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Basic helix-loop-helix transcription factors serve many roles in 

development, including regulation of neurogenesis. Many of these factors are 

activated in naïve neural progenitors and function to promote neuronal 

differentiation and cell-type specification. Ptf1a is a basic helix-loop-helix 

protein that is required for proper inhibitory neuron formation in several regions 

of the developing nervous system, including the spinal cord, cerebellum, retina, 

and hypothalamus. In addition, Ptf1a is essential for proper pancreas formation 

and exocrine function. In both the nervous system and pancreas, Ptf1a 

functions as a switch in cell fate determination. In the absence of Ptf1a, 

inhibitory neurons are lost and those cells instead adopt an excitatory identity. 
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Similarly, endodermal progenitors will assume duodenal characteristics in place 

of a pancreatic identity when Ptf1a is lost.  

 Like most other tissue-specific basic-helix-loop-helix factors, Ptf1a 

dimerizes with E-proteins and binds a degenerate hexameric E-box motif 

(CANNTG). Ptf1a is unique, however, in that it also requires the presence of 

Rbpj(l) to form an active transcription complex, PTF1. This interaction is central 

to Ptf1a function, as disruption of Ptf1a’s ability to bind Rbpj in vivo 

phenocopies the Ptf1a null in the nervous system and pancreas. Similarly, all 

targets described thus far for Ptf1a require an intact PTF1 binding site, which 

includes both an E-box and Rbpj binding site.  

 In order to understand how a factor such as Ptf1a is capable of giving 

rise to such disparate organs, I wanted to place it in context of a larger 

regulatory network that directs a multipotent progenitor into a mature inhibitory 

neuron. Thus, I examine two regulatory schemes controlling Ptf1a expression 

during development in Chapters two and three. I then investigate direct Ptf1a 

targets in a genome-wide fashion using massively parallel sequencing 

technology in Chapters four and five. These efforts uncovered that Ptf1a 

employs several mechanisms to achieve proper cell-type specification, including 

initiation of transcription factor cascades, direct activation of inhibitory neuron 

machinery, and direct suppression of the excitatory neuron program. 

Furthermore, I identify novel binding modes and potential co-regulatory factors 

that could impart tissue-specific function. 
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CHAPTER ONE  

 

Introduction 

 
Brief History of bHLH factors 

Early studies in fruit flies (Drosophila melanogaster) identified mutants that 

lacked subsets of bristles, one of the primary external sense organs in flies 

(Ghysen and Dambly-Chaudiere, 1988). From this work, a gene complex was 

identified that is required to regulate early neural development. Isolation and 

analysis of the individual genes of the complex (achaete, scute, lethal of scute, 

and asense) revealed that they share a high degree of sequence similarity, 

explaining in part their common functionality. These findings led shortly to the 

identification of a shared structural motif, the basic helix-loop-helix (bHLH) 

domain, which confers the DNA-binding and dimerization properties to bHLH 

containing proteins (Murre et al., 1989a). 

 

Molecular characteristics of bHLH transcription factors 

 

Diversity in the bHLH transcription factor family 

The bHLH domain defines a large and diverse family of transcriptional regulators 

that functions prominently in the development of multiple organ systems 

including hematopoiesis, myogenesis, and neurogenesis (Massari and Murre, 

2000). The bHLH domain itself comprises two alpha-helices that are separated 

by a loop of variable length. The amino-terminal portion of helix 1 contains 

several basic residues that bind DNA, while the remainder of the HLH structure 

functions in dimerization (Massari and Murre, 2000).   

The bHLH family encompasses seven classes based on differences in 

structure, tissue expression, DNA-binding, and dimerization (Murre et al., 1994). 

Class I, II, V, and VI are particularly important in neuronal differentiation. Class I 
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proteins such as the Drosophila daughterless or E-proteins in vertebrates are 

broadly expressed and form homodimers or heterodimers with class II factors. 

Class II factors such as Ascl1, Atoh1 and MyoD exhibit restricted expression 

patterns and function as heterodimers with the class I to bind and activate 

transcription. Class III proteins include Srebp1/2 and myc and possess a 

characteristic leucine zipper domain immediately adjacent to the bHLH region, 

which aids in dimerization. Class IV proteins such as Mxd1 and Max also 

possess leucine zipper domains, and they can dimerize with themselves or class 

III proteins. Members of class V include the Id family and lack the entire basic 

segment in helix 1. Thus, they do not bind DNA and instead serve to inhibit class 

I and II factors by dimerizing with them. Class VI bHLH proteins contain a 

defining proline in their basic region and include the Hairy and Enhancer of Split 

family. The class VII factors possess a PAS domain that, like the leucine zipper 

in classes III and IV, serves as a secondary dimerization region (Murre et al., 

1994). 

 

Crystal Structure of bHLH Proteins: DNA Recognition and Dimer Selectivity 

bHLH factors dimerize either with themselves or other bHLH proteins and bind a 

conserved DNA sequence motif, CANNTG, known as an E-box, with each bHLH 

exhibiting some preference for a particular combination of the central two bases 

(Murre et al., 1989a, Murre et al., 1989b). Solution of the crystal structures for 

several bHLH factors, including Max, USF, E47, Myod1, and Neurod1, shows 

that the basic region of each monomer lies in the major groove of each CAN 

half-site (Ferre-D'Amare et al., 1993, Ellenberger et al., 1994, Ferre-D'Amare et 

al., 1994, Ma et al., 1994, Longo et al., 2008). Additional DNA contacts may 

occur with residues in the loop or amino-termini of each helix; however, these 

are sequence nonspecific interactions with phosphate backbone (Ferre-D'Amare 

et al., 1993, Ellenberger et al., 1994, Ferre-D'Amare et al., 1994, Ma et al., 1994, 

Longo et al., 2008). Interestingly, the bHLH domains of Myod1 and Neurod1, 
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factors important for myogenesis and neuronal/pancreatic islet differentiation, 

respectively, do not contact either of the central bases in the E-box (Ma et al., 

1994, Longo et al., 2008).  

The ability of bHLH proteins to dimerize lies primarily in their two alpha-

helices. Class I bHLH factors, or E-proteins, readily form both homo- and 

heterodimers, while class II proteins almost exclusively form heterodimers with 

E-proteins (Murre et al., 1989b). Structural analysis of E47, a class I factor, 

demonstrated that the great stability of E-protein homodimers results from 

hydrogen bonds between each opposing helix and extensive van der Waals 

interactions (Ellenberger et al., 1994). In contrast, class II proteins possess a 

shorter helix 1, which reduces contact surface area for homodimers; 

furthermore, the Myod1 homodimer does not form any hydrogen bonds (Ma et 

al., 1994). The structure of the Neurod1-E47 heterodimer, however, is nearly as 

stable as the E47-E47 dimer and explains the prevalence of class I-class II 

dimers (Longo et al., 2008).  

 

Structure Function Analysis of Proneural bHLH Genes 

While crystal structure analysis of bHLH proteins has provided much insight into 

their biochemical properties, it has thus far failed to explain many of the unique 

functions between individual members. As a consequence, many studies have 

indirectly attempted to determine how structural features in each proneural 

bHLH factor confer phenotypic specificity through mutation analysis.   

 Functional analysis of the Drosophila proneural bHLH factors atonal (ato) 

and scute (sc) showed that the bHLH domain is critical to their ability to promote 

formation of chordotonal and external sensory organs, respectively. 

Transplantation of the ato bHLH domain into sc was sufficient to confer the 

ability to promote chordotonal organ formation, while transplanting the sc bHLH 

domain into ato destroyed this ability and instead allowed ato to produce 

external sensory organs (Powell et al., 2004, Chien et al., 1996). Further 
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dissection of the bHLH region of ato demonstrated that the same effect could 

be generated by transplanting only the basic region into sc, albeit at a reduced 

efficiency (Chien et al., 1996). Although the basic residues that are predicted to 

participate in DNA contact are identical between ato and sc, these factors 

exhibit clearly discernible DNA binding preferences, suggesting it is the residues 

not making DNA contact that are critical for specificity (Chien et al., 1996). 

Supporting this idea, mutation of the residues in the ato basic region that are not 

shared with sc dramatically inhibited the ability of ato to promote chordotonal 

organ formation (Chien et al., 1996).  

Mutating the residues predicted to contact DNA in the basic region of the 

vertebrate factors Ascl1, Atoh1, and Neurog1 disrupts function by blocking their 

ability to bind DNA (Davis et al., 1990, Nakada et al., 2004). However, the 

importance of the basic region for controlling the specificity of function between 

different neural subclasses of bHLH factors does not hold true in vertebrates as 

reported for Drosophila sc and ato. Studies in mouse identified the structural 

features of Ascl1 and Atoh1 that are critical for neuronal differentiation and cell 

type specification (Nakada et al., 2004). By exchanging the comparable 

subregions of the bHLH domains between Ascl1 and the myogenic bHLH 

Myod1, helix 1 of Ascl1 was found to be necessary in Ascl1 and sufficient in 

Myod1 to impart a neuronal differentiation function on the factor in the chick 

neural tube. Also, although Ascl1 and Atoh1 can promote neuronal 

differentiation, they both function to specify distinct neuronal subtypes. 

Experiments that exchanged regions between Ascl1 and Atoh1 determined that 

the HLH domain, not the basic region, contained the neuronal specification 

function of these factors. Furthermore, domain swapping studies with the 

Xenopus proneural genes Xash1 and XNgnr1 demonstrated that helix 1 was 

responsible for the differences in targets that each factor could activate during 

neural development (Talikka et al., 2002). Together these studies show that 

domains required for heterodimer formation, rather than the basic region, are 



  5 

required for the distinct functions between the different class II bHLH factors. 

Indeed, from the crystal structures, amino acid residues that face away from the 

dimerization interface diverge significantly across class II factors (Nakada et al., 

2004). For each class II member, however, these distinct residues are strongly 

conserved from Drosophila to mammals implying that they are critical to its 

function and enhance specificity by recruiting additional cofactors.  

The above studies with vertebrate proneural bHLH factors highlight the 

importance of protein-protein interactions for their proper function. Therefore, it 

is intuitive to imagine that regions outside of the relatively small bHLH protein 

domain also contribute to the characteristic molecular activity of each factor. 

The closely related Drosophila proneural genes ato and amos share a nearly 

identical bHLH region, and exchanging these domains does not alter the 

functional specificity of either factor (Maung and Jarman, 2007). Although the 

particular structural region responsible for distinguishing the functions of ato 

and amos was not mapped, these findings indicate that the molecular behavior 

of bHLH factors is not governed by the bHLH domain alone. In fact, for the 

particularly unusual class II neural factor Ptf1a, a secondary interaction domain 

has been well characterized (Beres et al., 2006). Unlike all other class II bHLH 

proteins, Ptf1a does not appear to regulate transcription as either a hetero- or 

homodimer. Instead, it must recruit a third component, Rbpj or its paralogue 

Rbpjl, in order to form an active regulatory complex (PTF1) (Beres et al., 2006). 

Two highly conserved carboxy-terminal regions mediate this interaction, each 

containing the characteristic ΦWΦP motif found in the classical activator of 

Rbpj, Notch intracellular domain (NICD) (Beres et al., 2006, Kovall and 

Hendrickson, 2004). Furthermore, deletions or mutations of these domains 

completely destroy the function of Ptf1a in both mice and humans (Sellick et al., 

2004, Beres et al., 2006, Masui et al., 2007, Hori et al., 2008).  

In addition to their well-characterized bHLH region, E-proteins possess 

two hyperconserved functional domains that are present even in yeast. 
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Activation domain 1 (AD1) is located at the N-terminus and is sufficient to 

activate transcription when linked to the yeast Gal4 DNA-binding domain (DBD) 

(Massari et al., 1996, Aronheim et al., 1993). Structurally, AD1 resembles the 

acidic activation domain present in a wide array of transcription factors, 

including GAL4 in yeast, the viral VP16, p53, and RelA in mammals (Massari et 

al., 1996). AD1 is capable of interacting not only with histone acetyltransferase 

coactivators, such as p300/CBP, but also with the ETO family of corepressors, 

thus providing an important site of regulation (Massari et al., 1999, Zhang et al., 

2004, Guo et al., 2009). Of particular importance is the AD1 of E2A, which is 

necessary for the leukemogenic activity of the E2A-Pbx1 and E2A-HLF fusion 

oncoproteins (Monica et al., 1994, Yoshihara et al., 1995). Like AD1, activation 

domain 2 (AD2) is also sufficient to activate transcription (Aronheim et al., 1993), 

although specific protein interactions with this domain have not been 

uncovered. Intriguingly, AD2 demonstrates clear cell type specificity, as minimal 

constructs that contain AD2 fused to Gal4 DBD activate transcription only in the 

muscle and skin of zebrafish embryos (Argenton et al., 1996).  

Members of the hairy/Enhancer of split [E(spl)] family (Hes and Hey 

proteins in vertebrates) are Class VI bHLH factors, function as transcriptional 

repressors, and play an important role in a variety of developmental processes 

including neurogenesis. The Hes and Hey proteins inhibit neuronal differentiation 

directly by repressing expression of proneural bHLH factors and indirectly by 

antagonizing their function (Kageyama et al., 2008). Hairy and E(spl), as well as 

their vertebrate homologues, are capable of binding E-boxes, N-boxes 

(CACNAG), or the closely related class C site (CACGCG) in regulatory regions of 

their targets genes to repress transcription (Akazawa et al., 1992, Sasai et al., 

1992, Tietze et al., 1992, Ishibashi et al., 1993, Oellers et al., 1994, Ohsako et 

al., 1994, Van Doren et al., 1994, Bessho et al., 2001, Iso et al., 2001). For Hes 

proteins, repression requires a conserved C-terminal WRPW motif that is critical 

for binding to groucho/TLE transcriptional corepressors (Dawson et al., 1995). 
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This domain is lacking in Hey proteins, but they are able to attract a variety of 

histone deacetylases via their bHLH domain (Iso et al., 2001, Takata and 

Ishikawa, 2003). Alternatively, Hes and Hey factors have also been shown to 

heterodimerize with E-proteins to antagonize class II bHLH heterodimer 

formation (Fischer and Gessler, 2007). Another conserved domain just C-

terminal to the bHLH is the Orange domain, which seems to potentiate 

dimerization, similar to leucine zipper and PAS domains in other bHLH proteins 

(Paroush et al., 1994, Dawson et al., 1995, Grbavec and Stifani, 1996). The 

Orange domain also contributes to functional specificity, as transplanting only 

this domain between hairy and E(spl) is sufficient to switch their ability to 

suppress scute (Dawson et al., 1995). 

 

bHLH factor function in neuronal differentiation 

Neurogenesis begins with the generation of neural progenitors from ectoderm 

that are committed to become cells of the nervous system (neurons, astrocytes, 

and oligodendrocytes). Neuronal differentiation then ensues and is a complex 

process that couples cell cycle exit or neural progenitors with activation of 

neuron specific genes. During this process, neural progenitors are committed to 

a neuronal lineage and prevented from acquiring a glial identity. Genes that 

promote the production of neural progenitors are termed proneural, and this 

family includes many bHLH factors. Importantly, these proteins often also 

exhibit neural activity, in that they are capable of inducing neuronal 

differentiation (Bertrand et al., 2002). 

 Several gain-of-function studies in multiple systems have established 

this behavior. Individual misexpression of Ascl1, Neurog1, or Neurod2 is 

sufficient to generate mature neurons from P19 embryonal carcinoma cells 

(Farah et al., 2000). In the chick neural tube, introduction of either Ascl1 or Atoh1 

efficiently produced excess neurons (Nakada et al., 2004). Similarly, viral 

mediated misexpression of Ascl1, Neurog1, or Neurog2 in vivo produced 
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neurons from cortical progenitors (Cai et al., 2000). The retina specific proneural 

bHLH Atoh7 is capable of inducing differentiation multiple types of neurons 

when misexpressed in the retina (Brown et al., 1998, Kanekar et al., 1997, Liu et 

al., 2001). Loss-of-function experiments confirm many of these findings. The 

Ascl1 mutant displays numerous defects in neurogenesis, including loss of 

proliferation of neural progenitors and premature differentiation in the 

telencephalon and neural tube (Casarosa et al., 1999, Horton et al., 1999, 

Wildner et al., 2006, Battiste et al., 2007). Thus, a critical function of proneural 

bHLH factors is to coordinate neural progenitor cell proliferation and neuronal 

differentiation. 

 The human nervous system is an immensely elaborate structure 

comprising billions of cells and hundreds of distinct cell types. Not surprisingly, 

the construction of such a complex organ system requires an intricate and 

sophisticated regulatory network. The Notch pathway in particular serves an 

important function in this process by precisely regulating the timing of 

neurogenesis and dynamically maintaining progenitor populations (Kageyama et 

al., 2008).  

 

Notch signaling maintains progenitor cell state 

The Notch genes (Notch1-4 in mammals) encode for membrane-bound 

receptors whose cognate ligands include the Delta (Dll1, Dll3, Dll4) and Jagged 

(Jag1, Jag2) families of proteins (Artavanis-Tsakonas et al., 1999). Upon binding 

of Delta to Notch, the intracellular domain of Notch (NICD) is cleaved and 

released to the nucleus, where it then binds to Rbpj and activates transcription 

(Artavanis-Tsakonas et al., 1999). Target genes of this pathway mainly include 

the Hes and Hey families of transcriptional repressors, which function to 

antagonize and suppress proneural programs (Artavanis-Tsakonas et al., 1999). 

The importance of Notch function in the developing nervous system has been 

well demonstrated through several loss-of-function studies. Deletion of Notch1 
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or Rbpj in mice severely disrupts normal embryogenesis, and these mutants fail 

to mature past embryonic day 9.5 (E9.5) (Swiatek et al., 1994, Conlon et al., 

1995, Oka et al., 1995). At this stage in development, neurogenesis is just 

beginning to occur, so no overt neural phenotype can be appreciated; however, 

expression of several proneural genes (e.g. Ascl1, Neurog2, Neurod1, and 

Nhlh1) is noticeably upregulated in both mutants (de la Pompa et al., 1997). 

Mutants for several downstream Notch genes (i.e. Hes1, Hes3, and Hes5) 

definitively demonstrated the function of Notch signaling in vertebrates. Hes1 

and Hes5 are both widely expressed in the developing nervous system but are 

spatially distributed in complementary patterns (Hatakeyama et al., 2004). 

Deletion of either gene results in compensatory upregulation of the other, 

producing little or no effect on neural development (Cau et al., 2000, 

Hatakeyama et al., 2004). It should be noted that Hes1 mutants do exhibit 

evidence of premature neuronal differentiation, such as morphological 

deformities in the neural tube and retina as well as upregulation of Ascl1, but 

this phenotype is poorly penetrant (Ishibashi et al., 1995, Tomita et al., 1996). 

Hes1;Hes5 double mutants, however, exhibit severe neural defects, including 

premature neuronal differentiation, loss of neural progenitors, and cellular 

disorganization in the neural tube (Hatakeyama et al., 2004). Additional loss of 

Hes3, which is expressed in the nervous system less broadly, produced even 

stronger defects and completely eliminated all neural progenitors (Hatakeyama 

et al., 2004, Hirata et al., 2001). Thus, Notch signaling is paramount to maintain 

progenitor populations thereby ensuring that the proper number of cells can be 

produced during development.  

