched with in the ASCL1 peaks, but randomly dispersed around
NEURODL1 binding sites (Fig. 4.3D, middle panels). Conversely, the CRX/OTX2 motif is
enriched near the NEUROD1 peak summits and is not found to occur often in the ASCL1

binding sites (Fig. 4.3D, lower panels).
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The presence of the co-factor motifs suggests that one or more members of these

transcription factor families are capable of binding the same chromatin regions as ASCL1
and NEURODL. Interestingly, there are members of each transcription factor family that are
specifically expressed in the ASCL1 or NEURODZ cell lines, opening the possibility that
they are cell specific factors that co-regulate genes important to the tumor with ASCL1 and
NEURODL. Factors such as FOXA2 (Fig. 4.3A) from the forkhead family, NFIB and NFIX
from NF-1 family are specifically expressed in the ASCL1 expressing cells (App. I). The
NEURODL1 specific co-factor motif matches the known binding site of homeodomain factors
CRX and OTX2 (Bunt et al., 2011). Among those two factors, only Otx2 is expressed in both

NEURODL cell lines and neither is expressed in the ASCL1 expressing lines (App. I).

FOXAZ2 binds to the same DNA regions as ASCL1 in SCLC

In chapter three, it was shown that the bHLH factor Ptfla binds to similar chromatin regions
as FOXAZ in developing pancreas and that their binding sites, E-box and Fox motifs, are
frequently separated by a single base pair (Meredith et al., 2013). Similarly, when we inspect
the distant between the E-box and Fox motifs in the ASCL1 sites, we find a similar
arrangement (data not shown). Moreover, as mentioned above, FOXAZ2 is specifically
expressed in the ASCL1 expressing cell lines and not in the NEURODL lines (Fig. 4 4A,
App. 1). To determine if FOXA2 and ASCL1 bind the same sites in SCLC, ChIP-Seq was
performed for FOXAZ2 in the H889 cell line. Indeed, thousands of sites overlap with ASCL1

in the SCLC.
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Genome-wide analysis of FOXA2 found 14,308 binding sites and 5,190 of those sites

overlapped with ASCLL1 in H889 (Fig. 3.4B-C). De novo motif analysis of all FOXAZ2 sites
(Fig. 4.4D) shows the primary enrichment was the Fox motif, followed by the E-box, which
matches the ASCL1 primary E-box, and an NF-1 motif. Additionally, a homeodomain motif
was found enriched in the FOXAZ sites too. Thus, one would be able to predict that an E-box
binding protein such as ASCL1 and a NF-I factor could potentially cooperate with FOXAZ2 in
SCLC.

By re-applying the de novo motif algorithm to just the overlapping FOXA2 and
ASCL1 binding sites in H889 shows that the enrichment of both E-box and Fox motif along
with the NF-I motif once again (Fig. 4.4E). However, by altering the motif algorithm to
search for longer motifs enriched in the shared sites (up to 15 bp long), it reveals that ~27%
of the shared FOXAZ2 and ASCL1 sites have a fixed spacing of a single base pair (Fig. 4.4E).
On the other hand, majority of the FOXA2 and ASCL1 shared sites did not have a DNA
spacing restraint between their respective motifs. In order to determine if known oncogenes
or genes essential for the survival of the lung cancer are potentially targeted by both ASCL1
and FOXAZ2, the ASCL1 and FOXA2 ChIP-Seq data was intersected again with the RNA-
Seq. Indeed, key genes such as GRP, BCL2, and RET contain an overlapping binding sites of
with ASCL1 (found in both ASCL1"" cells) and FOXA2 (Fig. 4.4 F-H). In the case of GRP,
the fixed single base spacing between E-box and Fox motif was found (Fig. 4F), but the
spacing between the two motifs go beyond the single base pair spacing for peaks assigned to
BCL2 and RET (Fig. 4G-H). The NF-I motif was found to be present in the peak assigned

BCL2 (Fig. 4.4G). Taken together, FOXA2 is restricted to ASCL1 expressing cells and binds
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thousands of sites overlapping with ASCL1 in SCLC; and together they are found associated

near key oncogenes.

DISCUSSION

Decades of research have established the developmental requirement for the bHLH factors
ASCL1 and NEUROD1 throughout the nervous system. In chapters one and two, | describe
and provide evidence that ASCL1 has the ability to induce a proliferating neural progenitor
cell to exit the cell-cycle and differentiate; while, it well established that NEUROD1 is
functionally essential for the terminal differentiation and maturation of post-mitotic neurons
(Cho and Tsai, 2004). Knowing this, many researchers are left wondering why SCLC and
other neuroendocrine tumors mis-regulate transcription factors such as ASCL1 and
NEURODL. Interestingly, it is actually common for other tumors, not just lung cancer, to
“hijack” cell-lineage factors in order to promote its survival and malignant behavior
(Garraway and Sellers, 2006). In order to explain why ASCL1 and NEUROD1 are important
to the tumor, | set out to identify these factor’s transcriptional targets and investigate how
these factors select them. Using pre-clinical models of SCLC, | identify the genome-wide
binding landscape of ASCL1 and NEUROD1 through the use of ChIP-Seqg. In addition, the
transcriptome profiles of SCLC models were identified through the use of RNA-Seq.
Combing these two assays revealed that NEUROD1 and ASCL1 have distinct functions in
SCLC, as they do in neural development. While ASCL1 and NEURODA appear to drive
independent neural programs in SCLC, they also seem to contribute to the malignant

behavior of the tumors independently. The different functions of these two bHLH factors are
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reflected by their distinct binding sites throughout the genome. The difference in ASCL1 and

NEURODL binding sites can partially be explained by each factor’s specific preference for

certain types of E-boxes, and their likely use of cell-specific co-factors.

ASCL1 and NEUROD1 maintains their neuronal function while regulating oncogenic
genes

My investigation focused in on the functional differences between ASCL1 and NEUROD1 in
SCLC. Analysis of their candidate gene targets and differential expression in each cell line
highlighted the fact that both factors still maintain a neuronal function, but their functions are
distinct (Fig. 4.1D, App. 1). When either ASCL1 or NEURODL is overexpressed in non-
neuroendocrine lung cells, they are capable of activating a neural program (Neptune et al.,
2008, Osada et al., 2005); this phenotype is consistent with types of genes found in my study.
Indeed, | find that ASCL1 targets neuronal genes such as the neural cadherin gene, CDH2,
synaptic scaffolding protein, SHANKS, and components of the Notch pathway, DII1, Dll4,
and DNER. In addition, ASCL1 appears to directly contribute to the endocrine function of
SCLC by regulating genes such as Gastrin-releasing peptide (GRP), Dopa decarboxylase
(DDC), and Dopamine beta-hydroxylase (DBH). In contrast, NEUROD1 activates neural
transcription factors such as Neurod4 and OTX2, and several genes found on neuronal axons
and synaptic terminals such as OLM1, SDC2, KIRREL2, SCN3B, and THY1. As far as the
endocrine function specific to NEUROD1, we find that NEUROD1 targets the somatostatin

receptor, SSTR2.
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The major goal in this study was to uncover why ASCL1 and NEURODL1 are