 

Interplay between Notch and proneural bHLH proteins 

The decision of a cell either to remain a progenitor or to differentiate into a 

mature neuron hinges upon the precarious interplay of Notch and proneural 

factors. The ability of Notch to preserve a progenitor’s naïve state rests on its 
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direct suppression of factors with opposing function. The above loss-of-function 

studies provide genetic evidence for negative regulation of proneural bHLH 

factors by Notch. In vitro assays have shown more directly that multiple Notch 

targets (Hes1, Hes5, Hey1, and Hey2) are able to prevent proneural bHLH 

mediated transcription (Sasai et al., 1992, Akazawa et al., 1992, Sakamoto et al., 

2003). Furthermore, Hes1 is capable of directly repressing transcription of Ascl1 

(Chen et al., 1997, Ju et al., 2004). Proneural bHLH factors, in turn, modulate 

Notch signaling in order to drive a progenitor cell into a mature neuron. One 

mechanism by which this occurs is the transcriptional activation of Notch 

ligands. In Drosophila, the achaete-scute complex (AS-C) gene products are 

required for expression of Delta (Dl), and mutation of potential AS-C binding 

sites in the Dl promoter abrogate reporter expression (Kunisch et al., 1994). 

Several studies in mice have demonstrated that expression of Dll1 and Dll3 

require the function of Ascl1, Neurog1, or Neurog2 in regions of the developing 

nervous system where they are present (Fode et al., 1998, Ma et al., 1998, 

Casarosa et al., 1999, Henke et al., 2009a, Nelson et al., 2009). By upregulating 

Notch ligands, proneural bHLH proteins induce more Notch signaling in 

neighboring cells. This in turn decreases proneural gene levels in adjacent cells, 

which will now produce fewer molecules of Delta. Thus, the ability of 

neighboring progenitors to activate Notch signaling in a cell producing high 

levels of proneural bHLH factors decreases (see Figure 1.1).  

 Proneural bHLH proteins further attenuate Notch signaling by directly 

upregulating Hes6. Hes6 is an unusual member of the Hes family in that it 

actually promotes neurogenesis, as demonstrated by several overexpression 

experiments in multiple species (Bae et al., 2000, Koyano-Nakagawa et al., 

2000, Gratton et al., 2003, Fior and Henrique, 2005). This activity appears to be 

indirect, resulting instead from inhibition of Hes1 and Hes5. Transcription assays 

have shown that Hes6 can reverse Hes1 mediated repression, likely by 

sequestering Gro/TLE co-repressors (Bae et al., 2000, Gratton et al., 2003). 
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Although initial studies suggested that Hes6 does not bind DNA, misexpression 

of Hes6 in chick significantly reduced expression of Hes5 (Bae et al., 2000, 

Koyano-Nakagawa et al., 2000, Fior and Henrique, 2005). Whether Hes6 is 

capable of direct transcriptional repression or simple interference with Rbpj 

remains unknown. Regardless, placement of Hes6 as a target of proneural 

bHLH factors is supported by multiple lines of evidence. In both Xenopus and 

chick, misexpression of neurogenins is sufficient to induce ectopic expression of 

Hes6 (Koyano-Nakagawa et al., 2000, Fior and Henrique, 2005). Additionally, 

both Ascl1 and Atoh1 mutant mice exhibit markedly reduced Hes6 expression 

(Nelson et al., 2009, Qian et al., 2006).     

 

Transition from progenitor to differentiated neuron 

Following the discovery of the Notch pathway, biologists have struggled to 

understand what tips the balance between Notch and proneural factors to push 

a cell into maturation. For many years it was postulated that a random shift in 

the balance between Notch signaling and proneural gene levels would allow a 

progenitor cell to escape the cell cycle and differentiate into a fully mature 

neuron. Recent evidence, however, has elucidated a much more elegant 

strategy. The discovery that Hes1 negatively regulates itself precipitated the 

observation that Hes1 levels are incredibly dynamic in neural progenitors 

(Takebayashi et al., 1994, Hirata et al., 2002, Masamizu et al., 2006). The 

inherent instability of Hes1 sets up a model wherein a cell may experience 

alternating states of high and low Hes1 levels, so long as proneural gene 

products do not accumulate more quickly than Hes1. Indeed, time-lapse 

imaging of neural progenitors demonstrated just this; Hes1 levels oscillated with 

a period of 2-3 hours, and this accompanied inversely oscillating levels of 

Neurog2 and Dll1 (Shimojo et al., 2008). Thus, during periods of low Hes1, 

expression of proneural genes is derepressed, and these bHLH factors may in 

turn activate expression of Notch ligands. As levels of Neurog2 (or other bHLH 
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factors) build during each cycle, the increasing amount of Notch ligands being 

produced eventually attenuate Notch input and lead to differentiation. In this 

fashion, Notch is able to temporally regulate the production of mature neurons 

in successive waves of neurogenesis. 

 

Functions of bHLH transcription factors neuronal subtype specification  

 

Transcription factor cascades 

The neural retina has frequently been utilized as a model system to study central 

nervous system development, in large part because of its amenability to 

manipulation and simple architecture. The vertebrate retina contains only six 

principal cell types: retinal ganglion cells (RGCs), bipolar cells, horizontal cells, 

amacrine cells, photoreceptors, and Müller glia. As with most regions in the 

CNS, bHLH transcription factors are integral to the formation of each cell type, 

either by initiating transcription factor cascades or by working in concert with 

one or more factors. Expression of Atoh7 (Math5), an orthologue of the 

Drosophila ato, is required for the production of retinal ganglion cells, as mice 

mutant for this gene produce less than 20% of the RGCs formed in wild-type 

animals (Brown et al., 2001, Wang et al., 2001). Consistent with this finding, 

misexpression of Atoh7 in chick or Xenopus retinas was sufficient to generate 

supernumerary RGCs (Liu et al., 2001, Kanekar et al., 1997). A severe reduction 

in the number of cells expressing Pou4f2 (Brn3b), a POU domain transcription 

factor responsible for RGC maturation and survival (Gan et al., 1999, Yang et al., 

2003), was also seen in mice lacking Atoh7. This simple, two component 

pathway was solidified when it was demonstrated that Atoh7 could directly 

activate the Pou4f2 promoter (Liu et al., 2001).  

Bipolar cells, by contrast, require the combinatorial activity of the bHLH 

factors Ascl1 and Neurod4, and the homeodomain factor Vsx2. Mice lacking 

Vsx2 (Chx10) completely fail to form bipolar cells, while other cell types remain 
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unaffected (Burmeister et al., 1996). Misexpression of Vsx2 however, is not 

sufficient to produce fully differentiated bipolar cells (Hatakeyama et al., 2001). 

Deletion of Ascl1 (Mash1) results in the generation of fewer bipolar cells with a 

concomitant increase in Müller glia, while deletion of Neurod4 (Math3) produces 

no defects (Tomita et al., 1996, Tomita et al., 2000). When both Ascl1 and 

Neurod4 are lost, however, no bipolar cells form correctly instead acquiring a 

glial identity (Tomita et al., 2000). Interestingly, misexpression of either Ascl1 or 

Neurod4 promotes only the formation of excess rod photoreceptors, but bipolar 

cells are effectively produced when Vsx2 and either Ascl1 or Neurod4 are 

misexpressed together (Hatakeyama et al., 2001).   

Proper specification of amacrine cells requires a yet more complicated 

genetic cascade. Similar to bipolar cell genesis, the combined deletion of 

Neurod1 and Neurod4 is needed to selectively prevent amacrine cell formation 

(Inoue et al., 2002). Furthermore, misexpression Pax6 and either Neurod1 or 

Neurod4 is needed to induce amacrine cell generation (Inoue et al., 2002). 

Neurod1 and Neurod4 do not appear, however, to serve strictly overlapping 

functions, as misexpression of Pax6/Neurod1 produces only amacrine cells, 

while Pax6/Neurod4 gives rise to both amacrine and horizontal cells (Inoue et al., 

2002). The winged-helix factor Foxn4 also plays an important role in amacrine 

cell specification. Not only do Foxn4 mutant mice generate very few amacrine 

cells (horizontal cells are also completely absent), but viral mediated 

misexpression of Foxn4 alone is also sufficient to generate both amacrine and 

horizontal cells (Li et al., 2004). The functions of Foxn4 appear to be mediated 

almost entirely by the bHLH factor Ptf1a. Ptf1a expression is completely absent 

in the retinas of Foxn4 mutants, and the Ptf1a mutant itself fails to form all but a 

few amacrine cells and horizontal cells entirely (Fujitani et al., 2006). 

Misexpression of Ptf1a is similarly sufficient to produce amacrine and horizontal 

cells (Dullin et al., 2007). Although Neurod1 and Neurod4 expression is 

significantly reduced in the Foxn4 mutant, it remains unaffected in the absence 
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of Ptf1a (Li et al., 2004, Fujitani et al., 2006). However, because horizontal cell 

specification remains intact in the compound Neurod1;Neurod4 mutant, it is 

unlikely that Ptf1a lies downstream of these factors. Thus, a complicated picture 

of regulation emerges wherein two parallel pathways, one linear (Foxn4-Ptf1a) 

and one combinatorial (Neurod1/Neurod4/Pax6), synergize to correctly specify 

the amacrine cell lineage. 

 

Cross-repression of bHLH factors 

The neural tube is another frequently studied system in the developing nervous 

system. Like the neural retina, bHLH factors are critical for establishing cell fate 

choices in the neural tube. During the first of two waves of neurogenesis 

occurring between mouse embryonic days E10-E11.5, the neural tube 

comprises eleven non-overlapping laminar progenitor domains, each of which is 

marked by a unique combination of bHLH and homeodomain factors (see Fig. 

1.2). Two more dorsal populations are generated between E11.5-E13, the late-

born dPLA and dPLB. Work in this field has demonstrated that beyond simply 

directing neuronal subtype specification, bHLH factors are critical for inhibiting 

cell fate programs for adjacent domains. The dorsal neural tube contains six 

progenitor domains, labeled dP1-dP6. Atoh1 (Math1) is expressed in dP1 

progenitors, which will eventually give rise to proprioceptive commissural 

interneurons within the spinocerebellar tracts of the deep dorsal horn (Helms 

and Johnson, 1998, Bermingham et al., 2001). As Atoh1 expressing cells 

mature, they activate the LIM-HD genes Lhx2 and Lhx9 (Lee et al., 1998, Helms 

and Johnson, 1998). In the Atoh1 null mouse, expression of Lhx2/9 is lost, but 

instead of undergoing apoptosis, these cells activate the dP2 markers Neurog1 

and Neurog2, as well as the corresponding downstream LIM-HD factors Lhx1/5 

(Gowan et al., 2001). Furthermore, misexpression of Atoh1 in the chick neural 

tube reduced the expression not only of Lhx1/5 but also of Neurog1 and 

Neurog2 (Gowan et al., 2001). In the converse experiment, misexpression of 
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Neurog1 inhibited Atoh1 and Lhx2/9 expression (Gowan et al., 2001). 

Interestingly, while deletion of Neurog1 permitted Atoh1 expression in erstwhile 

dP2 cells, subsequent upregulation of Lhx2/9 was not seen (Gowan et al., 2001). 

This was also true in the Neurog1/2 double mutant, suggesting that Atoh1 

requires another factor, restricted to dP1 cells, to induce Lhx2/9 expression. 

Neurog1 and Atoh1 are also capable of repressing Ascl1, which defines the 

dP3-dP5 domains; however, this is not a general function of bHLH factors as 

neither Neurog1 nor Atoh1 reduces its own endogenous expression (Gowan et 

al., 2001). In a similar fashion, cross-repression between Ascl1 and Neurog2 is 

also seen. When Ascl1 is deleted, there is a dramatic reduction in Isl1 

expressing dP3 cells and a complete loss of the dP5 domain as measured by 

Lmx1b expression (Helms et al., 2005). There is a significant expansion, 

however, in the Neurog2 positive dP2 and dP4 domains as determined by the 

expression of Lhx1/Lhx5/Pou4f1 and Pax2, respectively (Helms et al., 2005). 

Loss of Neurog2 produces in part the opposite effect; increases in both Isl1 and 

Lmx1b expressing cells are observed, although the dP2 and dP4 domains 

remain unaffected (Helms et al., 2005). Compensation by Neurog1 likely explains 

why dP2 specification proceeds normally in the Neurog2 mutant. In addition, it 

was recently shown that Neurog2 is a direct target of Ptf1a in the dP4 domain, 

and disruption of Ptf1a is sufficient to completely prevent dP4 formation 

(Glasgow et al., 2005, Henke et al., 2009b). In ovo electroporation of Ascl1 

efficiently induces ectopic expression of Isl1 and Lmx1b within the dP2 and dP4 

regions, respectively, while reducing levels of the native homeodomain markers 

in these domains. Misexpression of Neurog2, however, only reduces the 

expression of Isl1 and Lmx1b without promoting either dP2 or dP4 cell fates 

(Helms et al., 2005). Again, the ability to promote dP2 and dP4 cell fates seems 

to lie within the other bHLH factors expressed in those regions, as 

misexpression of Neurog1 or Ptf1a is sufficient to induce expression of Lhx1/5 

or Pax2, respectively (Gowan et al., 2001, Hori et al., 2008). These studies 
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suggest that Neurog2 functions to establish proper boundary formation during 

specification in the dorsal neural tube by restricting immediately adjacent 

programs.   

 

Requirement of DNA-binding partners for proper specification 

As described previously, the fact that bHLH factors bind a common degenerate 

DNA motif suggests that additional extrinsic factors may be required to generate 

the functional specificity observed for these proteins. Examples of interactions 

that have been described thus far are summarized in Fig. 1.3. For Ascl1, 

interacting with Pou3f1 or Pou3f2 is critical to regulating many genes involved 

with cell cycle exit and differentiation, including several members of the Notch 

signaling pathway (Castro et al., 2006). Not only do both Pou3f2 and Ascl1 bind 

putative enhancer regions near these genes in vivo, but both Ascl1 and 

Pou3f1/Pou3f2 are necessary to activate transcription from the Dll1 promoter 

(Castro et al., 2006). This activity requires a combined E-box and octamer (POU 

domain consensus binding site) DNA motif; however, Ascl1 is also capable of 

activating targets that do not possess this bipartite sequence (Hu et al., 2004, 

Castro et al., 2006).  

Studies in the ventral neural tube identified a large transcriptional 

complex that includes bHLH and LIM-HD factors critical to generate 

motorneurons. Initial work examining motorneuron development uncovered key 

roles for many different transcription factors, including Neurog2, Neurod4, Isl1, 

and Lhx3 (Pfaff et al., 1996, Scardigli et al., 2001, Mizuguchi et al., 2001, Thaler 

et al., 2002). Although deletion of Neurog2 results in a significant decrease in 

motorneurons, misexpression of Neurog2 in the chick neural tube increases 

neuron number but does not induce motorneuron specific markers (Scardigli et 

al., 2001, Mizuguchi et al., 2001). A hexameric complex containing Isl1, Lhx3, 

and NLI is sufficient to promote motorneuron identity, and the presence of either 

Neurog2 or Neurod4 enhances this effect (Thaler et al., 2002, Lee and Pfaff, 



  17 

2003). Interestingly, phosphorylation of Neurog2 is necessary to mediate the 

physical and functional interaction with the LIM-HD factors via bridging with NLI 

(Ma et al., 2008). It is important to note that the DNA binding of both the bHLH 

and LIM-HD complex members is needed for their cooperative function, as 

mutation of the binding regions for either disrupts activity of the entire complex 

(Lee and Pfaff, 2003). Although neurogenesis has generally been thought to 

proceed in a stepwise manner where differentiation occurs first, followed closely 

by subtype determination, this complex effectively couples the two.  

In contrast with the above bHLH factors, Ptf1a appears to function 

exclusively within a complex that includes an E-protein and Rbpj (Masui et al., 

2007, Hori et al., 2008, Beres et al., 2006, Masui et al., 2008, Henke et al., 

2009b, Meredith et al., 2009). Ptf1a mutant mice fail to form both dP4 and dPLA 

interneuron populations, and the dP5 and dPLB domains expand in a 

compensatory fashion (Glasgow et al., 2005). Moreover, deletion of Rbpj 

specifically in the dorsal neural tube produces identical results (Hori et al., 2008). 

Substitution of a single amino-acid (W298A) in Ptf1a that disrupts its ability to 

interact with Rbpj without disturbing DNA-binding phenocopies the above 

deletions, indicating that the specification function of Ptf1a strictly requires the 

physical association with Rbpj (Masui et al., 2007, Hori et al., 2008).  

 
Transcriptional Targets of bHLH Factors 

Despite the considerable effort that has been spent studying bHLH transcription 

factors, relatively little is known about what genes they directly regulate. The few 

studies that have been able to determine direct targets of the proneuronal 

differentiation factors, however, demonstrate a conserved program in terms of 

the classes of genes that are activated. Not surprisingly, genes involved in cell 

cycle regulation are consistent targets, as are genes that promote differentiation 

from a progenitor state, such as the Notch ligands Dll1, Dll3, Dll4, and Jag2 

(Logan et al., 2005, Seo et al., 2007, Castro et al., 2006, Henke et al., 2009a). 
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Overwhelming support for the notion of transcription factor cascades (Lee and 

Pfaff, 2001) is also provided by these studies, in which a large portion of targets 

function in transcriptional regulation (Logan et al., 2005, Seo et al., 2007, Castro 

et al., 2006). 

Identifying transcriptional targets of bHLH factors is fundamental to 

understand their mechanistic functions in neurogenesis. Proneural bHLH 

proteins form heterodimers with E-proteins to bind a DNA sequence called the 

E-box (CANNTG) (Murre et al., 1989b). However, it has been difficult to identify 

and validate direct in vivo downstream targets based on this short and 

degenerate DNA motif. Advanced technology using chromatin 

immunoprecipitation, expression profiling, and bioinformatics has permitted 

several in vivo transcriptional targets of bHLHs to be identified. In the 

telencephalon Neurog2 directly controls the expression of Rnd2, a small 

GTPase protein that regulates neuronal migration (Heng et al., 2008). Ptf1a, in a 

trimer complex with an E-protein and Rbpj, regulates Neurog2 in the dorsal 

neural tube and the cerebellum (Henke et al., 2009b). The Notch ligands Dll1 and 

Dll3 have been convincingly shown to be transcriptional targets of Ascl1 in the 

telencephalon and neural tube (Castro et al., 2006, Henke et al., 2009a). 

Genome-wide bioinformatics coupled with chromatin immunoprecipitation 

(ChIP) revealed several additional targets of Ascl1 that are involved with cell 

cycle exit and differentiation, including Dclk1, Insm1, Fbxw7, and multiple 

components of the Notch pathway (Castro et al., 2006). Similarly, a multifocal 

approach utilizing transcript profiling, bioinformatics, ChIP, and overexpression 

assays revealed numerous targets of Neurog2 and Neurod1, most of which were 

shared between the two (Seo et al., 2007). The majority of these genes are 

transcription factors known to regulate neurogenesis (Seo et al., 2007). 

Considering that Neurod1 functions downstream of Neurog2, it is surprising that 

it shares a largely overlapping repertoire of transcriptional targets (Sommer et 

al., 1996). These results may be indicative of a more general strategy in 
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development whereby early proneural bHLH factors commit naïve progenitors to 

a specific neuronal lineage, and downstream transcription factors maintain that 

program into maturity.      

Transcriptional repression by Hes/Hey family members is thought to 

occur by both active and passive means, depending on their interaction 

partners. These proteins typically function as homodimers or heterodimers with 

other members of this family, but dimers involving E-proteins or class II bHLH 

factors have also been noted (Jogi et al., 2002, Akazawa et al., 1992, Sasai et 

al., 1992, Iso et al., 2001, Alifragis et al., 1997, Leimeister et al., 2000, Ghosh 

and Leach, 2006, Sun et al., 2001). Like other bHLH proteins, Hes and Hey 

factors are capable of binding E-boxes. Hes proteins also bind N-boxes and 

class C sites, although Hey proteins greatly prefer E-box sequences (Fischer 

and Gessler, 2007). They subsequently recruit Groucho/TLE, histone 

deacetylases, and other corepressors to potently silence transcription of target 

genes (summarized in Fischer and Gessler, 2007). Studies in Drosophila 

identified numerous targets of hairy in both Kc cells and 2-6h embryos, 

including mainly genes involved in cell cycle control and morphogenesis 

(Bianchi-Frias et al., 2004). Although numerous genes are inhibited when 

Hes/Hey factors are present, relatively few of them have been demonstrated to 

be direct interactions. ChIP has been used to satisfactorily demonstrate that 

Ascl1, p27, and Hes1 itself are targets of Hes1, while Hes5 directly represses 

myelin basic protein (MBP) (Ju et al., 2004, Murata et al., 2005, Liu et al., 2006, 

Fryer et al., 2004).  

Because bHLH factors recognize largely overlapping DNA binding 

motifs, it is surprising that they achieve such specificity in their individual 

functions. While several studies have implicated subtle E-box preferences 

among different families of proneural bHLH factors (summarized in Bertrand et 

al., 2002), emerging evidence suggests that these subtleties correlate poorly 

with in vivo behavior (Powell et al., 2008). It seems more likely, therefore, that 
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bHLH proteins function in much larger complexes, generating greater target 

specificity from cooperative binding. This hypothesis is supported by the 

numerous structure:function studies highlighted previously as well as by other 

studies demonstrating specific interactions with non-bHLH transcription factors. 

In the spinal cord for example, activation of Hb9, a transcription factor critical to 

motorneuron development, requires the synergistic activity of both bHLH and 

LIM homeodomain proteins (Lee and Pfaff, 2003). For NeuroM (Neurod4) and 

Isl1/Lhx3, this synergism involves not only DNA binding but protein interaction 

as well through the LIM adaptor protein NLI (Lee and Pfaff, 2003). As mentioned 

earlier, similar DNA and protein interactions occur between Ptf1a and Rbpj, 

where coordinate DNA binding of both Ptf1a and Rbpj(l) is required for target 

activation in both the nervous system and pancreas (Beres et al., 2006, Masui et 

al., 2008, Henke et al., 2009a, Meredith et al., 2009). Ascl1 has been shown to 

interact with class 3 POU domain factors, and their cooperation is implicated in 

the activation of several genes critical for telencephalon development, including 

many Notch ligands (Castro et al., 2006). In Drosophila, a ternary complex has 

been described in which the bHLH-PAS protein Single-minded interacts with 

both HMG (Fish-hook) and POU (Drifter) domain transcription factors to regulate 

expression of the axon guidance gene slit (Ma et al., 2000). Interestingly, even 

ato autoregulation requires ato to cooperate with the ETS factor pointed during 

chordotonal sensory organ precursor recruitment in Drosophila (zur Lage et al., 

2004).  

It is important to note that a bHLH transcription factor may regulate 

shared or distinct downstream targets for different functions. In addition, a 

single target can be regulated by multiple transcription factors at different levels. 

Identification of the full repertoire of shared or distinct transcriptional targets of 

each bHLH transcription factor will shed light on their roles in vertebrate CNS 

development at the molecular level. 
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Ptf1a maintains the adult acinar program in pancreas 

Early studies examining the regulation of exocrine pancreatic genes uncovered a 

conserved DNA motif in their promoters that was both necessary and sufficient 

to direct proper expression in acinar cells of the pancreas (Boulet et al., 1986, 

Davis et al., 1992, Swift et al., 1984, Kruse et al., 1995, Cockell et al., 1989, 

Meister et al., 1989). This pancreatic consensus element contained two parts: an 

A box that resembled a bHLH consensus E-box (CACCTG), and a novel B box 

(TTTCCC) sequence (Cockell et al., 1989). These two motifs were also 

stereotypically separated by one or two helical turns (Cockell et al., 1989). To 

isolate the factors responsible for the activity of the pancreatic consensus 

element, pancreatic nuclear extracts were affinity purified against 

oligonucleotides containing the consensus sequence (Cockell et al., 1989, 

Howard et al., 1989). Three co-segragating proteins were identified, and the 

resulting complex was termed pancreatic transcription factor 1, or PTF1. 

Isolation and sequence analysis of the cDNA for one of the PTF1 subunits, p48, 

revealed that it belonged to the bHLH family of transcription factors (Krapp et 

al., 1996). The other subunits would eventually be revealed as an E-protein and 

the Rbpjl, the Notch indifferent paralogue of Rbpj (Roux et al., 1989, Beres et al., 

2006). In situ hybridization for the p48 mRNA demonstrated strong expression 

restricted to pancreatic acini in the adult mouse (Krapp et al., 1996), indicating 

that p48 (later known as Ptf1a) was in fact a tissue-specific, or Class II bHLH 

factor. The importance of Ptf1a in particular to the maintenance of the acinar 

program was solidified when it was shown that reduction of Ptf1a mRNA 

severely diminished the expression of all exocrine genes (Krapp et al., 1996) and 

that misexpression of Ptf1a is sufficient to activate transcription from the 

Elastase1 promoter (Rose et al., 2001).  
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Ptf1a is required for pancreatic morphogenesis 

Because Ptf1a expression was observed prior to terminal differentiation of 

pancreatic acinar cells, it was hypothesized that Ptf1a might also be important 

for exocrine pancreatic development. Conclusive evidence arrived once a null 

mouse mutant for Ptf1a was generated. Gross examination of mutant neonates 

revealed a complete lack of pancreatic structures, while expression analysis of 

the gut demonstrated a severe reduction in levels of exocrine genes (Krapp et 

al., 1998). Although ectopic endocrine pancreatic tissue could be detected in the 

spleen, its function is clearly compromised, as homozygous null pups exhibit 

unremitting hypoglycemia during their few hours of life (Krapp et al., 1998). 

These findings were confirmed in humans when infants who displayed neonatal 

diabetes mellitus and pancreatic agenesis were discovered to harbor truncated 

Ptf1a gene products (Sellick et al., 2004). Lineage tracing experiments in the 

developing pancreas established that Ptf1a is in fact active in progenitors to 

most ductal and islet cells in addition to all acinar cells (Kawaguchi et al., 2002). 

Furthermore, in Ptf1a null animals dorsal pancreatic tissue was greatly 

diminished, while the ventral pancreatic bud failed to form entirely (Kawaguchi et 

al., 2002). Instead, those cells that were to give rise to the ventral bud converted 

to duodenal fates, suggesting that a critical function of Ptf1a is to switch cell 

fates during endodermal specification (Kawaguchi et al., 2002). 

  Before it was determined that Rbpjl constituted the missing piece of the 

PTF1 complex, Ptf1a was noted to interact with its paralogue, Rbpj (Obata et al., 

2001). Gel shift assays verified this finding with in vitro translated proteins; 

however, the PTF1 complex found in adult pancreas nuclear extracts contained 

only Rbpjl, despite the presence of Rbpj in the extract (Beres et al., 2006). 

Careful expression analysis of Rbpjl solved this dilemma. Although Ptf1a can be 

detected as early as E9.5, Rbpjl is not activated until E14.5, coinciding with the 

development of mature acinar cells (Masui et al., 2007). Prior to this, Rbpj is 

expressed at much higher levels, and it is indeed utilized within the PTF1 
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complex (Masui et al., 2007). It is this PTF1 complex (PTF1-J) that is responsible 

for the developmental functions of Ptf1a and the activation of Rbpjl itself (Masui 

et al., 2007). Once Rbpjl appears, the complex switches to include it (PTF1-L) 

and allows Ptf1a to establish the acinar gene program (Masui et al., 2007). No 

appreciable difference in the DNA binding requirements has thus far been 

observed between PTF1-J and PTF1-L; moreover, aside from the stronger 

transcriptional activity of PTF1-L, the two appear to be interchangeable (Beres 

et al., 2006). To test this hypothesis, a null mutation of Rbpjl was generated. 

Homozygous mutants expressed acinar genes at reduced levels but outwardly 

were indistinguishable from wild-type, aside from possessing a slightly smaller 

pancreas (Masui et al., 2010). Perhaps then, Rbpjl evolved as a more efficient 

version of Rbpj to generate the vast amount of hydrolytic enzymes needed for 

digestion in higher vertebrates. 

 

Ptf1a specifies inhibitory interneurons in the developing nervous system 

Despite the considerable work performed on Ptf1a, it was only recently 

discovered that its expression extended into the nervous system. Unlike similar 

proneural bHLH genes, Ptf1a expression is restricted to a few discrete regions 

within the developing nervous system. Ptf1a mRNA can be detected at E9.5 in 

the dorsal neural tube anteriorly, and it expands throughout the spinal neural 

tube and hindbrain by E10.5 (Obata et al., 2001). The timing of Ptf1a expression 

corresponds with the first wave of neurogenesis during embryonic development, 

and as mentioned earlier, Ptf1a expressing cells are confined to the fourth dorsal 

interneuron progenitor domain (dP4) at this stage (Glasgow et al., 2005). As with 

other proneural bHLH factors, Ptf1a levels are dynamic within a cell, shutting off 

as shortly after progenitors exit the cell cycle and begin to migrate laterally out 

of the ventricular zone (Glasgow et al., 2005). At E11.5, the Ptf1a domain 

expands dorsally and ventrally as it begins to give rise to dILA precursors, 

overlapping extensively with Ascl1 (Glasgow et al., 2005). In contrast to the 
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pancreas, Ptf1a does not remain active into adulthood in the spinal cord, where 

it can no longer be detected by E14.5 (Meredith et al., 2009). Lineage tracing 

analysis of Ptf1a-derived neurons indicate that these cells are exclusively 

GABAergic and reside in the superficial dorsal horn, primarily laminae I-IV, 

where they presumably integrate into somatosensory circuits (Glasgow et al., 

2005). Furthermore, Ptf1a was found to give rise to inhibitory neurons in the 

cerebellum (Purkinje, stellate, basket, Golgi, and small deep cerebellar nuclei 

cells), retina (horizontal and amacrine cells), and discrete nuclei in the hindbrain 

and hypothalamus (Glasgow et al., 2005, Hoshino et al., 2005, Fujitani et al., 

2006). 

 As described earlier, loss of Ptf1a in the neural tube results not only in a 

loss of all GABAergic neurons in the dorsal horn of the spinal cord but also in an 

increase of excitatory (glutamatergic) neurons (Glasgow et al., 2005). Similar 

phenotypes in the retina and cerebellum are observed. Deletion of Ptf1a in the 

retina dramatically reduces the number of both horizontal and amacrine cells, 

while producing supernumerary excitatory RGCs (Fujitani et al., 2006). In the 

cerebellum, Ptf1a mutants fail to form Purkinje cells and other inhibitory 

interneurons, and their precursors instead adopt an excitatory identity and 

migrate to the external granule layer (Pascual et al., 2007). Importantly, the 

interaction between Ptf1a and Rbpj is crucial for the function of Ptf1a in both the 

pancreas and the nervous system, indicating that Ptf1a is active only within 

PTF1 and not as a classical bHLH dimer (Masui et al., 2007, Hori et al., 2008). 

Thus, the function of Ptf1a may be generalized as a fate determinant switch 

between opposing programs in tissue-specific progenitors. 

 

Thesis rationale and goals 

The work presented here attempts to address two major questions in the field of 

neural development: how are neural bHLH factors regulated and what is the 

molecular basis of their activity? For Ptf1a in particular, nothing was known 
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about its regulation, and no targets in the nervous system had been described 

at the time this work began. Furthermore, Ptf1a was thought to function solely 

within the confines of the PTF1 complex. Chapters 2 and 3 describe two Ptf1a 

regulatory regions that operate using very different mechanisms, and Chapters 4 

and 5 survey the repertoire of Ptf1a targets using genome-wide sequencing 

studies. Of particular interest to the field, I think, is the identification of potential 

co-regulatory factors for bHLH proteins. The fact that all bHLH transcription 

factors recognize essentially a single degenerate DNA sequence and yet are 

capable of incredibly diverse functions has long suggested a need for additional 

co-factors. To this end, I offer preliminary evidence that Ptf1a utilizes tissue-

specific binding partners to distinguish neural versus pancreatic programs.   
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Figure 1.1.  Programs involved in progenitor maintenance and 
differentiation.  Top: In the neural progenitor, Notch signaling dominates. NICD 
activates Rbpj and induces transcription of the Hes/Hey family, which inhibit 
proneural gene transcription by recruiting the corepressor TLE1/Groucho. Id 
proteins are also highly expressed and sequester E-proteins, thereby 
destabilizing any proneural factors that are present.  Bottom: Once the level of 
proneural factors increases sufficiently to escape Notch inhibition, differentiation 
ensues. A feedforward loop is established wherein proneural gene targets shut 
down Notch signaling and potentiate proneural gene activation. Id levels also 
decrease, freeing E-proteins to dimerize with and stabilize class II bHLH 
proteins. 
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Figure 1.2. Diagram of expression domains in the neural tube at E10.5. 
Progenitor domains are marked by the expression of characteristic proneural 
genes in the ventricular zone (VZ), including many bHLH factors. As progenitors 
become postmitotic and migrate into the mantle zone (MZ), they activate a 
different combination of transcription factors, comprising mostly homeodomain 
proteins. Relative expression patterns of Hes1 and Hes5 are shown in dark and 
light brown, respectively. FP – floor plate, RP – roof plate. 
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Figure 1.3.  Examples of cooperative interactions for bHLH factors. A) 
Classical model of bHLH heterodimer function. B) Ascl1 and Pou3f2 synergize to 
activate a subset of  neuronal differentiation genes. While DNA binding of both 
partners is required for this activity, direct interaction between the two has not 
been shown. C) Phosphorylation of Neurog2 recruits a hexameric complex 
containing the LIM-HD factors Isl1 and Lhx3 and the adaptor protein NLI to the 
Hb9 enhancer in motorneurons. DNA binding of all three transcription factors is 
needed for activity. D) Ptf1a function requires its interaction with Rbpj to initiate 
the GABAergic specification program in the dorsal spinal cord. 
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CHAPTER TWO 

 

The Autoregulatory Nature of Ptf1a 

 
The work presented in this chapter was performed in collaboration with 
Toshihiko Masui, Galvin H. Swift, and Michael A. Hale of the Raymond 
MacDonald lab and is published in the following articles: 
 

MASUI, T., SWIFT, G. H., HALE, M. A., MEREDITH, D. M., JOHNSON, J. 
E. & MACDONALD, R. J. 2008. Transcriptional autoregulation controls 
pancreatic Ptf1a expression during development and adulthood. Mol 
Cell Biol, 28, 5458-68. 
 
MEREDITH, D. M., MASUI, T., SWIFT, G. H., MACDONALD, R. J. & 
JOHNSON, J. E. 2009. Multiple transcriptional mechanisms control 
Ptf1a levels during neural development including autoregulation by the 
PTF1-J complex. J Neurosci, 29, 11139-48. 
 

 
 
INTRODUCTION 

A delicate equilibrium between excitatory and inhibitory neurons is critical for 

proper nervous system function, and disruption of this balance has been 

implicated as a cause of pain disorders, epilepsy, and even psychiatric 

disorders such as schizophrenia (Fields et al., 1991, McCormick and Contreras, 

2001, Berry et al., 2003). Ptf1a plays a critical role in establishing this balance by 

promoting GABAergic (inhibitory) cell fates in several regions of the developing 

nervous system (Glasgow et al., 2005, Fujitani et al., 2006, Hoshino et al., 2005). 

Furthermore, disruption of Ptf1a leads to cerebellar and pancreatic agenesis, 

respiratory dysfunction, and neonatal lethality in both mice and humans (Krapp 

et al., 1998, Hoveyda et al., 1999, Sellick et al., 2004, Kawaguchi et al., 2002). 

Between E10-11.5, six dorsal interneuron progenitor domains (dP1-6) are 

established in the neural tube, and each expresses a specific basic helix-loop-

helix (bHLH) transcription factor (for review see Helms and Johnson, 2003, 
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Caspary and Anderson, 2003). Ptf1a marks the dP4 population as these cells 

transition into a postmitotic state and begin to differentiate into mature dI4 

interneurons (Glasgow et al., 2005, Mizuguchi et al., 2006). Two additional 

dorsal interneuron populations, dILA and dILB, are born between E11.5-13, 

(Gross et al., 2002, Müller et al., 2002, Cheng et al., 2004), with Ptf1a marking 

progenitors to the dILA domain (dPLA) (Glasgow et al., 2005, Mizuguchi et al., 

2006, Wildner et al., 2006). Ptf1a expression is transient, however, and 

disappears as progenitors migrate laterally out of the ventricular zone. In the 

absence of Ptf1a, both dI4 and dILA populations are lost, resulting in a complete 

loss of GABAergic neurons in the dorsal horn of the spinal cord (Glasgow et al., 

2005). The progenitors to these domains do not undergo apoptosis, but instead 

switch to a glutamatergic (excitatory) identity, revealing a secondary function for 

Ptf1a as repressing the glutamatergic specification program. Ptf1a is also 

expressed in neuronal progenitors in several other regions of the developing 

central nervous system. In the cerebellum, Ptf1a is expressed from E12 until 

shortly after birth in progenitors to Purkinje cells and inhibitory interneurons 

(Glasgow et al., 2005, Pascual et al., 2007, Hoshino et al., 2005, Nakhai et al., 

2007). Ptf1a in the retina is expressed during the same period of time, specifying 

both amacrine and horizontal cells (Fujitani et al., 2006, Nakhai et al., 2007). As 

with the neural tube domains, both cerebellar and retinal Ptf1a populations 

experience a fate switch to excitatory neurons when Ptf1a is lost (Fujitani et al., 

2006, Pascual et al., 2007).  

 Ptf1a is a class II bHLH transcription factor that forms a transcriptional 

complex (PTF1-J) with an E-protein and Rbpj (or Rbpjl to form PTF1-L in the 

adult pancreas) (Beres et al., 2006, Krapp et al., 1996, Cockell et al., 1989, 

Obata et al., 2001, Masui et al., 2007). The consensus DNA binding site for the 

PTF1 complex includes both an E-box (CANNTG) and an Rbpj site (TC-box), 

and both are required to activate transcription (Cockell et al., 1989, Beres et al., 

2006, Rose and MacDonald, 1997). Importantly, it is the PTF1-J trimer, not the 
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Ptf1a/E-protein heterodimer, that is essential for function in the developing 

nervous system and pancreas (Masui et al., 2007, Hori et al., 2008).  

 Although Ptf1a plays a crucial role in specifying inhibitory neurons in a 

wide variety of neural structures, the mechanisms controlling its expression 

remain poorly understood. In this chapter, I describe the activity of an enhancer 

that functions in positive autoregulation of Ptf1a. This 5’ 2.3 kb element directs 

reporter gene expression to all Ptf1a domains, is Ptf1a-dependent, and is a 

direct target of the PTF1-J complex. 

 

MATERIALS AND METHODS   

Description of transgenic constructs 

The 5’ 2.3 kb enhancer region (chr2:19351717-19354014) was cloned into the 

BgEGFP reporter vector (Lumpkin et al., 2003) to generate 2.3Ptf1a-GFP or a 

nuclear lacZ reporter gene with the minimal promoter of the rat Ela1 gene to 

generate 2.3Ptf1a-lacZ (Masui et al., 2008). A PCR based site directed 

mutagenesis strategy was used to generate mutants in each construct. The 

precise mutations for each E-box and each TC-box are as shown below in the 

EMSA probes. The 3’ 12.4 kb enhancer region (chr2:19369662-19382088) was 

cloned into a lacZ reporter gene with the minimal promoter of the rat Ela1 gene 

to generate 12.4Ptf1a-lacZ. All constructs were sequenced to establish their 

integrity. The 13.4Ptf1a5’-lacZ construct contains (chr2:19353922-19367481) 

and the 15.6Ptf1a5’-lacZ construct contains (chr2:19351717-19367481) placed 

5’ to a lacZ reporter gene. They contain the natural promoter and transcriptional 

start from the Ptf1a gene. All transgenes contain the bovine growth hormone 3’ 

UTR. Chromosome locations were obtained from the mm9 assembly. 