important for the survival of SCLC. By identifying their target genes, it became clear why
ASCL1 and NEURODL1 are essential to the tumor. For example, as mentioned above,
ASCL.1 regulates the neuroendocrine genes GRP, which has been shown to be critical for the
ongoing proliferation of SCLC (Patel et al., 2006). In addition, ASCL1 and NEUROD1
specifically target well-known oncogenes. We identified that BCL2 and RET are specific
targets of ASCL1 (App. I). In support of this ASCLL1 specificity, the application of the BCL2
inhibitor (ABT263) in mice with ASCL1 expressing H889 xenografts, showed an effective
inhibition the tumor growth (Tse et al., 2008), but application of a BCL2 inhibitor (ABT-
737) in mice with the NEUROD1-expressing H82 xenografts did not show changes in tumor
growth (Hann et al., 2008). RET has not been directly associated with ASCL1 in SCLC, and
the relevance of RET in SCLC patients remains unclear; however, RET expression was found
to be highly correlated with ASCL1 expression in smokers with neuroendocrine lung
adenocarcinoma, a non-small cell lung carcinoma (Kosari et al., 2013). Kosari et al.
demonstrated that the reduction of ASCL1 expression also reduced RET levels, which
resulted in the inhibition of growth for the tumor cells. Thus, in another neuroendocrine lung
cancer, RET appears to require ASCLL1. In contrast, the cell-cycle regulator CDK6 and the
transcriptional amplifier MYC appear to be directly regulated by NEUROD1. CDKG6 like RET
has not been thoroughly investigated in SCLC, but in other lung cancers, the reduction of
CDKG®6 sends the tumor cell into cell-cycle arrest (Zhu et al., 2013). MYC can be found be up-
regulated in subset of SCLC cell-lines (Johnson et al., 1996, Kim et al., 2006), but a

correlation with NEUROD1 expression has not been reported. In summary, ASCL1 and
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NEUROD specifically regulate several well-known oncogenes in pre-clinical models of

SCLC.

This study revealed functional differences between ASCL1 and NEURODL1 as
reflected in the minimal number of overlapping binding sites found in the tumor cell lines
(Fig. 4.1F). Nonetheless, there are 289 sites that overlapped in all four cell lines. Comparing
the genes associated with these sites (using GREAT) with genes expressed in all four cell
lines studied here, 150 genes were identified (App H). Indeed, we found the known ASCL1
target’s DII3 and RGS16 (Jiang et al., 2009, Henke et al., 2009a, Castro et al., 2006) are also
potential targets of NEURODL. Interestingly, NEUROD1 has been shown to regulate lung
neuroendocrine tumor migrating capabilities through its control of NCAM1 (Osborne et al.,
2013). We find that NCAML is a target of both ASCL1 and NEURODL. Thus, although only
a small fraction of ASCL1 and NEUROD1 binding sites are found in common, some of these

common gene targets may be important to the tumor.

Distinct binding profiles of ASCL1 and NEURODL1 in SCLC

This study addresses fundamental questions in the transcription factor field of how two
structurally similar factors such as the bHLH proteins ASCL1 and NEURODL1 select their
DNA binding targets and how their target selection is influenced by different cellular
environments. The tumor models, which were clinically classified as the same tumor type of
SCLC, harbored several different genetic alternations (Fig. 4.1A-B)). Moreover, the gene
expression profiles of each of the four cancer cell lines show contrasting molecular

differences between each other (Fig. 4.1C), an environment that could alter transcription
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factor function. Coinciding with these cell-specific observations, is the finding that the

majority of the ASCL1 and NEUROD1 binding sites were unique to one cell-line, even
among the cells that showed similar expression levels of ASCL1 and NEURODL. It remains
unclear if these cell-line specific differences contribute to the tumor malignancy. The type of
genes associated with these cell-line specific binding sites, determined by the software
GREAT, shows an overwhelming an enrichment of genes with known neural function (data
not shown). In attempts to explain why the cell-line specific binding differences occur, |
further examined the cell-specific binding sites at the DNA level by de novo motif analysis;
unexpectedly, there were no dramatic changes in the primary E-box binding site and no new
co-factor motif appeared in any of the ASCL1 or NEUROD1 cell specific sites (App. G).
Given that small differences can be detected at the DNA level for each cell, it suggests that
the chromatin landscape may be the critical determent for ASCL1 and NEURODL binding in

each cell.

ASCL1 and NEUROD1 bind distinct E-boxes

Directly comparing the ASCL1 and NEUROD1 ChlIP-Seq data sets provide
mechanistic insight into how these two factors select their DNA binding site, and provide
additional supporting evidence that these two factors are functionally different in SCLC.
Regardless of the cell line, motif analysis shows these two factors prefer distinct E-boxes,
where ASCL1 specifically prefers the CAGGTG/CACCTG E-box compared to the
NEURODL preference for the CATCTG/CAGATG E-box (Fig. 4.3A-B). Interestingly, both

factors commonly bind the CAGCTG E-box in their respective cell lines; however, an
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intersection of all the binding sites show very little overlap between any ASCL1 and

NEURODL sites. The lack of binding site overlap at binding regions with a CAGCTG E-box
brings into question, whether Ascll or Neurodl1 need additional co-factors to bind these
regions or if the DNA region in the other cell lines is not accessible because of chromatin

structure

Identification of the ASCL1 and NEURODL1 transcription factor network in SCLC
There is a large overlap of ASCL1 sites between H889 and H2107 (9,124 sites) and
NEURODL sites between H82 and H524 (1,405 sites). Examination of these common sites
led to identifying other candidate transcription factors that may work in concert with ASCL1
and NEURODL.

Forkhead and the NF-1 motifs were found enriched within the ASCL1 bound regions.
There are dozens of forkhead family members that can bind this motif and several of these
factors have been shown to be mis-regulated and important in several types of cancers (Myatt
and Lam, 2007). Within the ASCL1 expressing cell lines, several Fox factors are expressed
(Fig.4.4A, App. 1), but only FOXA2 expression was restricted to the ASCL1™ cell lines and
not expressed in in the Neurod1™ cells. This may be due in part to FOXA2 being directly
regulated by ASCL1 in these cells (Fig. 4.2C); suggesting a feedforward mechanism for
maintaining gene expression. In support of this mechanism, we found thousands of FOXA2
binding sites overlapping with ASCL1 bound sites. Among the sites co-bound by FOXA2
and ASCL1 was ASCL1 itself, suggesting ASCL1 may auto-regulate its own expression

(Fig. 4.2D) with the help of FOXAZ2. Other potential co-regulated targets known to be
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important to the tumor are GRP, BCL2 and RET (Mulligan et al., 1998, Tse et al., 2008, Patel

et al., 2006); their relationship with ASCL1 will be discussed below. If and how ASCL1 and
FOXAZ interact at the transcription level is unclear, the fixed spacing between the E-box and
Fox motif suggest a physical interaction between the two proteins may exist. However, a
similar scenario was found, with the same DNA spacing between the binding motifs, for the
bHLH factor Ptfla and FOXAZ2 in the developing pancreas (Meredith et al., 2013), but
protein-protein interaction was never found. Nonetheless, our data suggest not only ASCL1
is directly targeting key oncogenes, but it regulates these key genes by cooperating with other
factors such as FOXAZ2.

The NF-1 binding motif was also found to be enriched in the ASCL1 binding regions.
NF-1 factors consist of 4 proteins: NFIA, NFIB, NFIC, and NFIX. Both NFIB and NFIX are
expressed at higher levels in the ASCL1 expressing SCLC lines (App. I). NFIB, which is
commonly over-expressed and genetically amplified in SCLC, has been shown to be an
important oncogenic gene that regulates the cell viability and proliferation during the tumor
formation (Dooley et al., 2011). NFIX on the other hand, has not been reported to be
important for any type of tumor, but it has been studied in the nervous system. As neural
stem cells enter a quiescence phase, NFIX is found to be up-regulated and required for proper
induction of the quiescent state (Martynoga et al., 2013). It would be interesting to know if
ASCL1 and NFIX co-regulate genes for a quiescent niche within SCLC tumors; potentially
explaining why SCLC tumors are resistance to chemotherapy. Martynoga and colleagues
highlight that helix-loop-helix protein 1D4 is highly up-regulated and a potential direct target

of NFIX in neural progenitor cells entering a quiescent phase. In the ASCL1" SCLC cell
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lines, ID4 is an ASCL1 specific target (App. H) and the NFI motif is found within the

ASCL1 binding sites. Thus, further investigation into the functional relationship between
ASCL1 and NF-I factors is warranted.