Transgenic mice 

Transgenic mice were generated by standard procedures (Brinster et al., 1985) 

using fertilized eggs from B6SJLF1 (C57BL/6JxSJL) crosses. Each transgene 

was isolated from the recombinant plasmid on a standard agarose gel and 



  32 

microinjected at 1-3 ng/µl into pronuclei of fertilized eggs by the Transgenic 

Core Facility of UT Southwestern, Dallas. Transgenic embryos and mice were 

identified by PCR analysis for lacZ or GFP using yolk sac and tail DNA, 

respectively. For transient transgenic analysis, embryos were assayed at E10.5 

for lacZ expression in whole mount (Verma-Kurvari et al., 1996), and 

subsequently cryosectioned and counterstained with nuclear fast red. The 

2.3Ptf1a-GFP transgenic mouse strain is a stable line. Ptf1aCre (p48Cre) and 

Ptf1aW298A mutant mouse strains have been previously described (Hori et al., 

2008, Kawaguchi et al., 2002). Embryos were staged based on assumed 

copulation at E0, halfway through the dark cycle. 

In ovo chick electroporation 

Fertilized White Leghorn eggs were obtained from the Texas A&M Poultry 

Department and incubated for 3 days at 38oC. Solutions of supercoiled plasmid 

DNA (1-4 mg/mL) in H2O/1x loading dye were injected into the lumen of the 

closed neural tube at stages HH15-16, and embryos were electroporated as 

described previously (Nakada et al., 2004). Myc-tagged Ptf1a, Ascl1, or the 

inactive mutant of Ascl1 as control (Ascl1AQ) were overexpressed using a 

pMiWIII expression vector (Hori et al., 2008, Nakada et al., 2004). Embryos were 

harvested 48 hours later at stages HH22-23, fixed with 4% paraformaldehyde 

for 1 hour, and processed as below for cryosectioning and immunofluorescence. 

Tissue processing and immunofluorescence 

Mouse embryos at E10.5 and E12.5 were dissected in ice-cold PBS, fixed in 4% 

paraformaldehyde for 2 hours at 4oC, and washed three times in PBS. E14.5 

embryos were fixed in 4% paraformaldehyde overnight at 4oC and washed with 

PBS overnight. Embryos were then sunk in 30% sucrose, embedded in OCT, 

and cryosectioned at 30 µm. Immunofluorescence was performed with the 

primary antibodies guinea pig anti-Ptf1a (1:5,000; Hori et al., 2008), mouse anti-

c-myc (1:1000; Santa Cruz), rabbit anti-Pax2 (1:500; Invitrogen), and guinea pig 
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anti-Tlx3 (1:20,000; Muller et al., 2005). Processing of E17.5 pancreata and X-gal 

staining were performed as described in Masui et al., 2008. 

Electrophoretic Mobility Shift Assays (EMSA) 

Mouse E12, mouse Ptf1a, and human Rbpj proteins were synthesized in vitro 

using SP6 and T7 TNT Quick Coupled lysate systems (Promega, Madison, WI). 

TNT lysates were incubated in binding buffer (10 mM Hepes pH 7.9, 4 mM Tris-

HCl pH 8.0, 80 mM NaCl, 1 mM EDTA, 5% glycerol, 5 mM DTT, 6 µg BSA, and 2 

µg Poly dI/dC) along with a (γ-32P) end-labeled oligo probe (50,000 cpm) in a 

total volume of 20 µl for 30oC for 30 minutes. Reactions were transferred to ice 

for 15 minutes prior to loading. Complexes were separated on a 4.5% 

polyacrylamide matrix gel at 4oC in 1x TGE. The following oligonucleotides were 

used as labeled probes in EMSA: 

Proximal (P) PTF1 site:  5’-CCCAGCACATGTGTTATGATTCCCACGGACTG-3’ 

(top strand) 

Distal (D) PTF1 site:  5’-AGCGGCACAAGTGGCGACATTCCCATGGAGCG-3’ 

(top strand) 

E-box mutant of P site:  5’-CCCAGtACtataGTTATGATTCCCACGGACTG-3’ (top 

strand) 

E-box mutant of D site:  5’-AGCGGtACtAtaGGCGACATTCCCATGGAGCG-3’ 

(top strand) 

TC-box mutant of the P site:  5’-CCCAGCACATGTGTTATGATTCaatCGGACTG-

3’ (top strand) 

TC-box mutant of the D site:  5’-

AGCGGCACAAGTGGCGACATTCtatTGGAGCG-3’ (top strand). 

Chromatin Immunoprecipitation 

Neural tubes were collected from E11.5 mouse embryos and dissociated in PBS 

at low speed using an IKA model T8.01 probe blender. Formaldehyde was 

added to a final concentration of 1%, and dissociated tissue was incubated for 

10 minutes at room temperature. The fixation reaction was stopped by adding 
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glycine to a final concentration of 0.125M followed by washing twice with PBS. 

Nuclei were obtained using a CelLytic NuCLEAR Extraction Kit (Sigma). 

Chromatin was enzymatically sheared to an average length of 800-1000 bp 

using Active Motif’s ChIP-IT Express Kit. ChIP was performed as described 

previously (Masui et al., 2007) using protein-A agarose beads (Upstate). DNA 

was purified from each reaction using QIAQuick purification columns (Qiagen) 

and quantified by qPCR with Fast SYBRGreen mix (ABI). % ChIP efficiency 

equals (2(Threshold Cycle Input – Threshold Cycle ChIP)) x 1/dilution factor x 100. Fold enrichment 

is shown relative to a control gene Mrps15. Primers used for qPCR:  

Distal PTF1 site 

F  5’-CTGACACTAATAGCTCGCGGCTCAGGTACG-3’ 

R  5’-AGGCTGTTTCAAAAGGCGACACCTGCAAGC-3’ 

Proximal PTF1 site 

F  5’-AGCCAGGTGTCCCCAATGTACCTTTGAGGA-3’ 

R  5’-GGTGTTCAGACGCTCGGGGAAATCAGGCA-3’ 

Mrps15 

F  5’-CTGGGACATAGTGGGTGCTT-3’ 

R  5’-GAGCCTAGAGATGGGCTGTG-3’ 

Control Region C1 

F  5’-TCTTCACCCAGCACTCAGGCTC-3’ 

R  5’-ATCCTGATGGTTCCCATGGCCACTTTCG-3’ 

Control Region C2 

F  5’-TCATAAGCCCATGCCAACCCTG-3’ 

R  5’-GCCATATGTGTTTGCTCATTTTGCGCTCC-3’ 

 

 

 

 

 



  35 

RESULTS 

 

Two regulatory sequences direct Ptf1a specific expression in the neural 

tube 

To begin to understand how Ptf1a is regulated, we searched the 30 kb genomic 

region surrounding the mouse Ptf1a gene for evolutionary conserved regions 

that might function as cis-regulatory elements using BLAT analysis for 28 

vertebrate species (http://genome.ucsc.edu/cgi-bin/hgBlat). Several sequences 

within this region were identified that display extensive conservation throughout 

vertebrates including a 15.6 kb sequence lying immediately 5’ of Ptf1a coding 

region and a 12.4 kb sequence immediately 3’ (Fig. 2.1F). These sequences 

were assayed for activity in directing Ptf1a-specific expression using a 

heterologous lacZ reporter gene in transgenic mouse embryos at embryonic day 

10.5 (E10.5). Both sequences were sufficient in transgenic embryos to direct 

lacZ expression to the dorsal neural tube from hindbrain regions to the tail (Fig. 

2.1A,E). β-gal staining was restricted within the dorsal neural tube in a domain 

consistent with known Ptf1a expression in progenitors to dI4 interneurons (dP4) 

(Fig. 2.1A’,E’). Although both the 5’ and 3’ regulatory sequences direct 

expression to the dP4 domain, there is a subtle difference in the pattern in the 

medial lateral axis. ß-gal staining from the 5’ sequence is enriched in the lateral 

edge of the ventricular zone whereas expression from the 3’ sequence is 

somewhat uniform throughout the ventricular zone (Fig. 2.1A’,E’, arrowheads). 

The distinct pattern of reporter expression suggests these elements are not 

redundant but rather that they play different roles in Ptf1a regulation.  

These same transgenes were used to examine the role of each region 

during pancreatic development. Founder embryos were collected at E17.5 and 

stained for β-galactosidase activity. When the transgene comprised the 5’ 

enhancer plus the promoter region (15.6Ptf1a5’-LacZ), β-galactosidase was 

detectable in most pancreatic acinar cells of nearly all transgenic embryos (10 of 
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12) (Fig. 2.2A). The promoter region alone (13.4Ptf1a5’-LacZ) also directed 

acinar cell-specific expression, but only in about one-third of transgenic 

embryos and then only in a small minority of acinar cells (Fig. 2.2B). The 5’ 2.3 

kb enhancer was sufficient to direct acinar cell-specific β-galactosidase activity, 

although with lower penetrance (10 of 22 embryos) and fewer positive 

pancreatic cells than were obtained with the 5’ enhancer in combination with the 

promoter region (Fig. 2.2C). The dependence of the activity of the 5’ enhancer 

on the PTF1 binding sites was confirmed when mutations of both TC boxes 

were introduced into the transgene. None of the 24 transgenic embryos bearing 

the 5’ enhancer with TC box mutations had detectable β-galactosidase in the 

pancreas (Fig. 2.2D). The 3’ control region (12.4Ptf1a-LacZ) also directed 

pancreatic expression, but in very few and widely scattered cells (Fig. 2.2E). 

 

A conserved distal 5’ 2.3 kb enhancer is a direct PTF1-J targeted 

autoregulatory element 

Activity of the 2.3 kb Ptf1a 5’ enhancer   

The most distal 2.3 kb of the 15.6 kb sequence contains the highest 

conservation (Fig. 2.1). When tested in isolation, the distal 2.3 kb 5’ region 

exhibited the same restricted dorsal neural tube expression seen with the full 

15.6 kb region (Fig. 2.1C). In contrast, the intervening proximal 13.4 kb region 

had no activity in directing expression to the dorsal neural tube (Fig. 2.1B). It did, 

however, consistently direct expression to a ventral neural tube pattern ectopic 

to the normal Ptf1a pattern (Fig. 2.1B’, arrow). Thus, the 2.3 kb sequence 

possesses the activity for directing reporter gene expression to the dP4 region 

in the dorsal neural tube and information for repressing ventral neural tube 

activity of the proximal 13.4 kb sequence.  

 Because Ptf1a is expressed in several regions in the developing nervous 

system at multiple embryonic stages, we generated independent transgenic 

mouse lines with the 2.3 kb regulatory element driving nuclear GFP (2.3Ptf1a-
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GFP) and characterized reporter gene expression at multiple stages. Two 

separate 2.3Ptf1a-GFP mouse strains were identified that directed expression of 

GFP to all Ptf1a domains in a similar manner. All images shown are from one of 

these lines (Fig. 2.3). 2.3Ptf1a-GFP expresses strongly in the dorsal neural tube 

and hindbrain at E10.5 (Fig. 2.3A,B,I), consistent with the 2.3Ptf1a-lacZ 

transgenic embryos (Fig. 2.1C). This expression persisted through E12.5, but by 

E14.5 levels were significantly diminished (Fig. 2.2J,K, Fig. 2.8A). A comparison 

of GFP with endogenous Ptf1a demonstrated extensive overlap in the dP4 and 

dPLA progenitor domains in the developing spinal cord at E10.5 and E12.5, 

respectively (Fig. 2.3A,C). This overlap extends rostrally through hindbrain 

regions as well (Fig. 2.3B,D). Although the expression domains align precisely in 

the dorsal/ventral and rostral/caudal axes, GFP expression appears to be 

slightly delayed relative to Ptf1a, as the overlap is restricted to the lateral edge 

of the Ptf1a domain (Fig. 2.3H). Furthermore, GFP is enriched lateral to the 

ventricular zone where Ptf1a lineage cells migrate as they lose Pft1a and 

differentiate (Fig. 2.3A-D, arrows versus arrowheads). This pattern most likely 

reflects differences in stability of GFP versus Ptf1a.  

 This property allowed us to conduct short term lineage tracing in order to 

verify that the 2.3 kb regulatory element is exclusively active in Ptf1a expressing 

precursors. Tlx3, which specifically marks glutamatergic neurons from the dI3, 

dI5, and dILB domains (Cheng et al., 2004, Cheng et al., 2005), does not overlap 

with GFP in the neural tube at either E10.5 (data not shown) or E12.5 (Fig. 

2.3H’). However, Pax2, which specifically marks GABAergic neurons from dI4 

and dILA in the dorsal neural tube, co-labels strongly with GFP at E10.5 (data not 

shown) and almost completely at E12.5, with only immature GFP positive cells in 

the ventricular zone not yet expressing Pax2 (Fig. 2.3H’’). 

By E14.5, pronounced Ptf1a expression can be seen in the developing 

retina, cerebellum, and diencephalon (Fujitani et al., 2006, Pascual et al., 2007). 

GFP from the transgene mimics Ptf1a expression in the neural retina, as it can 
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be first detected at E12.5 (data not shown) and is readily seen in the 

neuroblastic layer by E14.5 (Fig. 2.3E). Similarly, strong overlap between Ptf1a 

and GFP is detected in the cerebellum and hindbrain (Fig. 2.3F). In the 

diencephalon, Ptf1a is in two domains that will give rise to the preoptic and 

ventral medial regions of the hypothalamus (Glasgow et al., 2005) (Fig. 2.3G). 

The GFP reporter is detected in the preoptic Ptf1a domain and weakly in the 

posterior domain. Weak GFP signal is also present in the dorsal spinal cord at 

this stage; however, this is most likely due to GFP persistence, as Ptf1a levels 

and overall GFP are greatly reduced (Fig. 2.8A).  

2.3Ptf1a-GFP also directs expression in the pancreas at E10.5 (Fig. 2.4A 

and B) and E12.5 (Fig. 2.4E), prior to the emergence of acinar cells during the 

secondary transition. At E10.5, GFP fluorescence was present in the epithelial 

cells of the ventral and dorsal buds. At E12.5, the activity of the enhancer 

increased around the periphery of the epithelium (Fig. 2.4E), in accordance with 

the accumulation of Ptf1a protein in these proacinar crescents. At E14.5, 

enhancer activity was localized exclusively to Ptf1a proacinar cells (Fig. 2.4F). 

Nonepithelial cells and the epithelial cells of nontransgenic embryos had no 

fluorescence over the background level. Expression levels in the precursor 

epithelium at E10.5 and E12.5 were much lower than those in nascent acinar 

cells at E14.5 (Fig. 2.4G). Thus, the distal 2.3 kb 5’ enhancer is active in all Ptf1a 

expressing regions of the developing nervous system and pancreas. 

  

Two PTF1 binding sites are present in the 2.3 kb Ptf1a regulatory sequence 

Manual sequence analysis of the two highly conserved peaks in the 2.3 kb 

enhancer revealed the presence of two PTF1 binding sites, referred to here as 

the proximal (P) and the distal (D) PTF1 sites (Masui et al., 2008). Each PTF1 site 

contains an E-box, a 5-nucleotide spacer, and a TC-box, thus adhering to the 

consensus sequence (Beres et al., 2006). Using Electrophoretic Mobility Shift 

Assays (EMSA), we demonstrated that the PTF1-J trimer complex efficiently 
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binds both these sites (Fig. 2.5A,B, lane 8). The two sites have somewhat 

different properties in that the P site E-box can be bound by a Ptf1a:E12 dimer 

and by Rbpj monomer (Fig. 2.5B, lanes 4,7), whereas binding of these 

components to the D site is minor (Fig. 2.5A, lanes 4,7). A mutant of Ptf1a, 

Ptf1aW298A, that does not efficiently interact with Rbpj (Beres et al., 2006, Hori et 

al., 2008), does not efficiently form a trimer complex with either PTF1 site (Fig. 

2.5A,B, lanes 12). Furthermore, mutating the E-box in either of these sites 

destroys binding of the PTF1-J trimer as well as the Ptf1a:E12 dimer but does 

not disturb the Rbpj monomer (Fig. 2.5A,B, lane 13). Similarly, the TC-box 

mutations also disrupt trimer binding, in addition to preventing Rbpj monomer 

from binding (Fig. 2.5B, lane 14). 

 EMSAs demonstrate the two PTF1 sites within the 2.3 kb 5’ enhancer 

can be bound by the PTF1-J transcription complex in vitro. To verify that Ptf1a 

binds to this genomic region in vivo, we performed chromatin 

immunoprecipitation (ChIP) with E11.5 neural tubes using antibodies against 

Ptf1a (Beres et al., 2006). Genomic regions containing the P or D PTF1 sites 

were enriched approximately tenfold relative to a control genomic region in the 

Mrps15 gene (encodes a 28S subunit protein) (Fig. 2.6). Neither of two control 

Ptf1a genomic regions over 1 kb away from the PTF1 sites showed significant 

enrichment (Fig. 2.6). Together these results provide evidence for direct 

autoregulation of the 2.3 kb 5’ enhancer by Ptf1a itself as a component of the 

PTF1-J transcription complex. 

 

Activity of the 2.3 kb 5’ enhancer requires the PTF1 sites 

We next examined the requirement for the PTF1 sites within the 2.3 kb 5’ Ptf1a 

enhancer for enhancer activity. The TC-box in each site was mutated, and the 

resulting mutant enhancer was tested in a lacZ reporter in transgenic mouse 

embryos. The TC-box mutations completely destroyed activity of the enhancer, 

and no lacZ reporter was detected in 16/16 transgenic embryos (Fig. 2.1D,D’). 
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 To further investigate the PTF1 site sequence requirements for activity of 

the enhancer, we moved to the in ovo chick electroporation assay. When 

electroporated into chick neural tubes at HH15-16 and assayed 48 hours later, 

the 2.3 kb 5’ enhancer gave restricted GFP expression in the dorsal neural tube, 

similar to that seen in transgenic mouse embryos with the same transgene (Fig. 

2.7A, compare to Fig. 2.2A). Co-electroporation of a Ptf1a expression vector 

with the 2.3 kb 5’ enhancer induced GFP reporter expression throughout the 

neural tube in cells expressing the ectopic Ptf1a (Fig. 2.7B), indicating that Ptf1a 

is sufficient to activate expression through this enhancer in a cell-autonomous 

fashion. E-box and TC-box mutant 2.3 kb enhancer reporters disrupted the 

ability of the enhancer to direct expression to the dorsal neural tube (Fig. 2.7C,E, 

compare to A). Furthermore, both the E-box and TC-box mutant enhancers 

were unresponsive to ectopic Ptf1a (Fig. 2.7D,F compare to B). These two sets 

of mutations highlight the importance of both halves of the PTF1 sites to the 2.3 

kb enhancer function, showing that it is the activity of PTF1-J complex, and not 

any of its subcomponents (Ptf1a:E12 dimer or Rbpj monomer), that is necessary 

for activity of the 2.3 kb 5’ Ptf1a enhancer. 

 

Activity of the 2.3 kb enhancer in vivo requires Ptf1a and its interaction with Rbpj 

Our results strongly support direct positive autoregulation through the PTF1 

sites as the mechanism of action for the 2.3 kb 5’ Ptf1a enhancer. To lend 

further in vivo support, we examined enhancer activity of the 2.3Ptf1a-GFP 

transgene in mice null for Ptf1a or mice with the mutant Ptf1aW298A allele. In Ptf1a 

null embryos, GFP expression was completely absent in all Ptf1a domains at 

E10.5, E12.5, and E14.5 (Fig. 2.3I’-K’). The only expression that remained was 

ectopic expression from the transgene seen in the retina pigmented epithelium 

and the midbrain (Fig. 2.3I’-K’, asterisks). In the Ptf1aW298A mutants, where the 

single amino acid mutant in Ptf1a disrupts its ability to form a complex with Rbpj 

(Beres et al., 2006, Hori et al., 2008), GFP expression was also dramatically 
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reduced from wild-type levels (Fig. 2.3I’’-K’’). In contrast to expression of the 

transgene in the Ptf1a null, there were a few cells in each Ptf1a domain that 

retained GFP expression. This was most apparent in the spinal cord at E12.5 

(Fig. 2.2J’’). This incomplete loss of enhancer activity with the Ptf1aW298A mutant 

may reflect low levels of functional PTF1-J complex that may form (Fig. 2.5A,B 

lane 12) (Beres et al., 2006). The effects of the W298A mutation on pancreatic 

development are identical to those of the Ptf1a null mutation (Masui, 2007): the 

pancreatic evaginations of the endoderm initiate, but the subsequent early 

growth and morphogenesis of the epithelium are curtailed beginning at about 

E10.5, and the secondary transition with its formation of islet and acinar tissues 

does not occur. At E10.5, the 5’ enhancer was inactive in the pancreatic 

epithelia of homozygous Ptf1aW298A embryos (Fig. 2.4I), even though the 

endogenous Ptf1aW298A locus was active and the W298A protein was present 

(Fig. 2.4H). These findings demonstrate the necessity for Ptf1a and its 

interaction with Rbpj for autoregulation through the 2.3 kb enhancer.  

 

DISCUSSION  

Ptf1a plays a critical role in establishing a balance of excitatory and inhibitory 

neurons, and understanding how it is regulated will provide valuable insight not 

only into nervous system development but also into pathologies in which this 

balance is disturbed. Here I describe a specifically autoregulatory element that 

controls Ptf1a expression in the developing nervous system and pancreas. I 

demonstrate that Ptf1a is necessary for its activity in vivo and that Ptf1a is 

localized to this regulatory region in vivo, indicating that this activation is direct.  

 

Comparison of Ptf1a regulation in the CNS and pancreas 

As in the nervous system, the expression of 2.3Ptf1a-GFP in the pancreas 

closely follows Ptf1a levels; GFP signal is weak during early epithelial growth 

and intensifies as Ptf1a levels accumulate during acinar differentiation. Thus, the 
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highly conserved 2.3 kb 5’ Ptf1a enhancer functions as a positive autoregulatory 

enhancer in all Ptf1a expressing regions. However, there are subtle differences 

in how Ptf1a is regulated in such disparate tissues. For instance, the relatively 

unconserved 13.4 kb region between the 2.3 kb 5’ enhancer and Ptf1a coding 

region contains sufficient information to direct expression specifically to Ptf1a-

positive cells in the pancreas, and this expression is synergistic with the 2.3 kb 

element (Masui et al., 2008). However, this same region does not express in 

Ptf1a domains in the neural tube, and no synergistic activity is detected with the 

2.3 kb enhancer (compare Fig. 2.1, 2.2). Nonetheless, maintenance of Ptf1a 

levels via autoregulation is a highly conserved function. 

 

Role of positive autoregulation of transcription factors 

Positive autoregulation is a common theme in development and is an important 

regulatory mechanism for many classes of transcription factors. The ability of a 

factor to self-sustain its levels allows it to become independent from external 

control, thus committing a cell to a specific identity; for Ptf1a, this results in 

GABAergic neuronal specification in the CNS. Intuitively, feedforward loops 

should maintain levels ad infinitum, and this is indeed the case for Pit-1 in the 

pituitary, Barhl1 in the inner ear and CNS, and Ptf1a in the pancreas (Chen et al., 

1990, Chellappa et al., 2008, Masui et al., 2008). Yet for many other factors 

involved in cell fate determination, including MyoD, Atoh1, achaete, scute, and 

Ptf1a in the nervous system, self-activation is transient, and expression ceases 

once cells achieve terminal differentiation (Thayer et al., 1989, Helms et al., 

2000, Van Doren et al., 1992). It is possible that for these factors, positive 

autoregulation functions to achieve a necessary threshold for program initiation 

rather than to maintain cellular function. In such a scenario, persistence of 

factors like Ptf1a may actually be deleterious by trapping cells in an 

intermediately differentiated state, a common characteristic of neoplasia. In fact, 

MyoD, Atoh1, and Ascl1 (the mammalian achaete-scute homolog) are all known 
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to be upregulated in tumors derived from lineages normally expressing these 

factors (Ball et al., 1993, Dias et al., 1990, Zhao et al., 2008). Therefore, an 

important component of the Ptf1a-induced program in maturing neurons must 

be its own attenuation, where a secondary function in cell maintenance, such as 

it has in mature acinar cells, does not exist. It seems likely, therefore, that one or 

more downstream targets of Ptf1a in the CNS inhibit its transcriptional activity, 

thereby breaking its feedforward loop. For other bHLH factors, this is commonly 

achieved by sequestering E proteins (e.g. with Id and Hes family members) 

(Sasai et al., 1992, Hirata et al., 2000, Tzeng, 2003), although it remains to be 

seen if a similar mechanism exists for Ptf1a. 

  

What initiates Ptf1a expression 

Autoregulation does not, however, address the question as to how Ptf1a 

transcription is initially activated. The loss of Ptf1a expression in the neural tube 

at E12.5 in Ascl1 null mice suggests that Ascl1 may be involved in this process; 

however, Ptf1a is activated normally prior to this stage (Mizuguchi et al., 2006, 

Wildner et al., 2006). It is therefore likely that Ptf1a is regulated by distinct 

mechanisms in dP4 and dPLA progenitors. Furthermore, the role of Ascl1 in 

regulating Ptf1a is not straightforward, as overexpression of Ascl1 during late-

stage neurogenesis in the neural tube does not increase Ptf1a levels or dILA cell 

number (Wildner et al., 2006). If Ascl1 directly regulates Ptf1a, it is not acting 

through the 5’ 2.3 kb enhancer studied here (Fig. 2.9). Foxn4 has also been 

shown to regulate Ptf1a, as Foxn4 mutant mice fail to express Ptf1a in the retina 

(Fujitani et al., 2006). However, Foxn4 is not present in the dorsal neural tube or 

any other Ptf1a domain (Li et al., 2005). Thus, it is conceivable that Ptf1a 

expression is controlled in different tissues by factors unique to those tissues. 
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Concluding Remarks 

Proper assembly of an organ with such immense complexity as the nervous 

system requires exquisitely fine control at the molecular level. Not unexpectedly, 

the genetic circuits responsible for neural development are appropriately 

intricate. The function of Ptf1a in this process seems relatively straightforward, 

promoting inhibitory neuronal cell fates while suppressing excitatory programs. 

Nonetheless, even this simple switch requires no fewer than three degrees of 

temporal control: activation, autoamplification, and termination. Further study of 

the two regulatory regions presented here will undoubtedly reveal important 

mechanistic insight into how multiple regions in the nervous system generate 

the balance of inhibitory and excitatory neurons.  
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Figure 2.1. Identification of sequences regulating Ptf1a expression. (A-E) 
Representative transgenic E10.5 mouse embryos β-gal stained as whole-
mounts. (A’-E’) Cross sections of the ß-gal stained embryos showing the neural 
tube taken at the forelimb level. The bracketed area indicates the region where 
endogenous Ptf1a is expressed (dP4). (A-C) The 2.3 kb region appears to be 
both necessary within the 15.6 kb enhancer, and sufficient when tested on a 
heterologous promoter (Ela1) to direct dorsal expression. (D,D’) Mutating the 
TC-box in both PTF1 sites in the 2.3 kb enhancer destroys expression. (E) The 
3’ 12.4 kb region also directs dorsal specific expression. Expression in the 
midbrain does not reflect normal Ptf1a expression. Arrowheads in (A’,C’,E’) 
indicate the enriched β-gal signal at the lateral edge of the ventricular zone seen 



  46 

with the 5’ but not the 3’ regulatory sequences. (F) Top: Graphical 
representation of the sequence conservation (-16.5 kb to +15.5 kb) surrounding 
Ptf1a across 28 vertebrate species using BLAT (http://genome.ucsc.edu/cgi-
bin/hgBlat). Bottom: Diagram of transgenes used with respect to the Ptf1a locus 
and the corresponding number of embryos expressing LacZ in the dorsal neural 
tube (DNT) out of those positive for the transgene (TgM). *-Expression in neural 
tube is ventral and does not reflect the Ptf1a pattern (B,B’ arrow). Yellow filled 
area represents the Ela1 basal promoter that does not function on its own to 
activate reporter expression (Beres et al., 2006). 
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Figure 2.2. PTF1 sites in the Ptf1a promoter augment transcription in 
developing acinar cells. Ptf1a regions were ligated upstream of a lacZ reporter 
and introduced into fertilized mouse eggs. Embryos derived from the implanted 
oocytes were sacrificed at E17.5 and stained for β-galactosidase (β−gal) activity; 
embryos bearing transgenes were identified by PCR genotyping. A diagram of 
each transgene is at the top, a photograph shows representative staining, and 
the bar graph summarizes the results of pancreas staining for all transgenic 
animals examined for each transgene. dp, dorsal pancreas; v, ventral pancreas; 
d, duodenum; sp, spleen; st, stomach. (Performed by Toshihiko Masui.) 
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Figure 2.3. Activity of the 2.3 kb regulatory element in transgenic mice. (A-
D) At E10.5 and E12.5, GFP fluorescence (green) strongly co-labels with Ptf1a 
immunofluorescence (red) in the spinal cord (sc) and hindbrain (hb) (arrows) in 
the 2.3Ptf1a-GFP transgenic mouse strain. The GFP persists in cells that have 
begun to migrate away from the ventricular zone and have down regulated Ptf1a 
(arrowheads). (E-G) Sagittal sections of Ptf1a expressing domains at E14.5. (E) 
At E14.5, when it is most strongly expressed in the retina, Ptf1a is confined to 
the neuroblastic layer (nbl). GFP from 2.3Ptf1a-GFP is similarly restricted, but 
co-labeling with Ptf1a is most prominent at the inner portion of this layer, where 
more mature cells have migrated. * - Denotes ectopic expression in the 
pigmented epithelium (pe). (F) 2.3Ptf1a-GFP expression closely mimics Ptf1a in 
both the cerebellum (arrow) and rostral hindbrain. (G) Ptf1a can be detected in 
two regions within the developing hypothalamus (arrows), and GFP signal can 
be detected in both areas (insets), though it is more abundant in the anterior 
domain. (H) High magnification of region indicated by dashed box in (C). GFP 
co-labels with Ptf1a (between the dashed lines) at the lateral edge of the 
ventricular zone (VZ) and is maintained as Ptf1a expressing cells mature and 
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migrate into the mantle zone (MZ). No GFP is detected in the medial ventricular 
zone. (H’) Tlx3 immunofluorescence (red) does not co-label with GFP, whereas 
(H’’) Pax2 immunofluorescence (red) co-labels strongly with GFP. (I-K) 
Representative embryos from a 2.3Ptf1a-GFP transgenic line at E10.5, E12.5, 
and E14.5 in both wild-type and Ptf1a mutant backgrounds. The dotted lines 
indicate the section plane for panels shown in (A-D). Transgene expression 
reflects the pattern of endogenous Ptf1a in the dorsal neural tube from the 
hindbrain caudally to the tail. The expression in the retinal pigmented epithelium 
and the midbrain marked by asterisks in (I,J) represent ectopic activity of the 2.3 
kb regulatory element as Ptf1a is not expressed in these tissues. Transgene 
expression in the neural tube is absent in the Ptf1a null (I’-K’, arrow) and 
markedly diminished in the Ptf1aW298A/W298A mutant (H”-K’’, arrow), while the 
ectopic expression in the retina and midbrain is unaffected (asterisks). gcl, 
ganglion cell layer; ret, retina; rp, Rathke’s pouch. Scale bars = 50 µm in H; 100 
µm A-G.  
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Figure 2.4. Activity of the 5’ enhancer in the epithelium of the early 
pancreatic buds. EGFP fluorescence is shown in green; Ptf1a 
immunofluorescence is shown in red. (A) Expression of the 5’ enhancer 
transgene-EGFP reporter in the dorsal (dP) and ventral (vP) pancreatic buds of 
an E10.5 embryo of an established mouse line. (B to D) Overlapping patterns of 
transgenic EGFP (B) and the endogenous Ptf1a protein (C) and the merging of 
the two patterns (D). Arrowheads indicate nuclei with high levels of Ptf1a but 
little or no EGFP. (E and F) Enhancer activity (green) in the dorsal pancreas at 
E12.5 and E14.5, respectively, compared to the distribution of Ptf1a (red). (G) 
Relative levels of enhancer activities in the established transgenic line prior to 
(E10.5 and E12.5) and during (E14.5) the emergence of acinar cells. (H and I) For 
embryos with the WA mutant form of Ptf1a only, the 5’ enhancer is inactive in 
the early pancreatic epithelium (I), even though the PTF1a(W298A) protein is 
present (H). Bars: panels A, D, E, and F, 50 µm; panel H, 30 µm. 
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Figure 2.5. PTF1-J binds to the proximal and distal PTF1 sites within the 2.3 
kb regulatory region. EMSA with each PTF1 site from the 2.3 kb 5’ regulatory 
region. (A) The distal site is bound by the PTF1-J trimer that includes Ptf1a, E12, 
and Rpbj (lane 8). Neither the Ptf1a:E12 heterodimer nor Rbpj alone bind 
strongly to this site (lanes 4,7). Substitution of the Ptf1aW298A mutant (WA) for 
Ptf1a strongly disrupts the interaction with Rbpj (compare lanes 6 and 8 to 10 
and 12). Both E-box and TC-box mutations prevent trimer binding (lanes 13,14). 
(B) The proximal site is bound not only by PTF1-J (lane 8), but also by Rbpj (lane 
4), Ptf1a:Rbpj (lane 6), and Ptf1a:E12 (lane 7). As with the distal site, Ptf1aW298A 

disrupts binding of PTF1-J and Ptf1a:Rbpj (lanes 10,12). Disruption of either the 
E-box or TC-box prevents PTF1-J trimer binding (lanes 13,14). The E-box 
mutation does not, however, affect Rbpj binding.  
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Figure 2.6. Ptf1a occupies the 2.3 kb 5’ regulatory region in vivo. ChIP was 
performed with antibodies against Ptf1a using chromatin from E11.5 mouse 
neural tube. Both proximal and distal PTF1 sites (P,D) are enriched relative to a 
control gene Mrps15, while control regions flanking these sites are not enriched 
(C1, C2). Top: Location of qPCR products within the Ptf1a locus. Error bars 
represent standard deviations. * - p < 0.01.  
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Figure 2.7. Ptf1a induces activity of the 2.3 kb Ptf1a regulatory region in the 
chick neural tube. (A) The mouse 2.3Ptf1a-GFP construct was electroporated 
into chick neural tubes at HH15-16 and assayed 48 hours later. GFP was 
restricted dorsally to what appears to be the dP4/dI4 region. (B) Co-
electroporation of a Ptf1a expression vector with the 2.3Ptf1a-GFP results in 
ectopic reporter expression (green). This response is cell-autonomous as 
detected by co-labeling of GFP fluorescence with Ptf1a immunofluorescence 
(red) (antibody recognizes electroporated mouse Ptf1a only). Mutating the TC-
boxes (C) or the E-boxes (E) in both PTF1 sites in the 2.3 kb regulatory region 
destroys the ability of the region to drive dorsal expression. (D,F) Misexpression 
of Ptf1a does not induce ectopic reporter expression through either of these 
mutant enhancers. (G,H) The mouse 12.4Ptf1a-mCherry construct similarly 
expresses in the dP4/dI4 region. Ectopic expression of Ptf1a does not alter 
expression from this transgene. 
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Figure 2.8. Comparison of 2.3Ptf1a-GFP and 12.4Ptf1a-mCherry expression 
in the spinal cord at E14.5. (A) GFP intensity at E14.5 is markedly reduced from 
levels seen earlier in development (see Fig. 2.3A,C), concordant with diminished 
Ptf1a expression (A’). Conversely, 12.4Ptf1a-mCherry expression (B) remains 
high after Ptf1a levels can no longer be detected (B’). Scale bar = 100 µm. 
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Figure 2.9. Ascl1 does not alter the activity of either Ptf1a enhancer when 
co-electroporated into the chick neural tube. (A,B) The 2.3Ptf1a-GFP 
plasmid (green) was co-electroporated into HH15-16 chick neural tubes with 
expression vectors (red) for an inactive mutant of Ascl1 (Ascl1AQ) or wild-type 
Ascl1, and embryos harvested 48 h later. Ascl1, but not Ascl1AQ, promotes 
differentiation (Nakada et al., 2004), increasing the lateral migration of 
electroporated cells. (C,D) The 12.4Ptf1a-mCherry plasmid (red) was co-
electroporated as above with expression vectors for Ascl1AQ (C) or Ascl1 (D) 
(green). Besides the lateral migration of Ascl1 electroporated cells, no alteration 
in the expression of the enhancer-reporters was detected. Only the 
electroporated side of the neural tube is shown. dP4, dorsal progenitor domain 
4. 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CHAPTER THREE   

 

A downstream enhancer initiates Ptf1a expression 

 
The initial work presented in this chapter was performed in collaboration 
with Toshihiko Masui and Galvin H. Swift of the Raymond MacDonald lab 
and is published in the following article:   
 

MEREDITH, D. M., MASUI, T., SWIFT, G. H., MACDONALD, R. J. & 
JOHNSON, J. E. 2009. Multiple transcriptional mechanisms control 
Ptf1a levels during neural development including autoregulation by the 
PTF1-J complex. J Neurosci, 29, 11139-48. 

 

 

INTRODUCTION   

In the previous chapter, I demonstrated that one aspect of Ptf1a regulation is 

autoamplification. While this mechanism provides important insight into how 

Ptf1a controls differentiation and specification, it fails to address how Ptf1a is 

activated initially. Here I describe a different regulatory region that appears to 

answer this question. This element encompasses the 12.4 kb immediately 3’ of 

Ptf1a and directs reporter expression to most neural Ptf1a domains; however, 

this sequence lacks repressive information restricting its activity both temporally 

and spatially. Unlike the 5’ autoregulatory element, the activity of this 3’ 

enhancer is independent of Ptf1a. Through iterative deletion analysis, I identify 

an ultraconserved 132 bp element that is both necessary and sufficient to direct 

expression in the dorsal neural tube. 

 

MATERIALS AND METHODS 

Description of transgenic constructs 

The 3’ 12.4 kb enhancer region (chr2:19369662-19382088) was cloned into a 

nuclear mCherry reporter vector (with mCherry replacing EGFP in BgEGFP) to 
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generate 12.4Ptf1a-mCherry or a lacZ reporter gene with the minimal promoter 

of the rat Ela1 gene to generate 12.4Ptf1a-lacZ. This transgene also contains the 

bovine growth hormone 3’ UTR. Chromosome locations were obtained from the 

mm9 assembly.  