Within the NEUROD1 bound regions there is enrichment of the binding motif for the
homeodomain factor OTX2 (Bunt et al., 2011), which is expressed in the NEUROD1" cells
but not the ASCL1"". Similar to the relationship between ASCL1 and FOXA2, NEUROD1
appears to directly regulate OTX2 (Fig. 4.2C), suggesting another feed-forward
transcriptional mechanism. During development, both NEUROD1 and OTX2 have been
shown to be required for proper neuronal specification in the retina (Swaroop et al., 2010).
As for a role in cancer, OTX2 is required for cell proliferation in pre-clinical models of
medulloblastoma (Bunt et al., 2012). Consistent with this function in SCLC, NEUROD1
binding sites containing the OTX2 motif are found around the oncogene MYC. Altogether,
the ChlIP-Seq data have elucidated the binding preferences for NEUROD1 and ASCL1, but
also implicated additional transcription factors that may be important collaborating factors

that may function in the survival of the tumor.

ASCL1 has distinct neural functions in the developing neural tube versus small cell lung
carcinoma

In the second chapter the genome-wide binding of Ascll in the mouse embryonic neural tube
was reported. In both SCLC and the developing neural tube, ASCL1 occupies DNA regions
near genes with known neuronal function. However, a comparison of the DNA binding sites

in each tissue shows that Ascll has a slightly different E-box preference. In the neural tube,
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the GC-box core E-box is highly preferred, but in SCLC, ASCL1 prefers the GC-core along

with the GG/CC-core E-box. In addition, in each tissue type, several non-E-box motifs were
enriched in Ascl1 binding regions, but those motifs were distinct between the two tissues.
This suggests that tissue specific co-factors are co-regulating with Ascll to activate disparate
neural programs. The ASCL1 binding sites in neural tube were directly compared with
ASCL1 binding sites in the SCLC cancer cells by lifting over the Ascl1 binding coordinates
found the mm9 mouse genome to the hgl9 human genome. Indeed, only 302 of the ASCL1
neural tube binding sites were found to be homologous with ASCL.1 sites in both Ascll
expressing SCLC cell lines (appendix J). However, among these shared sites was the binding
region near the notch ligand DII3. DII3 has been shown to be ASCL1 target in multiple tissue
types (Ball et al., 1993, Castro et al., 2006, Castro et al., 2011, Henke et al., 2009a). In
addition to DII3, several other members of the notch pathway are targets of Ascll in the
nervous system and cancer cells such as DII1, Rbpj, MamI3, and Lfng. Altogether, analysis
of the Ascll binding sites and potential gene targets show that Ascl1 regulates a divergent,
cell-specific gene program in the neural tube and SCLC, but also a limited set of genes

particularly in the notch pathway.
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Figure 4.1. Genetic and molecular heterogeneity in ASCL1 and NEURODL1 expressing
SCLC. (A-B) Summary of the known genetic alterations (Johnson et al., 1996, Kim et al.,
2006, Dooley et al., 2011, Carney et al., 1985) and their expression levels determined by
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RNA-Seq in ASCL1 and NEUROD1 expressing cell lines. (C) K-means clustering of
differentially expressed genes between the SCLC cell lines. Note, gene expression levels
were transformed to a log2 scale prior to clustering and fold changes differences are also
measured in a log2 scale. (D) Gene ontology analysis (ref) of genes enriched specifically in
the ASCL1 expressing cell lines (top) or NEURODL1 expressing lines (bottom). (E) Heat map
summarizes the ChlP-Seq signal intensity +/- 2.5 kb around the identified peak centers bound
by ASCL1 or NEURODL1 in H889, H2107, H82, and H524. Note, ASCL1 control is from
ASCL1 ChlIP-Seq in H82 (ASCL1 negative) and NEUROD1 control is NEUROD1 ChlIP-Seq
in H889 (NEURODL1 negative). (F) Chow-Ruskey diagram showing a 4-way intersection
between ASCL1 and NEUROD1 ChIP-Seq binding sites found cell line. Note, overlapping
sites were required to be within 150bp of each peak summit.
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Top 10 Neurod1 Target's Expression (FPKM)
Gene H889 H2107 H82 H524
oTX2 0.30 0.85 670 110
SLC38A5 0.42 1.5 450 110
NEUROD1 0.35 0.79 270 120
OLFM1 0.41 0.18 100 130
RGS10 0.26 0.00 96 39
ARL4D 8.8 1.0 84 25
HPCA 0.98 0.31 72 27
TMEM54 0.18 0.00 66 26
SDC2 0.62 2.3 61 12
SLC1A7 0.00 0.05 58 16
C
Top 10 Ascl1 Target's Expression (FPKM)
Gene H889 H2107 H82 H524
GRP 1800 3200 3.7 1.4
ASCLA1 580 790 5.0 2.7
TESC 350 210 35 0.74
IGFBP5 320 180 5.5 2.6
GPX2 180 170 0.34 0.35

HOXB2 170 180 22 3.5

CLDN5 160 120 0.43 0.15
HOXBS 120 110 0.08 0.50
FOXA2 110 67 0.89 0.14
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Figure 4.2. Top potential direct downstream targets of ASCL1 and NEUROD1 targets
in SCLC. (A-B) The highest expressing genes determined by RNA-Seq found in both
NEURODLI positive cell lines, that show a low to no expression in both ASCL1 positive
cells, (A) and vice versa (B). Note, all potential gene targets had an associated NEUROD1 or
ASCL1 binding site, determined by the software GREAT (McLean et al., 2010). (C-D)
Examples of the ChIP-Seq NEUROD1 and ASCL1 bound sites around their potential gene
targets. The genomic scale, measured in Kilobases (Kb), is listed above each track. The
highest intensity of the ChIP-Seq signal for the genomic window being shown for each

sample is listed on the left of the track.
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Figure 4.3. Genome-wide characterization of ASCL1 and NEURODL binding sites is
SCLC reveals both unique and common E-box binding preferences, along with specific
co-factor motifs. (A) The primary E-box motif found by de novo motif analysis (ref) for
ASCL1 and NEUROD1 binding sites in each of their respective cell lines. (B) Density plots
of specific E-box motif frequencies relative to the peak centers found in all four SCLC cell
lines. The GC-core E-box is enriched in all four cell lines (top); while the GG/CC-core E-box
is enriched only in the ASCLL1 expressing cell lines (H889/H2107) and TC/GA-core is
enriched only in the NEURODL expressing lines (H82/H524) (bottom). (C) The significantly
enriched motifs found by de novo motif analysis in common ASCL1 sites (Left), NEUROD1
common sites (top right), or common NEUROD1 and ASCL.1 sites in all four cell lines
(bottom right). (D) Density plots of the potential co-factor motifs found in either ASCL1 or
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NEUROD1 common sites. Note the percent of peaks found in each condition that contain the
motif is listed below motif matrixes, along with its statistical significance. For comparison,
each density plot was normalized by the total number of occurrences found in each cell line
or common peak intersection.
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Figure 4.4. FOXA2 and ASCL.1 bind to the same genomic regions in the SCLC genome
and potentially co-regulate oncogenes RET and BCL2. (A) Expression levels (FPKM) of
FOXAZ2 determined by RNA-Seq in SCLC. (B) Heat map summarizes the ChIP-Seq signal
intensity +/- 2.5 kb around the identified peak centers bound by ASCL1 or FOXAZ2 in H889.
Note, ASCLL1 control is from ASCL1 ChIP-Seq in H82 (ASCLL1 negative) and FOXA2
control is Input sample from H889. (C) Venn diagram showing the number overlapping
ASCL1 and FOXAZ binding sites in H889. Overlapping sites were required to be within
150bp of each peak summit. (D) De novo motif analysis of all FOXA2 ChIP-Seq sites found
in H889. (E) De novo motif analysis of the shared ASCL1 and FOXA2 ChlP-Seq sites found
in H889 (left). Repeated de novo motif analysis of same common sites, but using extended
motif search parameters (Motifs up to 15bp long) (right). (F-G) Examples of the ChIP-Seq
FOXAZ2 and ASCL1 bound sites around their potential gene targets. DNA sequences around
the peak summits (marked by light grey box) are shown below each track. Blue boxes marks
the E-boxes, red boxes surround the Fox motifs, and grey box mark the NFI motif.



CHAPTER FIVE

Conclusions and future directions

The significance of this body of work is that for the first time the binding sites for multiple
members of the bHLH family were identified in vivo and compared across different tissues.
Using this information | was able to identify the direct target genes of these factors and gain
insight into how a single factor can function in or give rise to disparate tissue types. In doing
so, | expanded the understanding of how Ascll and Ptfla function in neural development. By
uncovering their direct target genes in the neural tube, we now know that Ascl1 and Ptfla
directly oppose each other’s function through the direct activation of key transcription factors
in the homeodomain family, and that Ptfla itself may directly block Ascll’s transcriptional
activity. In addition, multiple general principles in how sequence specific transcription
factors function during development have been uncovered. In particular, my analysis
provides three keys to target specificity for the bHLH factors: 1) selection of specific E-
boxes, 2) the use of distinct co-factors in each tissue, and 3) the influence of chromatin
accessibility. With this new knowledge about Ptfla and Ascll function across multiple
tissues, future studies should investigate which tissue-specific factors co-regulate and interact

transcriptionally with Ascll and Ptfla to activate the proper gene programs.

Direct Ptfla inhibition of Ascl1l
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In chapter two | demonstrated that Ptf1a opposes Ascll function by activating a downstream

target such as Prdm13, or by Ptfla itself directly inhibiting the transcription of Ascll target
genes. How Ptfla performs the latter is unknown. Given that a subset of Ascl1 and Ptfla sites
overlap (Fig. 2.1A), and that both factors are capable of binding a GC-core box (Fig 2.1G),
one possibility is that these two factors compete for same E-box binding sites. For Ptfla to
repress Ascll in this scenario, the transcriptional activity of the Ptfla heterodimer would
need to be in active, or at least less active than the Ascl1 heterodimer (the heterodimers being
the presumptive DNA binding complexes). Indeed, Beres et al has shown that the Ptfla/E-
protein heterodimer is not transcriptionally active in the absence of its trimeric partner, Rbpj
or Rbpjl (Beres et al., 2006). Alternatively, Ascll and Ptfla may form a novel heterodimer
complex which renders Ascll inactive. Support for Ptfla repressing transcriptional activity of
Ascll was seen in transcription reporter assays where addition of Ptfla decreased Ascll
activated luciferase activity of an E-box reporter construct (Obata et al., 2001). Proving that
Ptfla and Ascll compete for similar E-boxes will be challenging, because this will rely on in
vitro binding assays with careful protein titrations. Testing the hypothesis that Ascl1 and
Ptfla can form a complex can be done by co-immunopreciptiation assays. If Ascll and Ptfla
do form a novel complex, testing if they bind the same DNA region at the same time in vivo
would require performing ChlP for one factor, followed by the sequential ChlIP of the other
factor (ChIP-reChip assay). However, ChlP-rechip, requires a significant amount chromatin
material and efficient antibodies, making this experiment technically infeasible using neural

tube tissue.

Ascll repression of target genes
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Historically, in the neural tube, Ascll has been shown to be a transcriptional activator

(Nakada et al., 2004), but in Chapter two, | show that several genes, particularly genes that
are involved in stem cell maintenance are repressed by Ascll. In support of this repression
model, the introduction of Ascll into normal human astrocytes (NHA) resulted in the
reduced expression levels of the negative regulator of wnt signaling, DKK1 (Rheinbay et al.,
2013). Moreover, the binding of Ascll near DKK1 in Glioblastoma cells correlated with the
a H3K4m1 histone marker, but the H3K27ac was absent, which indicates that the DNA
enhancer is inactive or poised. How Ascll achieves this repression is unknown. One possible
model is that Ascll recruits transcriptional repressors such as Prdm13 to these sites as was
shown for Ascll repression of HD factor TIx3 during specification of the neurons in the
dorsal spinal cord (Chang et al., 2013). The RNA-Seq data provides a small candidate list of
known transcriptional repressors that are expressed specifically in the Ascll lineage cells.
Thus, biochemical assays such as Co-IPs and ChIP can be performed on these candidates to
determine if 1) they directly interact with Ascll and 2) they bind the same DNA elements as
Ascll in the neural tube. These experiments will begin show mechanistically how Ascll can

directly repress a target gene.

Additional cooperative factors of Ascll and Ptfla

In this dissertation research, | found enrichment of additional motifs that surround the
primary binding sites of Ascll and Ptfla. Identifying which specific factors bind to these
regions is critical for our understanding of how these bHLH factors regulate specific genes.

The experimental design here has provided the field with a wealth of information to identify
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potential candidates. First, RNA-Seq data from each tissue type provides a short list of

transcription factors expressed in the relevant cell types. Second, ChIP-Seq data have
identified putative neuronal enhancers, such as the enhancers tested in Chapter three (Fig.
3.4), and a recently published Ascll responsive enhancer associated with TIx3 (Fig. 2.4D
(Chang et al., 2013)). This approach can be used to further examine the enhancers identified
here that are bound by Ascll or Ptfla. Reporter assays can be used to determine if these
other motifs identified as being enriched along with Ascl1/Ptfla’s E-box are necessary and
sufficient for activity and are capable of directing appropriate expression. Thus, in
combination of these reporter assays and through the expression data, one can begin to
uncover which specific co-factors are necessary to co-regulate an Ascll or Ptfla specific
target gene. These experiments will advance the field by identifying new components of the
transcription factor network that work together with Ascl1 and Ptfla in the different cellular

contexts in which they function.

Requirement for Foxa2 in SCLC

One of the more interesting co-factors for ASCL1 found in the SCLC experiments was
Foxa2. Outside the central nervous system, Foxa2 appears to co-regulate targets with either
Ascll in SCLC or Ptfla in pancreas. A closer examination of the relationship between Foxa2
and the bHLH factors is definitely needed. In the lung cancer field, several important
questions about Foxa2 should be addressed. In SCLC and neuroendocrine NSCLC tumors,
Ascll is used as a biomarker because its expression strongly correlates with most

neuroendocrine tumors of the lung. Moreover, patients with Ascl1 expressing tumors show a
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very poor prognosis (collaboration with John Minna Lab, data not shown). Thus, | would

predict that Foxa2 is also a good biomarker for neuroendocrine lung tumors and that the
presence Foxa2 would predict a poor outcome for patients. | am currently testing this
hypotheses in collaboration with Dr. John Minna’s lab. In the SCLC cell lines, I also predict
that Foxa2 is required for the malignant behavior of the tumor cells, because many Foxa2
bound sites overlapped with Ascll bound sites (Fig 4.4B), and a subset of these included
sites near key oncogenes (Fig 4.4F-H). This hypothesis can be tested by knocking down

Foxa2 in the SCLC lines and determine if these cells phenocopy the loss of Ascl1.