Transgenic mice 

Transgenic mice were generated by standard procedures (Brinster et al., 1985) 

using fertilized eggs from B6SJLF1 (C57BL/6JxSJL) crosses. Each transgene 

was isolated from the recombinant plasmid on a standard agarose gel and 

microinjected at 1-3 ng/µl into pronuclei of fertilized eggs by the Transgenic 

Core Facility of UT Southwestern, Dallas. Transgenic embryos and mice were 

identified by PCR analysis for lacZ or mCherry using yolk sac and tail DNA, 

respectively. For transient transgenic analysis, embryos were assayed at E10.5 

for lacZ expression in whole mount (Verma-Kurvari et al., 1996), and 

subsequently cryosectioned and counterstained with nuclear fast red. 

12.4Ptf1a-mCherry transgenic mouse strains are stable lines. Ptf1aCre (p48Cre) 

and Ptf1aW298A mutant mouse strains have been previously described (Hori et al., 

2008, Kawaguchi et al., 2002). Embryos were staged based on assumed 

copulation at E0, halfway through the dark cycle. 

In ovo chick electroporation 

Fertilized White Leghorn eggs were obtained from the Texas A&M Poultry 

Department and incubated for 3 days at 38oC. Solutions of supercoiled plasmid 

DNA (1-4 mg/mL) in H2O/1x loading dye were injected into the lumen of the 

closed neural tube at stages HH15-16, and embryos were electroporated as 

described previously (Nakada et al., 2004). Myc-tagged Ptf1a, Ascl1, or the 

inactive mutant of Ascl1 as control (Ascl1AQ) were overexpressed using a 

pMiWIII expression vector (Hori et al., 2008, Nakada et al., 2004). Embryos were 

harvested 48 hours later at stages HH22-23, fixed with 4% paraformaldehyde 

for 1 hour, and processed as below for cryosectioning and immunofluorescence. 
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Tissue processing and immunofluorescence 

Mouse embryos at E10.5 and E12.5 were dissected in ice-cold PBS, fixed in 4% 

paraformaldehyde for 2 hours at 4oC, and washed three times in PBS. E14.5 

embryos were fixed in 4% paraformaldehyde overnight at 4oC and washed with 

PBS overnight. Embryos were then sunk in 30% sucrose, embedded in OCT, 

and cryosectioned at 30 mm. Immunofluorescence was performed with the 

primary antibodies guinea pig anti-Ptf1a (1:5,000; Hori et al., 2008), mouse anti-

c-myc (1:1000; Santa Cruz), rabbit anti-Pax2 (1:500; Invitrogen), and guinea pig 

anti-Tlx3 (1:20,000; Muller et al., 2005).  

 

RESULTS 

 

The conserved 3’ 12.4 kb sequence contains cis-regulatory information for 

activation of Ptf1a expression  

Transgenic analysis demonstrated that the 12.4 kb sequence just 3’ of the Ptf1a 

coding region can function to direct specific expression of Ptf1a in the dorsal 

neural tube in the dP4 domain (Fig. 2.1E). As we did for the 5’ 2.3 kb Ptf1a 

enhancer, we generated independent transgenic mouse lines with the 12.4 kb 

regulatory element driving a nuclear localized mCherry reporter (12.4Ptf1a-

mCherry) and characterized reporter gene expression at multiple stages. Three 

separate 12.4Ptf1a-mCherry lines were identified that expressed mCherry 

similarly in Ptf1a domains (Fig. 3.1). As with the 12.4Ptf1a-lacZ transgenic 

embryos (Fig. 2.1E), the 12.4Ptf1a-mCherry transgene expresses strongly in the 

dP4 domain of the dorsal neural tube and hindbrain at E10.5 (Fig. 3.1A,B). 

mCherry was compared to endogenous Ptf1a using immunofluorescence, 

revealing extensive overlap in these regions (Fig. 3.1A,B). However, the mCherry 

signal is more uniformly intense and labels more cells than does Ptf1a. Analysis 

at E12.5 showed similar results; mCherry continues to overlap Ptf1a in the dPLA 

progenitor domain in the developing spinal cord, as well as in the hindbrain (Fig. 
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3.1C,D). In contrast to 2.3Ptf1a-GFP, mCherry densely labels the dorsal 

ventricular zone, including many cells that have yet to activate Ptf1a (Fig. 3.1C’); 

however, the dorsoventral extent of expression is more restricted (compare Fig. 

2.2C with Fig. 3.1C). Interestingly, those cells that express Ptf1a seem to have 

lower levels of mCherry (Fig. 3.1C’, arrows). By this point however, mCherry 

persists well beyond Ptf1a, labeling mature neurons that have migrated laterally 

away from the ventricular zone. As with 2.3Ptf1a-GFP, this permitted us to 

determine the identities of mature mCherry positive neurons. In contrast with the 

2.3 kb enhancer, the 12.4 kb enhancer is active in both dILA and dILB 

progenitors, as mCherry co-labels equally with Tlx3 and Pax2 in the E12.5 

neural tube (Fig. 3.1C’’,C’’’). Although the expression domains align precisely in 

the dorsal/ventral and rostral/caudal axes, there are distinct and important 

differences in the mCherry and Ptf1a expression patterns at the cellular level. 

Along with Ptf1a, the 3’ 12.4 kb enhancer expresses weakly in the neural 

retina beginning at E12.5 (data not shown), with prominent mCherry signal 

detectable at E14.5 (Fig. 3.1G). Ectopic signal in the lens is also detected (Fig. 

3.1G). The 3’ 12.4 kb sequence also directs expression to both Ptf1a expressing 

domains in the hypothalamus at E14.5 (Fig. 3.1I), although its expression is 

much more robust in this region than the 2.3 kb 5’ enhancer. Furthermore, 

12.4Ptf1a-mCherry expresses more broadly than Ptf1a at E14.5, and mCherry 

expression persists in the dorsal spinal cord and hindbrain after Ptf1a is no 

longer detectable (Supp. Fig. 1B, Fig. 3.1H). In the cerebellum, however, 

mCherry signal is remarkably absent (Fig. 3.1H). Thus, the 12.4 kb 3’ enhancer 

contains sufficient information to properly activate Ptf1a throughout the 

developing nervous system, excepting the cerebellum. Nonetheless, it lacks 

information for two important aspects of Ptf1a regulation: exclusive spatial 

expression in cells destined to activate Ptf1a, and a shutoff mechanism 

restricting its expression temporally to immature neuronal progenitors. 
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The 3’ 12.4 kb enhancer activates expression independent of Ptf1a  

No conserved PTF1 sites were identified within the 3’ 12.4 kb enhancer, 

implying that it functions in a Ptf1a-independent manner. This finding is 

consistent with expression analysis of mCherry and Ptf1a described above. To 

confirm that this element functions independently of Ptf1a, we used both gain 

and loss of function experiments in chick and mouse. We examined whether 

Ptf1a could induce expression through this enhancer in chick as was seen for 

the 2.3Ptf1a-GFP construct. 12.4Ptf1a-mCherry directs dI4-restricted 

expression when electroporated into chick neural tube at HH15-16 and 

examined 48 hours later (Fig. 2.7G). Co-electroporation of a Ptf1a expression 

vector with the enhancer construct did not induce reporter expression outside of 

the dP4/dI4 region (Fig. 2.7H). We also examined the activity of the 12.4Ptf1a-

mCherry transgene in mice null for Ptf1a. At E10.5, reporter expression is not 

diminished in either the neural tube or hindbrain of mutant embryos (compare 

Fig. 3.1E and F). These results verify that the 3’ 12.4 kb enhancer contains no 

autoregulatory activity and does not require Ptf1a for its function. 

 Because Ptf1a expression is lost at E12.5 in Ascl1 null mice (Mizuguchi 

et al., 2006), we investigated whether Ascl1 regulates Ptf1a expression through 

either the 3’ 12.4 kb or the 5’ 2.3 kb enhancers. A search for Ascl1 consensus 

sites (GCAGSTGK) (Gohlke et al., 2008) revealed the presence of two conserved 

sites in each enhancer. To test whether Ascl1 could regulate the activity of these 

enhancers, we used in ovo electroporation to overexpress Ascl1 or an inactive 

mutant, Ascl1AQ, in the presence of either the 2.3 kb or 12.4 kb enhancer (Fig. 

2.9). As was previously reported, Ascl1 but not Ascl1AQ promotes differentiation 

(Nakada et al., 2004), increasing the lateral migration of electroporated cells. 

However, even though Ascl1 was active in this assay, it neither repressed nor 

activated expression of the Ptf1a enhancers. Thus, Ascl1 regulation of Ptf1a is 

not through sequences in the 2.3 kb 5’ or 12.4 kb 3’ regulatory regions. 
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Isolation of a 132bp region containing the regulatory information of the 12.4 

kb enhancer 

Because the 12.4 kb enhancer contains the information to initiate Ptf1a 

expression in the neural tube, I wanted to understand what trans-acting 

regulatory utilized this sequence. 12.4 kb is quite unwieldy, however, to simply 

search for candidate transcription factor binding sites. Therefore, I chose smaller 

regions within this enhancer that exhibited a high degree of evolutionary 

conservation to test for their ability to recapitulate the expression pattern 

generated by the full 12.4 kb. 

 Eight discrete regions (termed R1-R8) within the 3’ 12.4 kb enhancer 

displayed significant conservation in vertebrates (Fig. 3.2A). The four regions 

with the strongest conservation (R2, R4, R5, and R7) were initially pursued. 

These sequences were cloned into an mCherry reporter vector to test by in ovo 

electroporation. Because of their proximity, R4 and R5 were cloned together as 

a contiguous sequence. Neither R2 nor R4/5 were capable of directing mCherry 

expression in the chick neural tube; however, R7 faithfully drove reporter 

expression to the dorsal neural tube (Fig. 3.3B-D). As R7 expressed so strongly 

in the correct domain, I chose not to test the remaining regions in the 12.4 kb 

enhancer (R1, R3, R6, R8). R7 is approximately 1.2 kb, but even at one tenth the 

size of the full 3’ enhancer, it required further dissection. R7 itself contains two 

separable regions of strong conservation, so I cloned and tested each to 

determine if one or both were active in the chick neural tube. Only the ‘A’ 

segment possessed dorsal activity (Fig. 3.3F-I). The central portion of R7-A 

contains an ultraconserved 132 bp region that is over 90% identical between 

mouse and zebrafish. Deletion of this sequence from R7 destroys dorsal 

reporter expression (Fig. 3.3J). I then tested if the 132 bp element is sufficient by 

itself to direct dorsal neural tube expression in chick. Because I thought 132 bp 

was too small to function properly in a reporter construct, I generated an 

enhancer construct containing four tandem copies of the 132 bp sequence 
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(4x132bp). While 4x132bp does drive expression weakly in the dI4 domain, 

stronger expression is detected in the dI2 and dI3 domains (as determined by 

Ascl1 immunofluorescence) (Fig. 3.4A). I then tested if 4x132bp was capable of 

directing proper expression in mouse. Unexpectedly, 4x132bp expressed in a 

much different pattern in transgenic embryos (Fig. 3.4B). GFP signal is not 

confined to the dorsal neural tube; furthermore, GFP is not present in the 

ventricular zone, and instead appears to label most mature neurons. Why there 

is such a discrepancy between chick and mouse is unknown. It is possible that 

the 4x132bp transgene integrated into the genome near a more powerful 

regulatory element that directs activity to mature neurons, or the expression in 

chick could simply be indicative of a different regulatory mechanism in chick. 

 

The terminal 22 bp of the 132 bp enhancer are required for activity in chick 

Although the 132 bp enhancer did not drive properly restricted expression in 

transgenic mice, I wanted to dissect its activity in chick further. Examination of 

putative transcription factor binding sites with the 132 bp uncovered well over 

100 such matches, so I decided to continue deleting subregions within the 132 

bp to narrow my focus. In the event that the precise spatial alignment of any 

binding sites was necessary for activity, I simply replaced successive, non-

overlapping 22 bp segments with a random 22 bp sequence that contains no 

known binding site matches. The resulting mutant R7 enhancers, Sub 1 through 

Sub 6, were tested in chick for their ability to drive mCherry expression to the 

dP4 domain (Fig. 3.5). All retained dP4 expression as determined by overlap 

with Pax2 (Sub 2 was not stained for Pax2, but dorsal expression is evident). 

Sub 6, however, drove much weaker expression compared to the other 

substitutions, implying that the terminal 22 bp were important for activity. Within 

this region is a potential NF-κB binding site, and mutating this site recapitulated 

the reduced activity of Sub 6. Another graduate student has since tested the 

NF-κB mutant enhancer in transgenic mice, but its expression was 
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indistinguishable from a wild-type R7 transgene (data not shown). Thus, efforts 

to elucidate the mechanism of action by which the 12.4 kb enhancer functions 

are confounded by these conflicting results. 

 

DISCUSSION   

Here I describe the activity of another Ptf1a enhancer, encompassing 12.4 kb 3’ 

of Ptf1a, that directs proper spatial expression in most neural Ptf1a domains. 

The activity of this enhancer is independent of Ptf1a and likely reflects a 

mechanism responsible for initiating Ptf1a expression. Furthermore, I have 

isolated an ultraconserved 132 bp element that is required for the activity of this 

enhancer.  

 

Ptf1a initiation 

The 3’ 12.4 kb enhancer is a likely candidate to contain the regulatory 

information for initiation. It expresses strongly in progenitors to Ptf1a expressing 

domains, most evident at E12.5 when reporter expression densely labels the 

ventricular zone (see Fig. 3.1C’). Still, this element alone cannot account for 

Ptf1a initiation in every domain. In the pancreas, this regulatory element 

expresses sparsely, and it is completely inactive prior to acinar formation (Masui 

et al., 2008). Furthermore, it does not express at any point in the developing 

cerebellum. What mechanisms initially activate Ptf1a in the pancreas remain 

unknown; however, a recent study supplies a possible clue into activation of 

Ptf1a expression in the cerebellum. In this study, the deletion mutant Cbll 

causes cerebellar agenesis, owing to loss of Ptf1a only within the cerebellum 

(Hoshino et al., 2005). The region deleted in this mutant is located approximately 

60-373 kb downstream of Ptf1a and may very well contain cis-regulatory 

information controlling cerebellum-specific Ptf1a expression (Hoshino et al., 

2005). Thus, Ptf1a regulation appears to require tissue-specific enhancers, 

providing an elegant solution to the diverse needs of each cell population. 
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Concluding Remarks 

Proper assembly of an organ with such immense complexity as the nervous 

system requires exquisitely fine control at the molecular level. Not unexpectedly, 

the genetic circuits responsible for neural development are appropriately 

intricate. The function of Ptf1a in this process seems relatively straightforward, 

promoting inhibitory neuronal cell fates while suppressing excitatory programs. 

Nonetheless, even this simple switch requires no fewer than three degrees of 

temporal control: activation, autoamplification, and termination. Further study of 

the two Ptf1a regulatory regions in this and the previous chapter will 

undoubtedly reveal important mechanistic insight into how multiple regions in 

the nervous system generate the balance of inhibitory and excitatory neurons. 
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Figure 3.1. Activity of the 3’ 12.4 kb regulatory region in transgenic mice. 
(A,B) At E10.5, fluorescence from the mCherry reporter (red) strongly co-labels 
with Ptf1a immunofluorescence (green) in the spinal cord and hindbrain in the 
12.4Ptf1a-mCherry transgenic mouse strain. (C,D) By E12.5, mCherry 
expression continues to overlap Ptf1a in the hindbrain and in dPLA progenitors in 
the spinal cord; however, it has now expanded laterally beyond the ventricular 
zone in both regions. (C’,C’’,C’’’) Higher magnification of region indicated by 
dashed box in (C). (C’) mCherry labels many more cells than does Ptf1a in the 
ventricular zone. Also, cells that express Ptf1a appear to have less mCherry 
signal (arrows). mCherry co-labels with both Tlx3 (C’’) and Pax2 (C’’’) 
immunofluorescence. (G-I) Sagittal sections of Ptf1a expressing domains at 
E14.5. (G) 12.4Ptf1a-mCherry expression overlaps Ptf1a in the neuroblastic layer 
of the retina (nbl), and it ectopically expresses in the lens. (H) Reporter signal is 
absent from the cerebellum (arrow), while hindbrain expression continues to 
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persist beyond the Ptf1a positive region (arrowhead). (I) mCherry signal overlaps 
Ptf1a in both hypothalamic regions (insets), although the reporter expression is 
not limited to Ptf1a expressing cells. (E) Representative E10.5 embryo from a 
12.4Ptf1a-mCherry transgenic line. Transgene expression reflects the pattern of 
endogenous Ptf1a in the dorsal neural tube from the hindbrain caudally to the 
tail. (F) E10.5 embryo from the 12.4Ptf1a-mCherry line shown in (E) crossed onto 
Ptf1a null background. Unlike 2.3Ptf1a-GFP, 12.4Ptf1a-mCherry expression is 
unaffected in the Ptf1a mutant. gcl, ganglion cell layer; pe, pigmented 
epithelium; rp, Rathke’s pouch. Scale bars = 50 µm C’,C’’,C’’’; 100 µm A-D, G-I. 
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Figure 3.2. Design of 12.4 kb constructs. Top: Conservation histogram of the 
12.4 kb immediately 3’ of Ptf1a. Boxed areas were cloned for testing in reporter 
assays. Bottom: Line diagrams of regions within R7 tested for dorsal neural tube 
activity.  
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Figure 3.3. A highly conserved subregion in the 12.4 kb enhancer directs 
dorsal neural tube expression. Electroporation in chick of reporter constructs 
containing enhancer regions shown in Fig. 3.2. All chick embryos were 
electroporated at HH15-17 and harvested 48 hours later at HH22-23. A) 
Expression pattern of the empty reporter vector. B,C) Regions R2 and R4/5 
within the 3’ 12.4 kb Ptf1a enhancer are insufficient to direct dorsal expression. 
D) R7 faithfully recapitulates the dorsal activity of the full-length 12.4 kb 
enhancer (E). F,G) The ‘A’ portion of R7 retains dorsal expression, while the ‘B’ 
portion does not (H,I). J) Deletion of the ultraconserved 132 bp element within 
R7 abrogates dorsal expression. 
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Figure 3.4. The 132 bp enhancer drives expression in the dP4 domain only 
in chick. A) A 4x-132bp enhancer reporter construct was electroporated in 
stage HH16 chick and harvested 48 hours later. GFP (green) signal is detected 
dorsally, and colabeling with Ascl1 immunofluorescence (red) confirms activity 
within the dP4 domain. B) Transverse section of E10.5 mouse neural tube 
possessing 4x-132bp transgene at forelimb level. The expression pattern of GFP 
is not restricted dorsally nor within the dP4 progenitor domain, as determined by 
lack of overlap with Ptf1a immunofluorescence (red).  
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Figure 3.5. The terminal 22 bp of the 132 bp enhancer are important for its 
activity. Chick embryos were electroporated with mutant R7-mCherry 
constructs at HH15-17 and harvested 48 hours later at HH22-24. Successive 22 
bp segments (Sub 1- Sub 6) within the 132 bp enhancer in R7 were substituted 
with an inactive sequence. Immunofluorescence for Pax2 (green) indicates that 
dP4 activity is preserved in substitutions 1, 3, 4, and 5 (A, C-E). B) Pax2 staining 
was not performed for Sub 2 injections, but dorsal mCherry (red) signal is clearly 
visible. F) Sub 6 expresses mCherry at greatly reduced levels in the dP4 domain. 
G) Mutation of a putative NF-κB binding site within Sub 6 reproduces the 
diminished activity of Sub 6. 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CHAPTER FOUR 

 

Comparative Analysis of Ptf1a Function in the CNS and 

Pancreas 

 

 

INTRODUCTION 

Until recently, the strategy to identify targets of transcription factors required the 

combination of genetic and biochemical assays. Once candidates were found 

from either loss or gain-of-function experiments, definitive demonstration that 

they were indeed direct targets required an existing knowledge of the DNA 

binding site sequence for the transcription factor of interest. Only then could 

binding and transcription assays verify plausible protein:DNA interactions and 

their necessity for activity. As a result of this tedious and expensive approach, 

very little progress has been made. In fact, only six genes have been identified 

as targets of Ptf1a during embryonic development to date: Neurog2, Ptf1a, 

Kirrel2, and Nphs1 in the CNS and Pdx1, Ptf1a, and Rbpjl in the developing 

pancreas (Masui et al., 2007, Wiebe et al., 2007, Masui et al., 2008, Henke et al., 

2009b, Meredith et al., 2009, Nishida et al., 2010). After the arrival of sequenced 

genomes for a multitude of organisms, bioinformatic approaches to locate 

putative targets became an attractive alternative. Even when coupled with 

expression information, in silico analysis could not provide functional binding 

information. In addition, large-scale searches for binding site were limited to 

previously defined consensus DNA motifs, which were typically constructed 

from a small number of known targets. Recent evidence suggests that most 

transcription factors are capable of binding multiple DNA sequences, which in 

some cases account for secondary functions or programs those families of 

factors control (Badis et al., 2009). Thus, a more informative approach must 
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begin with regions that are physically bound by transcription factors, 

irrespective of the DNA sequence. 