Requirement for Ascll and Neurodl in mouse models of SCLC

In chapter one | mention that in mouse models of SCLC, Ascl1 is up-regulated in the tumor
cells. Genetic mouse models of cancer are powerful because one can study the initiation and
progression of the cancer. Several important questions relating to Ascll1 or Neurodl can be
addressed in these mouse models of SCLC. For example, one can determine if either bHLH
factor is required in tumor formation. Members of Johnson lab have begun generating the
SCLC tumor models by using mice that contain loxP sites flanking the Rb, TP53, and p130
genes (Schaffer et al., 2010). These mice as adults are injected with adenoviral Cre into the
trachea, making a conditional mutant and creating the SCLC tumors within a few months. In
addition, these mice have been crossed to other mice containing loxP sites around Ascll or
Neurodl locus. These models with test whether Ascll or Neurodl are required for tumor
growth in vivo. Preliminary results indicate the absolute requirement for Ascl1 for SCLC

formation. Surprisingly, Neurod1 is not required for tumor formation, and furthermore, in the
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absence of Neurodl, the tumors are larger and cover more surface area in the lung. Further

experiments with these mouse models, such as performing ChlP-Seq and RNA-Seq to
compare with the human cell lines, will be used to uncover a better understanding of the
lineages involved in SCLC formation and possible new pharmacological targets to stop

tumor growth.



APPENDIX

App. A. Table of direct Ascll and Ptfla targets genes identified in the mouse embryonic
neural tube (See Chapter 2 for details).

. Ascll Repressed P_tfla Ptfla
Ascll Activated Targets Activated Repressed
Targets
Targets Targets
1810041L15Rik Mtusl Abcc4 Lamal 1700025G04Rik | 2410004P03Rik
2300009A05Rik  Mxra7 Acsbgl Lck 3110035E14Rik | 2510009E07Rik
2510009E07Rik Myo016 Adamtsl Lcpl Abat 4931429L15Rik
6430548MO08Rik Myo018a Adcy8 Lhfp Acssl Abcc8
Adcyapl Myolb Adk Lnx2 Adamts20 Adcyapl
Add2 Mytl Alcam Lrigl Adamts4 Ajapl
Adra2a Navl Angptl Lrp4 Adamts9 Apls3
Ajapl Nbll Apcddil Lsamp Adamtsil Argl
Aldhlbl Ndrgl Arhgapl9 Lsm2 Adrala Arpp21
Ank2 Necab3 Arhgef26 Ltbpl Asap3 Atp2b2
Anks1l Nefl Arlda Lypd6 B3gatl Btbd16
Apbal Neill Atplal Mastl Cacnalg Cabp7
Arhgap20 Neurod6 Bardl Mcm6 Cacna2d2 Calb2
Atoh8 Neurog?2 Bhlhe40 Mdcl Cacna2d3 Caszl
Bcasl Nfasc Bmprla Mdfi Cartpt Cbinl
Bclllb Nol4 Boc Melk Cbs Cbln2
Bcl7a Nova2 Brcal Mgstl Ccbel Cd22
Brsk2 Nphsl Bripl Mierl Ccnd2 Cdc42ep3
Btbd17 Ntsr2 Cachdl Mki67 Cdh11 Chl1
C530008M17Rik Numbl Cad Mms22I Chgb Chrna4
Cabpl Optc Casp8 Mpdz Clstn2 Chrnb4
Cacna2dil Pak3 Ccndl Mthfdll Dhrs3 Colecl12
Camk2nl Pcdhl Ccnd2 Mycn Dmbx1 Crabpl
Cbfa2t2 Pdzrn3 Ccnel Nedd1l Dram?2 Dlgap3
Cbfa2t3 Pdzrn4 Cdca2 Nek6 Dusp26 DIkl
Cbinl Pik3rl1 Cdca7 Nfia Dusp4 DII3
Cbin2 Plekha6 Cdcas8 Nfib Eif4e3 Dmrta2
Cdc25b PIk3 Cdh1l1 Nfix Elmod2 E130309F12Rik
Cdk5rl Plxna2 Cdk1l Notch2 EphalO Ebf2
Cdk5r2 Pnmall Cdon Nr4a3 Esrrg Ebf3
Cdknla Pnmal2 Celsrl Ntnl Fam102b Edil3
Cdknlc PodxlI2 Cepl35 Ntrk2 Fndc5 Efna3
Celf4 Pou3fl Chd1l Oat Foxd3 Elfnl
Chrd Pou4fl Chek1 Pard3b Gadl Elmol
Chrna4 Ppplrl7 Clspn Pax3 Gbx1 Ephbl
Cited2 Ppplr9b Cobl Pcdh18 Gbx2 Eya2
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Coro2b
Cotl1
Ctif
Cux2
Cythl
Dact3
Dcc
Ddc
Diras2
Dll1
DII3
Dock4
Dpysl4
Dscam
Dusp4
Ebf2
Ebf3
Efhd2
Egrl
Elavi4
EphalO
Epha2
Ephb3
Esytl
Eya2
Fam109a
Fam110a
Faml7la2
Fam20c
Fbrsll
Fbxl16
Fchol
Fgd3
Fgfrd
Fry
Gadd45g
Gap43
Gata3
Gatsl2
Gbx1
Glyctk
Gprl56
Gpr56
Grasp
Grik3
Gsel
Gsgll
Gsx2

Prox1
Ptchd2
Raplgap
Rapgef5
Rassf4
Rbfox3
Rbm24
Rgmb
Rgsl16
Rgs3
Rgs8
RhbdI3
Rnf112
Rufy3
Ruscl
Scrt2
Sdk2
Sema6b
Sema7a
Setbpl
Sez6l
Sgipl
Sgkl
Shb
Shb
Shb
Shb
Shox2
Skil
Skorl
Slc2al0
Slitl
Smugl
Snail
Snap25
Sobp
Sox10
Sox4
Spire2
Spsb4
Srrm3
Srrm4
St8sia3
Stat3
Stk32c
Stk33
Stxbpl
Sytl3

Col2al
Crb2
Cspgb5
Cxcrd
Cyré6l
Dcn
Dctd
Ddit4l
Ddx11
Dhrs3
Diap3
Dock1l
Dsnl
Dtl
Dtna
E2f7
E2f8
Ect2
Ednrb
Efnb2
Egin3
Eps8
Etsl
Fabp7
Fatl
Fbin2
Fbxo48
Fenl
Fgfrl
Fgfr2
Fignll
Fnl
Foxm1l1
Freml
Fstl1l
Futl0
Fut9
Fzd10
Fzd8
Galkl
Gasl
Gdf10
Gldc
Gli3
Gm5506
Gm5506
Gm5506
Gm5506