Solving this very problem has been greatly aided by massively parallel 

sequencing technologies and applications, such as chromatin 

immunoprecipitation sequencing (ChIP-Seq) and mRNA sequencing (mRNA-

Seq). These powerful tools not only circumvent the need for prior knowledge 

about DNA binding regions, but they also provide valuable insight into global 

functions of DNA binding proteins and reveal any novel modalities for a given 

transcription factor, such as alternative binding sites or partners. In this study, 

we use a combination of ChIP-Seq and mRNA-Seq assays to probe Ptf1a 

function in the developing neural tube and pancreas. We demonstrate that Ptf1a 

binding regions are largely non-overlapping between these tissues; however, 

binding near many of the same genes is observed. Furthermore, only a small 

portion of genes neighboring Ptf1a binding regions are expressed, and genes 

that that contain Ptf1a binding regions from both neural tube and pancreas are 

often only active in one or the other. Lastly, I describe possible tissue-specific 

co-regulatory factors. 

 

MATERIALS AND METHODS 

Chromatin Immunoprecipitation Sequencing 

Neural tube, telencephalon, and limb tissues were dissected from E12.5 mouse 

embryos, and pancreata were harvested from E17.5 embryos into 15 mM 

HEPES pH 7.6, 60 mM KCl, 15 mM NaCl, 0.2 mM EDTA, 0.5 mM EGTA, 0.34 M 

sucrose) on ice. Nuclei were liberated by dounce homogenization (5 strokes 

pestle A, 5  strokes pestle B) and purified by centrifugation through a sucrose 

gradient (15 mM HEPES pH 7.6, 60 mM KCl, 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 30oC, and fixation was terminated by adding glycine to a final 

concentration of 0.125M. After centrifuging through another sucrose gradient, 
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fixed nuclei were lysed in sonication buffer (1% Triton, 0.1% sodium 

deoxycholate, 150mM NaCl, 50mM Tris, 5mM EDTA). Chromatin was sheared 

using a Diagenode Bioruptor for 30 minutes on high power with 30s:30s on:off 

cycles. 100 µg (pancreas) or 250 µg (neural tube, telencephalon/limb) chromatin 

was immunoprecipitated with 2.4 µg affinity purified rabbit anti-Ptf1a antibody 

(Beres et al., 2006) and Protein A/G agarose beads (Santa Cruz). Captured 

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

with a high salt buffer (1% Triton, 0.1% sodium deoxycholate, 500mM NaCl, 

50mM Tris, 5mM EDTA), twice with LiCl (0.5% NP-40, 0.5% sodium 

deoxycholate, 250mM LiCl, 10mM Tris, 1mM EDTA), and once with TE (10 mM 

Tris pH 8.0, 1 mM EDTA). Two 15 minute elutions were performed with 1% SDS, 

0.1M NaHCO3, 10mM Tris at room temperature. The immunoprecipitated 

chromatin was then purified by phenol-chloroform extraction followed by 

ethanol precipitation. Prior to sequencing ChIP quality was determined by qPCR 

for known targets and negative control regions. 

Two independent libraries were prepared from two E17.5 pancreas or 

three E12.5 neural tube, telencephalon) ChIPs according to Illumina’s protocol. 

Amplification of the libraries was conducted using Invitrogen’s Platinum Pfx 

polymerase for 16 cycles of 94oC for 15 seconds, 62oC for 30 seconds, 72oC for 

seconds. Single-end sequencing of 36 bp was conducted for all samples on the 

Illumina GAIIx sequencer. 

mRNA Sequencing and Analysis 

Neural tubes were dissected from E12.5 2.3Ptf1a-GFP embryos into DMEM/F12 

on ice and dissociated in 0.25% trypsin for 15 minutes at 37oC. 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 

(FACS). Total RNA from FACS sorted neural tube populations was extracted and 

purified with Zymo’s Mini RNA Isolation Kit. mRNA was purified and prepared 

for sequencing with Illumina’s mRNA-Seq kit using the above modifications. 
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Two independent libraries were sequenced for each cell population (see Table 

4.1). 

Table 4.1. Materials used for mRNA-Seq Libraries. 
Number of embryos pooled Library 1 Library 2 

GFP+ E12.5 NT (2.3Ptf1a-GFP) 6 9 
E17.5 pancreas 1 1 

  

Sequences were mapped to the mm9 build of the mouse genome using TopHat 

v1.0.14 (Trapnell et al., 2009). Only the highest quality sequences with up to a 2 

bp mismatch that mapped to 10 locations or less were used for further analysis. 

Expression levels were determined by the FPKM method using Cufflinks v0.8.2 

(Trapnell et al., 2010). 

ChIP-Seq Data Analysis 

Sequence reads were mapped to the mm9 assembly of the mouse genome with 

ELAND, and duplicate reads were removed from further analysis. Unique reads 

from each of the two individual libraries from each tissue were then combined 

before peak detection. Peak calling was performed with the two-sample peak 

detector program in CisGenome v1.2 using an FDR cutoff of 0.01 and the 

single-strand filtering option (Ji et al., 2008). Peak regions were reduced to 150 

bp centered around the peak summit, and any peaks that contained repeat 

elements were removed from the dataset. Wiggle files were generated with 

MACS v1.3.7.1 (Zhang et al., 2008). 

GO Classification 

Gene ontologies were obtained using DAVID v6.7 (Dennis et al., 2003, Huang da 

et al., 2009). Candidate gene targets from neural tube and pancreas that had 

FPKM values of 5 or greater were selected for GO analysis. To correct for 

inherent differences in transcriptome content between neural tube and 

pancreas, background abundances were estimated from the pool of active 

genes in each tissue (> 5 FPKM). P-values are plotted as –log10(p-value). 
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Motif Discovery 

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 analysis was conducted with MEME v4.4.0 using 

the ZOOPS algorithm to search for motifs between 8-28 bp in width (Bailey and 

Elkan, 1994). Resulting motif weight-matrices were then visualized with 

WebLOGO 3 (Crooks et al., 2004). 

Half Site Spacing Analysis 

Locations and numbers of enriched motifs were obtained from the trimmed 

ChIP-Seq peak sequences using the pattern-matching feature from RSA Tools. 

Motif spacing was calculated from midpoint to midpoint between any E-box and 

any TC-box, Sox, or forkhead 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. 

 

RESULTS 

 

Ptf1a binding regions in common between neural tube and embryonic 

pancreas form the minority of all sites identified by ChIP-Seq 

We began to address the question of how Ptf1a controls such disparate 

developmental programs as are seen in the developing neural tube and 

pancreas by examining its transcriptional targets genome-wide using ChIP-Seq. 

ChIP was performed against Ptf1a using chromatin from E12.5 neural tube and 

E17.5 pancreas, and the enriched chromatin was subjected to deep sequencing 

using the Illumina GAIIx platform. We obtained approximately 26 million unique 

36 bp sequences from the neural tube and 5.5 million from pancreas. Because 

the signal to noise ratio (as determined by qPCR) was much lower in the neural 

tube ChIPs, more sequence reads were required for comparable quality ChIP-

Seq data from E12.5 neural tube relative to pancreas. This is due in large part to 
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the relative paucity of Ptf1a expressing cells in the neural tube (see Fig. 4.1A, 

inset), whereas the pancreas is far more homogeneous and contains a majority 

of Ptf1a-positive acinar cells at E17.5. We also generated roughly 29 million 

unique reads from immunoprecipitated telencephalon chromatin as a negative 

control for the antisera, as Ptf1a is not expressed in this region (Fig. 4.1B) 

(Glasgow et al., 2005). Peak calling was performed using CisGenome’s peak 

detector software (Ji et al., 2008) with a false discovery rate threshold of 0.01. 

After repeat-masking the called peaks, we obtained 3,088 enriched regions from 

neural tube and 5,270 from pancreas; only 515 of these peaks overlap (16.7% 

and 9.8% of total from neural tube and pancreas, respectively) (Fig. 4.1B). 

Therefore, most Ptf1a binding sites in the genome are tissue specific. Three 

examples from these data are shown in Fig. 4.1C-E and represent sites bound in 

both tissues (autoregulated enhancer of Ptf1a, (Masui et al., 2008, Meredith et 

al., 2009), bound only in pancreas (Cela1, (Rose et al., 2001, Beres et al., 2006), 

or bound only in the neural tube (Pax2).  

 

Ptf1a binds to PTF1 consensus sites but also to regions containing only E-

boxes or TC-boxes  

To verify that the enriched ChIP-Seq regions were specific for Ptf1a, we 

performed motif analysis with the central 150 bp of the 3,088 neural tube peaks 

and 5,273 pancreas peaks using MEME (Bailey and Elkan, 1994). Several 

biochemical studies in pancreas revealed that Ptf1a binds a bipartite DNA motif 

as a subunit in the heterotrimeric PTF1 complex. The consensus PTF1 motif has 

since been defined as possessing an E-box (CANNTG) that lies one or two 

helical turns of DNA upstream of a TC-box (TTTCCCA) (Beres et al., 2006). A 

consensus PTF1 motif was readily detectable in Ptf1a bound regions specific to 

pancreas as well as in those regions that overlap between pancreas and neural 

tube (Fig. 4.3B). This was not true, however, of the neural tube (Fig. 4.3B). 

Manually searching peaks for E-box and TC-box sequences revealed that less 
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than one third of neural tube specific peaks possess a consensus PTF1 motif, 

while a PTF1 site is found in more than half of pancreas specific and common 

peaks (Fig. 4.4A). In those cases where a consensus PTF1 site was not 

observed, one or both half sites (E-box or TC-box) were still present (Fig. 4.4A). 

Thus, either Ptf1a could be binding DNA as a classical bHLH heterodimer when 

only an E-box is present and serving as a non-DNA-binding cofactor for Rbpj 

when only a TC-box is present, or it binds variant PTF1 sites that exhibit more 

degeneracy.  

 

The PTF1, E-box, and TC-box motifs found in the Ptf1a binding regions 

from neural tube and embryonic pancreas differ in their distribution 

One possible explanation for the low degree of overlap between neural tube and 

pancreas ChIP-Seq regions could be that Ptf1a utilizes a unique DNA binding 

motif in each tissue. To determine if this is indeed the case, we compared 

overrepresented motifs observed from neural tube and pancreas. Subtle 

differences between the pancreas E-box (SMCASSTGBY, where S = G/C, M = 

A/C, B = C/G/T, Y = C/T) and the neural tube E-box (MCAKCTGBY, where K = 

G/T) as well as the pancreas TC-box (YTCYCA) and neural tube TC-box 

(YYCYCWS, where W = A/T) can be appreciated; however, it is unlikely that they 

alone are sufficient to cause such discrepancies in Ptf1a binding locations.  

The weakness in the consensus PTF1 motif detected from the neural 

tube dataset (Fig. 4.3) prompted us to examine whether or not the neuronal 

PTF1 complex prefers a different spacing between the E-box and TC-box than 

that seen for the pancreas. We calculated half site spacing by measuring the 

distance between midpoints of all possible combinations of E-boxes (CANNTG) 

and TC-boxes (YTCYCW) within each peak. Consistent with previous studies, 

the PTF1 complex in pancreas greatly prefers a one or two helical turn spacing 

(Fig. 4.3). This trend is further exaggerated in peaks shared between pancreas 

and neural tube (Fig. 4.3). In the neural tube specific peaks, however, many 
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fewer E-box/TC-box combinations exhibit classical spacing (Fig. 4.3). Both 

neural tube and pancreas peaks exhibit a small, yet discernible enrichment for a 

spacing of three helical turns, which has not been reported for a PTF1 complex 

previously.  

The paucity of consensus PTF1 sites in the neural tube suggested that 

the neural tube peaks may have more instances where only an E-box or TC-box 

is present compared to pancreas. Indeed, the neural tube contains 

proportionally more peaks with only one half site (17.1% versus 13.7% for E-

box, and 8.7% versus 4.3% for TC-box in neural tube and pancreas specific 

peaks, respectively) (Fig. 4.4). These differences do not, however, account for 

the stark difference in percent of peaks that harbor consensus PTF1 motifs 

(31.8% versus 54.4% in neural tube versus pancreas only peaks). Thus, the 

neural tube simply has more binding regions in which both half sites are 

seemingly uncoupled.  

This raised the question as to whether peaks possessing non-canonical 

PTF1 motifs represented lower affinity, or more transient binding events. It has 

been suggested that peak height in ChIP-Seq correlates with binding affinity 

(Jothi et al., 2008), so we used this measurement to indirectly determine binding 

strength. Comparing the distribution of peak heights for each category of peak: 

consensus PTF1 site (one, two, or three turns), E-box and TC-box (not 

consensus), E-box only, and TC-box only (Fig. 4.4). Little difference is seen in 

peak height among neural tube peaks with the different motifs (Fig. 4.4B). In 

contrast, pancreas peaks containing a consensus PTF1 motif tend to be the 

tallest peaks, containing a much higher proportion of peaks with 100 tags or 

more (Fig. 4.4C). This trend was similar in common peaks, although overall peak 

height was greater (Fig. 4.4D). Thus, Ptf1a binding in the pancreas prefers 

classical motifs, perhaps as a consequence of Rbpjl being its dominant partner. 

Binding in the neural tube, however, is less dependent on sequence 
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composition, suggesting that Ptf1a uses a greater variety of binding modes in 

nervous system (e.g. dimers with Rbpj or E-proteins).  
 

Ptf1a directly regulates distinct gene expression programs in neural tube 

and embryonic pancreas 

The gene(s) regulated by a Ptf1a binding region cannot be identified by ChIP-

Seq data alone. However, to assign candidate genes regulated by each Ptf1a 

binding region, we identified nearest genes to peaks that fell within 50 kb of 

either the annotated transcription start site (TSS) or transcription end site (TES) 

or within a gene itself. This resulted in 2,639 unique genes from neural tube and 

4,986 unique genes in pancreas being called. Notably, 1,359 were in common, 

corresponding to 51.5% and 27.2% of total from neural tube and pancreas, 

respectively (Fig. 4.1B). This is almost a 3-fold greater overlap than that seen 

with the binding regions alone. In fact, 44% of all Ptf1a target genes contain 

multiple Ptf1a peaks from pancreas and neural tube (data not shown). The Id1 

locus for example, contains 8 Ptf1a peaks: 4 overlap between neural tube and 

pancreas, while 2 are unique to each tissue (Fig. 4.1F). Thus, while Ptf1a binds 

near many of the same genes in the neural tube and pancreas, it often occupies 

distinctly different regions in those loci. 

We next wanted to know how many of the genes that have a Ptf1a 

binding site within 50 kb are being expressed in their respective tissue, and 

thus, potentially activated by Ptf1a. To address this question, we determined the 

expression profile in both tissues using mRNA-Seq. In mRNA-Seq, amplified 

cDNA libraries are generated and directly sequenced (Mortazavi et al., 2008). 

Obtaining mRNA from Ptf1a expressing cells in the pancreas is straightforward 

because a majority of the E17.5 pancreas is acinar tissue. In the neural tube, 

however, additional steps are required to isolate the Ptf1a expressing cell-

population. For this we used Fluorescence Activated Cell Sorting (FACS) from 

transgenic mice that contain a Ptf1a enhancer that directs expression of 
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heterologous genes in the Ptf1a lineage. The expression characteristics of this 

transgene (2.3Ptf1a-GFP) are summarized in Fig. 2.1. The autoregulated 

2.3Ptf1a-GFP transgene requires Ptf1a for activity and expresses GFP in Ptf1a-

positive progenitors. Also, GFP persists in Ptf1a lineage cells as they 

differentiate into Pax2 positive neurons (see Fig. 2.1). We therefore isolated 

mRNA from GFP positive cells from 2.3Ptf1a-GFP neural tubes at E12.5 to 

identify genes specifically expressed in the Ptf1a lineage. All RNA samples were 

sequenced as 36 bp single-end reads as above, and expression levels were 

calculated using the Cufflinks software package, which reports transcript 

abundances as FPKM (fragments per kilobase of exon per million fragments 

mapped) values (Trapnell et al., 2010).  

Examination of transcript levels for the genes assigned as above for 

neighboring Ptf1a-bound regions revealed that a large number of these genes 

were expressed either at very low levels (less than 5 FPKM), or not at all. In fact, 

only 52.7% of genes in neural tube (1,391 of 2,639) and 38.3% of genes in 

pancreas (1,911 of 4,986) had mRNA levels at an FPKM of 5 or greater. Of 

these, only 409 (29.4% of neural tube) are found at an FPKM of 5 or greater in 

both tissues (Fig. 4.2A). This was surprising considering that over half of the 

neural tube targets are shared with pancreas (Fig. 4.1B). Functional annotation 

of the actively expressed target genes showed that while general functionalities 

such as signal transduction and cell differentiation are represented in both 

tissues, neural tube targets are clearly enriched for genes known to function in 

nervous system development and neurogenesis, and pancreas targets are 

involved in pancreas and exocrine system development (Fig. 4.2B). These 

findings demonstrate that Ptf1a functions distinctly in the two different tissues 

and suggests the primary function of Ptf1a is to direct cell-type specification 

programs. 
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Sequence comparison of Ptf1a binding regions from neural tube and 

embryonic pancreas identifies distinct motifs 

Although the Ptf1a:E-protein heterodimer has no transcriptional activity by itself 

(Beres et al., 2006), genes near Ptf1a peaks that possess no TC-box are no less 

active than those with peaks containing consensus PTF1 motifs. In fact, a 

slightly higher percentage of genes near peaks containing only an E-box are 

expressed above 5 FPKM in both neural tube and pancreas: 54.9% and 43.7% 

near E-box only peaks versus 52.4% and 39% near PTF1 peaks in neural tube 

and pancreas, respectively. We therefore hypothesized that Ptf1a may interact 

with additional transcription factors when Rbpj is not present at Ptf1a-binding 

regions. Further motif analysis using MEME revealed one enriched sequence 

unique to the neural tube, and another unique to the pancreas (Fig. 4.5). The 

neural tube motif very closely resembles the consensus Sox binding site 

(ACAAWR), and the pancreas motif is a close match to a consensus forkhead 

sequence (RYMMACA). After adjusting for base composition within peak 

regions, we determined that the Sox motif occurs roughly twice as frequent in 

the neural tube peak set as chance predicts, while its occurrence in pancreas is 

similar to expected background levels (Fig. 4.5C). The opposite trend is 

observed for forkhead motifs, which are more enriched in pancreas peaks. We 

next determined whether these motifs occur at a regular distance from E-boxes. 