Pcsk6
Pdlim1
Pdpn
Phactr2
Phf17
Phyhipl
Plcel
Plekhgl
Plk4
Plod2
Plscrl
Pmfl
Polq
Ppap2b
Prdm16
Prdm5
Prkcdbp
Prosl
Psatl
Ptgfrn
Ptn
Rab32
Rad18
Rbm43
Rfx4
Rrebl
Sael
Salll
Serpine2
Serpinhl
Sfrp2
Shroom3
Slicla3
Slc22a23
Slc25a13
Slc25a18
Slc35f1
Slc43al
Sox2
Sox6
Sox9
Sparcll
Spatal3
Spc24
Sponl
Stiml
Suclg2
Sulfl

Glccil
Gpc3
Gpc4
Gpm6a
Grasp
Hectd2
Id1

1d4
ldr2
Igsec3
Kirrel
Kirrel2
Klhl14
Lhx1
Lhx5
Lipg
Mafb
Map3k13
Mybl1l
Myo7a
Nphsl
Nptx1
Nrxn3
Nuakl
Pax2
Pax8
Pde9a
Pgbd5
Pid1
Plcxd2
Pmp22
Ppfibpl
Prdm13
Prickle2
Prkcb
Ptfla
Ptprd
Rab3c
Raplgap2
Rapgef5
Rassf4
Rnfl44b
Runx1tl
Samd5
Selll3
Sema3f
Sez6
Shisa2

Fam65b
Fam78b
Fgd3
Fstl5
Gadd45g
Gap43
Glyctk
Hiplr
Homer2
Hspal2a
Kif26b
Llcam
Lars2
Lingol
Lmx1b
Mapkl10
Mbp
Megfll
Mfng
Nbll
Nckap5
Necab2
Nefl
Nell2
Neurod4
Ngfr
Nptx2
Nrnl
Nrp2
Ntng2
Ntrk3
Olfm1
Otp
Pde2a
Pde8b
Pdgfra
Pdzrn4
Pegl0
Phox2b
Pou3fl
Pou4fl
Pou4f2
Ppplrl2b
Pricklel
Rapgef4
Rtn4r
Scn3b
Sez6l
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Hdac5
Hes5
Hes6
Hoxb3
Hoxb4
Hoxc4
lgdcc4
Igfbpll
Igsf8
Insm1
Isl1
Jakmip3
Jph3
Kcnab2
Kcnh2
Kcng2
Kcng4
Kirrel2
KIhl29
Lbx1
Lhx1
Lmx1b
Lztsl
Map3k13
Mapk10
Mfng
Mgat5b
Mkrn3
MIlt11
Mpp3

Syt6
Tagln3
Tbc1d30
Tbca
Tcergll
Tfap2b
Tfap2e
Tfeb

Th

Tle3

TIx1

TIx3
Tmcc2
Tmem163
Tmem169
Tmem?219
Trappcl
Trim8
Trim9
Trp53il1l
Tspanll
Ttbk1
Tubb2a
uncx
Vav2
Wscd2
Zfthx2
Zfthx3
Zswimb

Gprl23
Gprl26
Gpr83
Gpro8
Gpx7
Gramd3
Grb10
Grid2
Gsr
Hatl
Haus4
Hhip
Hhipl1l
Hmcnl
Hopx
1d2
Igf2
Igfbp5
Igsfll
Igsfob
lidr2
Impa2
Inhbb
lggap2
Irx2
Itgb8
Jagl
Jun
Kank2
Kbtbd11
Kbtbd8
Kcnk5

Sypl
Tancl
Tcf712
Tfap2c
Thbs1l
Thsd4
Thsd4
Thsd4
Thsd4
Tjpl
Tmem135
Tns3
Tomm7
Trip6
Ulk4
Uumps
Vamp3
Vim
Vvidir
Wils
Wntl
Wnt4
Wnt5a
Wnt7a
Xpo4
Zfp3611
Zfp395
Zic4
Zich
Zranb3
Zwilch

Skorl
Skor2
Slc32al
Slc37al
Slc6ab
Slco3al
Sorcs3
Spsbl
Sst
Sv2c
Tfap2b
Tnik
Tril
Tubalc
Vcan
Zbtb16
Zfp804a

Shb
Shb
Shb
Shb
Shox2
Slcl7a6
Sicd4al
Slitrk1
Socs2
Spockl
Syt13
Tcergll
Tfap2e
Th
Thsd7a
Tigit
Tle2
TIx1
TIx3
Tshz1l
Uncx
Vstm2l
Wscd2
Zfp488
Zfp703
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App. B. Genes from Venn diagrams in figure 3F for Ascll and Ptfla regulated genes.

Ascll Repressed, Ascll Repressed, Ptfla Ascll Activated, Ptfla Ascll Repressed,
Ptfla Repressed Activated Activated Ptfla Repressed
Accn4 1300002K09Rik Mapk10 A930038C07Rik Rmrp
Cabpl 2510009E07Rik Mbp Ccnd2
Chgb 9030425E11Rik Mfng Cdh11
Cttnbp2 Adcyapl Mgat4c Dhrs3
Dusp4 Adra2a Nbl1 Gpc3
Ephal0 Ajapl Necab2 Gpc4d
Gad2 C130021120Rik Nefl ldr2
Gbx1 Cacna2dl Nefm Rnfl44b
Gm14204 Calb2 Ngfr
Grasp Chinl Otp
Hsd11b2 Cbln2 Pdzrn4
Kirrel2 Cdc42ep3 Phox2b
Lhx1 Chrna3 Pou3fl
Lhx5 Chrna4 Pou4fl
Mafb D10Bwg1379e Pou4f2
Map3k13 Dlgap3 PrrxI1
March4 DIkl Scn3b
Myo5b DII3 Sez6l
Nphsl Ebf2 Shb
Nptx1 Ebf3 Shox2
Pax2 Eya2 Slcl7a6
Ptfla Fam65b Sncg
Raplgap2 Fgd3 Syt13
Rapgef5 Fgd5 Tcergll
Rassf4 Fstl5 Tfap2e
Runx1tl Gabra2 Th
Skorl Gadd45g TIx1
Skor2 Gap43 TIx3
Slc30a3 Glyctk Tmem163
Slc32al Gm2694 Uncx
Tfap2b Lhx2 Wscd2
Tnik Lmx1b
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App. C. Distribution of E-box motifs of the central E-box in Ptfla ChlP-seq peaks in
the developing pancreas and neural tube.
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App. D. These tables provides additional information regarding the Ptfla ChIP-Seq

regions tested as transgenes in Chapter 3

Target
Gene

Lhx1

Tefap2b
Prdmi13

Rapgefs
Pax2

Nrxn3
Neurog2
Kimel2
Nphs1
Clps
Foxa3
Cpal
Dik1
Foxa2
Agp12
Cbs
MNupr1
Rbpjl

Meural tube only Pif1a ChlP-seq peaks

Binding Site Parameters Gene mRNA Levels
FPKM E12.5NT

# Peak
PTF1 center dist. Position
sites® 1o TSS

1 -60311 5

2 233 5 UTR
1 76 5'UTR
1 172419 intron

1 62959 intron
1~ many intron
2 1913 JUTR
3 -T14,-343 &

-2200, -18295'

2 -1186 LY
18 15761 K}

1 53 5'UTR
1 -50914 5

2 78286 L}

1 60 5'UTR
1~ 5485 L}

1 -BhB2 Ly

2 -96 5'UTR

PKM
E12.5 NT

0.03
225
0.31
0
23
03
0.03

Meural tube and Pancreas shared Ptf1a ChiP-seq peaks
Pancreas only Ptf1a ChiP-seq peaks

£ number of PTF1 binding sites fitting the consensus CANNTG(N10-14,20-24)YTCYC.

E15.5 #ExpH#T
Panc q
035 46
005 815
000 09
391 07
001 313
037 09
000 &7
21.24
8.08 =/
7500 0OM5
173 0/2%
4723 05
173 1015
168 O
199 06
111 010
814 019
98 ND

Activity Tests in Transgenic Embryos

E12.5 E15.5
Panc Panc
#ExplTg #ExpiTg
e *1/8
*11s *1/8
o9 05
17 011
013 011
1/9 09
ND ND
G/8 413
815 12115
1125 a9/11
BI(5) 810
715 11719
17 9/15
e 010
*110 *1120
*119 010
ND B2

Coordinates of TG
regions

chr11:84 308 042-84 300,001
chri:19,198.766-19,199.711
chrd:21,612.631-21,613.611
chr12:118 927 145-118 028 0606
chri9:44 804 465-44 305 473
chr12:00 387 054-00.388 512
chr3:127 337 666-127.338.713

chr7-31.242.523-31.243.477

chr17:28,608,416-28,600,365
chrf-19,502,371-19,503,360
chrd:30,588,360-30,580,398
chr12:110,6840,256-110,641,250
chr2:147,703,082-147,704 883
chri:94,802,374-04,003,348
chr17:31,768,102-31,760,173
chri:133,774,257-133,774,081
chr2:164,227,318-184,228,705

" The PTF1 site below the center of the peak diverged sufficiently from the consensus to be unrecognized by the search algorithm.
#Exp = the number of embryos expressing lacZ in a Ptfla pattern in each tissue (* is just a few cells in the pancreas)
#Tg = the number of transgenic embryos obtained

**Data for E11.5 from Simmons et al. 2001
***Data for E17 5 from Masui et al. 2007

ND = not done
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Gene
Lhx1
Tcfap2b
Prdm13
Rapgefs
Pax2
Nrxn3
Neurog2
Kirrel2
Nphs1
Clps
Foxa3
Cpal
Dlk1

Foxa2

Aqpi2
Chs
Nupr1

Rbpj

PTF1 motif

tgagtCAGCTGtetcacTTCTCACAgacat
geattCATGTGaggagCAGAT Gtetggt TTCTCAGGactee
agggtCACATGgegtggTTCCCTCAgecce
gcagcCAGATGgactcagTTCCCAGTgaaag
ggatcCAGATGgatcageeggagatg TTCCCAGGetgag
none

getggCATCT GetetaTTCCCATTeccat
ttgaCAGGTGaaaTTCCCACAgecty
cagecCAGCTGggegTTCCCACGeageg
cagcaCAGCTGtteagtetghtggttT TCCCATCecteg
tccagCAGCTGgactc TTCCCAGCctgea
gtgctCAGGTGIGCAAACAgagaagetTTCCCTGAaggte
none

cteteCACCTGeettgTTCCCTGAactt
TGTGTACICAGCTGgaggecagecage T TCCCATAgggaa
cgaacCACCTGigtitgeteactaget TTCCCC Altctge
cctgeCATGTGaceggetetggecatt TTCTCGC Agattg
ggtcaCAGGTGtggatgTTCCCAGTageca

none

ccaggCATTTGagteTTCCCTGGaccag
agggaCACCTGetgggC AGATGtagge TTCCCACGgcagt

Underlined = Fox sites

13

13,24

13
14
22

12
10
11
22
12
23

12
20
23
23
13

11

12,23

from peak
center

23
54
32

18

36
35
23

11
45
27

62
32

146



A Neural Tube Specific

E12.5 E12.5 NT
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20 kb .
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App. E. Tissue specificity of Ptfla-bound regions is retained in transgenic embryos.



App. F. Table of expression levels of Fox and Sox family members in neural tube

and pancreas.

E12.5 NT E15.5 E17.5
Ptfla Pancreas Pancreas
Gene FPKM FPKM FPKM
Foxal 0.17 0.06 0.00
Foxa2 0.31 16.75 24.98
Foxa3 0.00 17.32 35.25
Foxbl 5.25 0.02 0.00
Foxb2 1.68 0.03 0.06
Foxcl 3.73 0.31 0.81
Foxc2 3.57 0.33 0.96
Foxd1l 4.42 0.03 0.00
Foxd2 0.96 0.02 0.14
Foxd3 3.14 0.29 1.38
Foxd4 0.04 0.02 0.00
Foxel 0.00 0.00 0.00
Foxe3 0.63 0.00 0.00
Foxfla 1.21 0.94 1.84
Foxf2 1.13 0.09 0.42
Foxgl 0.12 0.02 0.08
Foxh1l 0.19 0.09 0.17
Foxil 0.00 0.00 0.00
Foxi2 0.06 0.00 0.00
Foxi3 0.00 0.00 0.00
Foxjl 1.53 0.64 0.84
Foxj2 3.93 4.69 5.05
Foxj3 10.47 9.00 7.35
Foxk1 9.90 5.01 5.52
Foxk2 28.46 13.03 11.94
Foxl1 0.38 0.11 0.34
FoxlI2 0.07 0.00 0.04
Foxl2os 0.11 0.01 0.08
Foxm1 20.48 14.53 9.28
Foxnl 0.03 0.01 0.04
Foxn2 3.60 6.91 3.31
Foxn3 10.16 2.47 1.42
Foxn4 0.16 0.06 0.00
Foxol 1.34 6.14 5.81
Foxo3 5.62 4.04 4.25
Foxo4 9.09 19.72 19.87
Foxo6 3.84 1.04 2.04
Foxpl 8.00 7.80 6.12
Foxp2 8.18 1.72 1.72
Foxp3 0.06 0.02 0.03
Foxp4 55.39 13.33 28.98
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Foxql 0.29
Foxrl 1.01
Foxr2 0.04
Sox1 15.66
Sox10 3.31
Sox11 135.83
Sox12 55.33
Sox13 17.99
Sox14 1.56
Sox15 0.04
Sox17 0.42
Sox18 2.09
Sox2 88.82
Sox21 12.33
Sox2ot 5.02
Sox3 83.17
Sox30 0.11
Sox4 171.09
Sox5 2.09
Sox6 3.69
Sox7 0.31
Sox8 1.51
Sox9 21.17

0.01
0.73
0.03
0.02
2.30
3.18
12.04
6.47
0.04
0.28
1.25
6.18
0.09
0.11
0.05
0.05
0.08
17.60
1.09
4.36
3.19
0.65
14.07

0.03
1.42
0.00
0.13
4.05
1.76
18.76
9.16
0.00
1.25
4.33
22.53
0.04
0.00
0.55
0.04
0.30
15.10
0.69
2.30
3.92
0.63
19.50
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A
407 Distribution of Binding Regions
351
301 [H889
251 TSS WH2107
0 H524
WHs2

- s N
o g o

Binding Site-Gene
Association (%

O  » O 0 O & O
SR PN
N © 7 4 O T
N 7 &
Distance to TSS (kb)

Ay
~

B Ascl1 H889 Ascl1 H2107 Neurod1 H82 Neurod1 H524
w
8 CAccTG... CAscTGe.  CAwsTG... CAssTG.-
o bHLH (E-box) bHLH (E-box) bHLH (E-box) bHLH (E-box)
__g 89.4%. 1e-8574 90.8%, 1e-2227 88.3%, 1e-5171 91.5%, 1e-1473
c
g _TG<CAa ~AAACAA TAATCQ T,AA_I““
L&| NF-ICTF Half site Fox (Forkhead) CRX/Otx2 (Homeodomain)  Nkx (Homeodomain)
'g 34.5%, 1e-524 20.4%, 1e-81 47.2%, 1e-876 22.7%, 1e-72
o
8 Fox (Forkhead)

20.8%, 1e-431

App. G. ASCL1 and NEURODL1 bind distal enhancers in SCLC and have
enrichment cell-specific motifs. (A) ASCL1 and NEUROD1 binding in all SCLC cell
lines with respect to its assigned genes TSS. Peaks were assigned to gene using the
software GREAT (McLean et al., 2010). (B) The significantly enriched motifs found by
de novo motif analysis in cell-specific binding sites.
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App. H. List of Potential ASCL1 and NEURODL targets in SCLC. An ASCL1 target
gene is determined by the presence of ASCL1 binding site and enrichment in gene
expression in ASCLI™ over NEUROD1™ cells, and vice versa for NEUROD1 targets. A
shared target is defined by have a common ASCL1 and NEURODL1 site and having a
gene expression greater than 10 FPKM in all four cell lines. Note, tables are separated by
either ASCL1 targets in ASCLI™ cells, NEURODL1 targets in NEUROD1™ cells, or
ASCL1 and NEUROD1 shared targets in all four cell lines. ASCL1 targets also include
sites that overlap with FOXAZ2 binding sites. ChIP-Seq binding sites are assigned with a
unique Peak ID and how far the binding sites are away from the genes transcription start
site.

Ascll Targets Neormd] Targets Shared Tarzets
ABLIMT EFFSH INPPLT SDRATEL ABCCHE PREXI ABHDTI HESE FEBMIT
ABIDMVD ELAVL3 INEM1 SECIIC ABHDI13 PTFRU AGAP3 HIBADH RG516
ABLIMD ELF3 IEL1 SETEP1 ADCYT RGS10 ALG2 HMGAL EMF220
AES ELN ECHNAL SEZSL ADOFATE  5100A11 | ANAPCL3  HOOEL EPL1®
AMACR EPCAM ECNF1 SGPP2 ANE]1 SCN3B ANEH ICT1 FPL3E
ASCL1 EPHX1 ECHMB2 SHEEPS ARTAD 5DC2 ASPECER1 IFMAR1 RPLP1
ATPIAS EROILB EIT SHEPXDIA ASSL SLC1AT ASUN FMARZ SCMHI1
B3GNTS ESRF1 EITLG SHANE3S | BHLHE40 SLC35F4 | ATP3G3 INSM1 SCEN1
BARX1 ETs2 ERT15 SHISA2 BIN1 SLC38A5 | ATPSAP2 IRFIEP2 SECIIE
BCL2 ETV4 ERT7 SHISAR CAMEE] SLC3%A11 | ATPSV1B2 ITPE1 SECH1Al
BEST3 FAMIIOB LFNG SLC1ZAT | CDCATL SHED BAGS TUND SEPT®
BTED1] FAMISSA LGALSIBP SLC37Al CDES SPATS2L | BCL2L1 EATNAl SERINC1
BTEDLT FAMIG3B LGALSE SLCTA4 CEREL 55TR2 BCLTA EIAAQ182 SH3GLB2
C1%orfs FANIBAS LH¥2 SLCO3A1 | CHRDLL STOM BCOR ELC1 SHEEP1
CIEL FAMGB LIFR SMADT CLIRI10 5YTA BERD4 KLF13 SLC25A19
Choris4 FBLN7 LMO3 SHIDC2 CLSTH2 THY1 C1%0rflld LHFP SLIC44A41
CAR FGD3 MAPGDL SMPD3 CORO2ZE TMEMS4 | ClDorfs3 MAP2 SLCTAS
CACMALA FGFo MAPEA SHCATP DMATCLS TRIEL Céorfl MAPEE3 S04
CAMEID FLI1 MEBNL3 S0X1 EEFIK ZCaD Clorf83 MARCES SRI
CAMEOND FONAT MBP 5052 FAMITIAl EMF217 CADMI1 MCCC1 SRAF5
CBLN2 FOXC1 MMF11 SPINT2 FHIT CALMI MCL1 SSHP3
COCDC3 FZDg NCALD 5TH4 GIC1 CALM2 MGATS STK25
CDH2 FED& NEURLIB 5T18 GLCE CBFAIT? MIDIIF] S5TXS
CDENLA GCE NFIX 5T7 GRES CCDC130 MLXTIP 5TXBPI
CDEM2C GFI1 NEATNZ STESIAS HPCA CDC4s MRPL34 5YT1
CHMP4C GBIl NEX2-1 STMIZ IsL2 CDEALI] MRPL3? TCF12
CLDN3 GHNGE MNOL4 5YT4 KIFFEL2 CENPO MEP523 TGFBE.1
CLDN4 GPR56 NPTXR TAGLN3 LINGO1 CHD3 MSI2 TLE3
CLDN5 GPRCSB NROB2 TESC LMO1 CHGA MUDENG  TMOSF2
ChIP GFX2 ODE3 TFCPILL LOXL1 CoG2 NARS2? TMEMI177
CMPED GRET ovoL2 TFE3 LRFN1 DLL3 NCAM1  TMEMG6
CMESE3 GRIP1 PAET TMEMIIID | MAPIES DPFYSL3 NCS1 TMUB1
COTL1 GRP PANXD TMEMIG | MAP4E] DSTH NEDD4L TMX1
CRIP2 HEPACAN2 PCP4 TMEMI1B4A | MTHFDIL EIF1 NFATC3 TOMMIO
CSRP1 HMSD PLEEHA? TMEMSL MYC EIF2 KNNT TRAF4
CHCER4 HOXB2 PLEEHG4E TWFESF11A| MYOL0 EIF3I OAZ2 TRAF7
CYBSA HOXB3 POUHF] THS3 MY QD1 ELAVL] 01 TRIMY
CYYER1 HOXB4 PREARIB TOX NEURODI ELOVLS PAPOLA  TECIIDI
DEH HOXB3 PRO1 TCm3 NEUROD4 ENY2 PEXSL TTC35
DDC HOXB7 PTPEI2 TRIB2 NHLHI1 EPE41 PFN2 TXNDC11
DGER HOXBE FABIP UsP1E NXN EFT1 PGE] UBE2Q1
DLLl HOXDI0 RASLIIB UTEN OLEM1 ERALL PHC2 UMPS
DLL4 HOXDI11 EBFOX2 VASH1 oTX2 EXOCT PIA2 VRE]
DLX1 HTATIPZ RET VPSB PCOLCE2 EXO0SC3 POLE4 WSB1
DL HYI RGL3 WHNT11 PDEIA EEZR POR ZC3HTA
DLXS ICAlL RMF183 ZBTETC PELI? FBXO21 PTDS51 ZMF238
DAMETA2 Dz 510046 bl [ PITX1 GHPC3 PTEHDI1 IMNF159
DHALTL D4 SCG2 ZICS PLCD3 GLEXS PVEL1 ZMF352
DMER. IGFEPS SCN3A ZMATS PrMAZ GMNAZ PVRL2
D5F INHEB SCHMM1A ZSCAMNGO POUEFL GFR107 PYGH
HDACS RAB2A
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App. |. Specific Fox, NF-1, and OTX2/CRX factors are expressed in SCLC. (A-C)
Expression levels, determined by RNA-Seq, of the Forkhead, NF-1 (B), and

Homeodomain (CRX/OTX2) factors in our SCLC cell lines.



Ascl1 NT
(Hg19)

Ascl1
H2107

Ascl1
H889

App. J. Venn diagram shows the overlapping ASCL1 binding sites in embryonic
neural tube and SCLC. Note mouse neural tube binding sites were lifted over from
mm39 to hgl9 genome.
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