The Sox motif tends to be randomly distributed on either side of an E-box, with 

no particular interval being preferred (Fig. 4.5A). The forkhead motif, however, 

strikingly prefers an exact 1 bp separation and only appears 3’ of an E-box (Fig. 

4.5B). This novel compound motif is present in nearly 250 pancreas peaks, 

which is greater than 50 times as frequent as chance predicts. In contrast, only 

5 of these motifs are found in neural tube Ptf1a binding regions. Functional 

annotation of the targets in pancreas near Ptf1a peaks containing this motif 

reveals a prevalence of genes involved in early pancreas morphogenesis (Fig. 

4.5D). The ability of Ptf1a to partner with a tissue-specific factor, especially 
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during initial pancreatic formation, could explain in part how Ptf1a activates a 

unique program in this organ. Consistent with this notion, neither motif is 

enriched in Ptf1a peaks that overlap between neural tube and pancreas. 

 

DISCUSSION 

In this study, we have identified a comprehensive repertoire of direct 

transcriptional targets of Ptf1a in the developing CNS and pancreas using ChIP-

Seq and mRNA-Seq. While Ptf1a-containing complexes in these tissues (PTF1-

J/L) have been described to have very similar characteristics, Ptf1a occupies 

largely distinct genomic regions in the neural tube and pancreas. While the 

genes near these bound regions overlap considerably, many such genes are 

active only in one tissue. Functional classification of active target genes reveals 

both shared and unique functions of Ptf1a in CNS and pancreas development. 

In addition, we identify potential tissue-specific co-regulatory factors that may 

contribute to the divergent programs activated by Ptf1a. 

 

Ptf1a serves two distinct functions 

That Ptf1a occupies both overlapping and distinct genomic regions in the neural 

tube and pancreas suggests dual functions, one common to both tissues and 

another unique to each. This is supported by our mRNA-Seq data, which 

demonstrates that many, but not all, genes near Ptf1a binding regions are 

actively expressed in both neural tube and pancreas. Furthermore, functional 

annotation of common target genes places them in a general developmental 

context with roles in differentiation and cell-cell signaling. In contrast, target 

genes that are unique to each tissue are involved in tissue-specific processes 

such as axon guidance in the neural tube or exocrine development in pancreas. 

Ptf1a function can thus be described as promoting differentiation from 

progenitors as well as specifying a tissue-dependent mature phenotype.  
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Identification of additional co-regulatory factors for Ptf1a 

Motif analysis of Ptf1a binding regions revealed the presence of two additional 

transcription factor binding sites. A Sox site was discovered to segregate with 

neural tube peaks, while a forkhead motif appeared in pancreas specific peaks. 

This finding strongly suggests that Ptf1a interacts with additional transcription 

factors to activate cell-type specific genes. The Sox family includes 20 proteins 

that bind a shared DNA sequence (WWCAAWG) are involved in many aspects of 

development, including neurogenesis (Kiefer, 2007). Members of the SoxB and 

SoxC families are widely expressed in the developing nervous system and are 

strong candidates to function with Ptf1a. The SoxB1 factors, Sox1-3, are 

expressed in neural progenitors, where they function to maintain an 

undifferentiated state; however, roles in cell-type specification have also been 

described in certain regions of the CNS (reviewed in (Kiefer, 2007). SoxC 

members (Sox4, Sox11, and Sox12) however, activate pan-neuronal markers 

and seem to promote survival of mature neurons (Thein et al., 2010, Potzner et 

al., 2010, Bergsland et al., 2006). In addition, Sox proteins have been shown to 

interact with many other transcription factors, including bHLH factors 

(summarized in Chew and Gallo, 2009).  

The forkhead box (Fox) family of transcription factors includes 42 

members that function in every organ and cell type (Kaestner, 2010). Of these, 

the FoxA family is of particular interest in the developing pancreas. Deletion of 

both FoxA1 and FoxA2 results in nearly complete pancreatic agenesis, and both 

are capable of activating the pancreatic master regulator Pdx1 (Gao et al., 2008). 

Similarly, Ptf1a binds the same Pdx1 enhancer in vivo (Wiebe et al., 2007). 

Interaction between FoxA2 and bHLH factors has been demonstrated 

previously; both FoxA2 and Usf bind the calcitonin enhancer and synergistically 

activate transcription (Viney et al., 2004). The DNA sequence that these factors 

bind bears striking resemblance to the compound E-box/forkhead motif 

described here, supporting the idea of a FoxA2-Ptf1a complex that functions in 
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early pancreatic development. Further investigation is needed to determine if 

Ptf1a indeed interacts with either Sox or Fox family members and whether any 

such interactions confer target specificity. 

 

Evidence for novel Ptf1a mechanisms 

To date, the interaction between Ptf1a and Rbpj has been considered critical for 

Ptf1a function, as disruption of this interaction in vivo recapitulates a Ptf1a null 

phenotype (Masui et al., 2007, Hori et al., 2008). This model is challenged by the 

data presented here, as not only do many Ptf1a binding regions lack an 

identifiable Rbpj motif (TC-box), but the genes neighboring these peaks are also 

active. Considering that Ptf1a autoregulation requires an intact PTF1 site (Masui 

et al., 2008, Meredith et al., 2009), it is possible that Ptf1a levels are reduced 

below a critical threshold in the Ptf1aW298A mutant, so any additional 

functionalities are masked. It is of course also possible that PTF1-J binds 

alternative motifs, and ChIP-Seq for Rbpj will be required to determine if this is 

indeed the case. 

 Assuming that Ptf1a does bind “E-box only” regions as a bHLH dimer, it 

is reasonable that additional binding partners for Ptf1a may exist. Two 

candidates are offered here: Sox and Fox family members. Although previous 

studies have demonstrated proneural bHLH interactions with POU and 

homeodomain proteins (Lee and Pfaff, 2003, Castro et al., 2006), no evidence 

for cooperation with these factors was observed. Because Rbpj is virtually 

ubiquitous, the idea of alternative, tissue-specific binding partners is especially 

attractive to explain the divergent functions of Ptf1a in the neural tube and 

pancreas.  

 It is especially intriguing that Ptf1a peaks that have no identifiable E-box 

are present at all. Given the similarity between the C-terminus of Ptf1a and 

Notch intracellular domain (Beres et al., 2006), Ptf1a might hypothetically act as 

a non-DNA binding cofactor for Rbpj. In this scenario, Ptf1a could promote 
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differentiation passively by competing for NICD binding to Rbpj. Motif analysis 

did not reveal any non-canonical E-boxes in Ptf1a peaks from either neural tube 

or pancreas; however, it cannot be discounted that PTF1-J/L binding 

accommodates significant degeneracy.  

 

How does Ptf1a control disparate developmental programs? 

Intuitively, a factor such as Ptf1a would be able to direct divergent programs 

simply by binding near different genes and activating them. Cross-activation of 

programs could be prevented, for instance, through sequence specificity in the 

DNA motifs. However, not only does Ptf1a bind near many of the same genes in 

both neural tube and pancreas, but it also binds similar PTF1 motifs in both 

tissues. The E-boxes and TC-boxes preferred in Ptf1a peaks from neural tube 

and pancreas differ only subtly, and it is unknown whether an E-box and TC-box 

separated by an unconventional spacing, which is predominant in the neural 

tube, constitute a functional PTF1 site. Perhaps the combination of these 

differences, as well as the presence of Rbpjl versus Rbpj in the pancreas, are 

sufficient to confer binding specificity. Another possibility is that the chromatin 

structure in each tissue prevents Ptf1a binding to identical regions. Work on 

pioneer transcription factors, which establish a permissive chromatin state near 

tissue-specific genes, supports this idea (Zaret, 2002). 

 Regardless of how Ptf1a binding specificity is determined, why Ptf1a 

binds near many of the same genes in both the neural tube and pancreas yet 

activates a large fraction in only one tissue remains unsolved. Tissue-specific 

co-activators could explain this phenomenon, but they would also imply that the 

PTF1 complex is, by itself, insufficient to activate transcription. It is therefore 

more likely that tissue-specific co-repressors prevent inappropriate gene 

activation. 
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Figure 4.1. Ptf1a binding regions in common between neural tube and 
embryonic pancreas form the minority of all sites identified by ChIP-Seq. A) 
Whole mount image of E12.5 2.3Ptf1a-GFP embryo. Dashed lines indicate 
regions dissected for ChIP-Seq. Inset: Transverse section of shown embryo at 
forelimb level. Ptf1a immunofluorescence (red) is restricted to the ventricular 
zone in the neural tube. B) Top: Venn diagram of Ptf1a ChIP-Seq enriched 
regions from neural tube and pancreas showing the number of overlapping and 
non-overlapping peaks. Bottom: Venn diagram of genes within 50 kb of Ptf1a 
binding regions in neural tube and pancreas. C-E) Examples of overlapping 
(Ptf1a) and tissue specific peak regions (Pax2, Cela1). C) Ptf1a binding to known 
autoregulatory sequences is present in both neural tube (blue) and pancreas 
(red). D) Known Cela1 enhancer is occupied only in pancreas, while a putative 
Pax2 enhancer is only bound in the neural tube (E). F) The Id1 locus exhibits 
both overlapping and tissue-specific binding. C-F) ChIP-Seq binding signal 
scale for neural tube (blue) and pancreas (red) is shown to the right of each 
image. 30-way multiz vertebrate sequence conservation is shown in black. 
C,E,F) Scale bars = 5 kb. D) Scale bar = 20 kb. 
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Figure 4.2. Ptf1a directly regulates distinct gene expression programs in 
neural tube and embryonic pancreas. A) Venn diagram of active genes near 
Ptf1a ChIP-Seq peaks in neural tube and pancreas. B) GO classification of these 
genes plotted as –log10(p-value). Enrichments were calculated with respect to all 
genes active (FPKM of at least 5) in either neural tube or pancreas. 
Classifications were obtained with DAVID v6.7. 
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Figure 4.3. E-box and TC-box preferences differ between neural tube and 
pancreas. A) E-box and TC-box motifs obtained from neural tube and pancreas 
peaks exhibit subtle differences, but the full PTF1 motif is detectable only in 
pancreas peaks (top), including those in common with neural tube (B) - middle. 
C) Histograms of half site spacing between all E-box/TC-box combinations in 
each peak specific to pancreas (top), neural tube (bottom), or common to both 
(middle). Strong preference for one, two, and even three helical turns is seen in 
pancreas and common peaks, while neural tube specific peaks exhibit more 
random spacings. Spacing frequencies (vertical axes) were normalized to total 
number of possible non-overlapping spacings in each peak set. Insets: Motifs 
derived from PTF1 sites with single helical turn spacing. 
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Figure 4.4. The PTF1, E-box, and TC-box motifs found in the Ptf1a binding 
regions from neural tube and embryonic pancreas differ in their 
distribution. A) Percent of tissue specific peaks that possess each combination 
of E-boxes and TC-boxes. B-D) Distribution of peaks in specific to pancreas, to 
neural tube, and common peaks with respect to number of tags underneath 
peak summits. Average peak heights are shown for each peak type. 
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Figure 4.5. Identification of motifs associated with neural tube and 
pancreas. A) Left: The neural tube motif closely resembles a consensus Sox 
sequence (ACAAWR). Right: Histogram of spacing of Sox sites relative to E-
boxes reveals no particular prevalence for either orientation or distance from E-
box. B) Left: The pancreas motif matches the forkhead consensus (RYMMACA). 
Right: The forkhead motif prefers a one base separation from E-boxes in the 
pancreas. Notably, the E-box used in this compound motif is the same as seen 
in Fig. 3A (CASSTG, inset). C) Table of predicted and observed motif 
occurrences in neural tube specific, pancreas specific, and common Ptf1a peak 
regions. The Sox motif is enriched roughly twofold over pancreas when 
normalized to the number of randomly expected occurrences, while the reverse 
is true for the forkhead motif. The E-box/forkhead motif is strongly enriched in 
pancreas only. D) GO classification of targets near pancreas peaks containing 
an E-box/forkhead motif. 
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CHAPTER FIVE 

 

Ptf1a directly establishes GABAergic versus glutamatergic 

neuronal identity in neural development 

 

 

INTRODUCTION 

As I discuss in Chapter 1, a common theme in neural development is the cross-

repression between regulators of apposing cell populations. Loss-of-function 

studies for several proneural bHLH transcription factors have shown that instead 

of undergoing apoptosis or failing to differentiate, affected progenitor domains 

instead co-opt the identity of an immediately adjacent population (Gowan et al., 

2001, Glasgow et al., 2005, Helms et al., 2005). Loss of Ptf1a, for instance, 

abolishes expression of the dI4/dILA markers Lhx1/5 and Pax2 and promotes 

expression of the dI5/dILB specific markers Lmx1b and Tlx3 in their place 

(Glasgow et al., 2005). As a result, all GABAergic neurons in the dorsal horn of 

the spinal cord are replaced by glutamatergic neurons, and presumptive 

misspecification of hindbrain neurons has lethal consequences in mutants 

(Glasgow et al., 2005). Overexpression of Ptf1a, on the other hand, induces 

ectopic expression of dILA markers while reducing levels of dILB markers (Hori 

et al., 2008). Thus, Ptf1a is a critical determinant in the fate choice between 

excitatory and inhibitory neuron, but the molecular mechanisms that govern this 

behavior are completely unknown. 

 In this chapter, I use a genome-wide approach to survey the repertoire of 

direct transcriptional targets of Ptf1a in the neural tube. While Ptf1a is 

responsible for activating a cascade of transcription factors that specify and 

maintain the GABAergic identity, it also directly regulates several components of 

the GABA biosynthesis and transport pathway. I also present evidence that 
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Ptf1a may function in a repressive context, especially with respect to the Ascl1-

directed program. 

 

MATERIALS AND METHODS 

 

ChIP-Seq & Analysis 

Ptf1a ChIP-Seq and computational analyses are described in Chapter 4.  

mRNA Sequencing and Analysis 

FACS, RNA purification, and mRNA-Seq library preparation were performed as 

described in Chapter 4. Two independent libraries were sequenced for each cell 

population (see Table 5.1). 

 

Number of embryos pooled Library 1 Library 2 

mCherry+ E11.5 NT (12.4Ptf1a-mCherry;Ptf1a+/-) 3 3 

mCherry+ E11.5 NT (12.4Ptf1a-mCherry;Ptf1a-/-) 2 2 
 Table 5.1. mRNA-Seq library composition 

Sequences were mapped to the mm9 build of the mouse genome using TopHat 

v1.0.14 (Trapnell et al., 2009). Only the highest quality sequences with up to a 2 

bp mismatch that mapped to 10 locations or less were used for further analysis. 

Expression levels were determined by the FPKM method using Cufflinks v0.8.2 

(Trapnell et al., 2010). 

 

RESULTS 

 

Ptf1a activates a diverse compilation of genes 

In order to understand the molecular mechanisms governing the binary nature of 

the Ptf1a program, we examined which targets of Ptf1a in the neural tube 

(described in Chapter 4) exhibited the most dramatic change in expression 

levels in the presence and absence of Ptf1a. To this end, Ptf1a expressing cells 
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were enriched by FACS from Ptf1a heterozygous and null neural tubes of our 

12.4Ptf1a-mCherry transgenic mouse line. 12.4Ptf1a-mCherry expresses 

mCherry in a dorsal neural tube restricted domain overlapping with Ptf1a 

progenitors but is not restricted to this lineage, and its activity does not require 

Ptf1a (Fig. 3.1F, Fig. 5.1). Therefore, we performed mRNA-Seq from mCherry 

positive cells from both wild-type and Ptf1a null backgrounds at E11.5 to 

identify genes requiring Ptf1a for their expression. Although ChIP was performed 

at E12.5, 12.4Ptf1a-mCherry expression extends well beyond the Ptf1a domain 

at this stage (see Fig. 3.1C). At E11.5, mCherry is still confined to the ventricular 

zone, and dILA neurons have already begun to form. 65 genes expressed at 3 

FPKM or greater in E12.5 GFP+ cells were downregulated by 1.5 fold or greater 

in the Ptf1a mutant at E11.5 (Table 5.2). Among these include several genes 

known to be genetically downstream of Ptf1a, such as Lhx1, Lhx5, and Pax2, as 

well as the previously identified Ptf1a targets Neurog2, Kirrel2, Nphs1, and Ptf1a 

itself (Glasgow et al., 2005, Henke et al., 2009b, Meredith et al., 2009, Nishida et 

al., 2010). Roughly one third of these targets regulate transcription, consistent 

with the idea that proneural factors establish transcription factor cascades to 

induce differentiation and specification. Many targets are involved in cell 

adhesion and synaptic formation, such as Nrxn3, Dscaml1, and Syt3. Notably, 

Ptf1a also directly activates several components of GABAergic machinery, 

including Gad1 (GAD67), Slc32a1 (Viaat), and Abat (GABA transaminase). Thus, 

Ptf1a directly activates a GABAergic specification program that includes specific 

transcription factors (Lhx1, Lhx5, and Pax2) that are important for maturation of 

these neurons (Pillai et al., 2007), as well as the GABAergic machinery itself. The 

role of the other genes in this list for GABAergic neuronal development and 

function are less understood. 
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Ptf1a opposes glutamatergic programs by direct repression 

Ptf1a not only specifies the GABAergic phenotype but it represses the dI5/dILB 

glutamatergic lineage in the dorsal neural tube. We hypothesized that the 

observed derepression of Lmx1b and Tlx3, and the consequent fate switch in 

the Ptf1a mutant was, at least in part, due to decreased antagonism of Ascl1, as 

suggested by previous studies (Hori et al., 2008). This regulation does not 

appear to be due to transcriptional control of Ascl1 directly since there is no 

Ptf1a binding region within 50 kb of Ascl1, and Ascl1 expression is virtually 

identical between Ptf1a heterozygotes and mutants (99 FPKM in Ptf1a+/- versus 

103 FPKM in Ptf1a-/-). Instead, Ptf1a suppression of Lmx1b may be direct, as a 

strongly enriched ChIP-Seq region is detected within 20 kb 3’ of the TES (Fig. 

5.2). Cbln1 (Cerebellin 1) is the cognate ligand of the glutamate receptor GluD2 

and is expressed and secreted by cerebellar granule cells (Matsuda et al., 2010). 

A Ptf1a binding region is located immediately upstream of Cbln1, which is 

upregulated over five fold in the Ptf1a mutant (Fig. 5.2). Furthermore, Ptf1a 

suppresses many other genes, several of which are putative targets of Ascl1 

(Table 5.3). Ephb1, Mfng, and Nefl were all identified as downstream targets of 

Ascl1 in the developing telencephalon using a combination of gain- and loss-of-

function assays (Gohlke et al., 2008). Our lab has also performed ChIP-Seq and 

mRNA-Seq experiments with Ascl1 in the neural tube at E11.5. Of the 

suppressed Ptf1a targets, Tcfap2e, Mfng, Ebf3, Nbl1, and Snai1 are activated by 

Ascl1 (data not shown).  

 

Putative microRNA targets of Ptf1a  

Several Ptf1a binding regions fall near currently annotated microRNAs (Table 

5.4), implicating that Ptf1a may regulate the expression of their primary 

transcripts (pri-miRNAs). Unfortunately, expression levels as determined by 

mRNA-Seq are not very useful for microRNAs, mostly because the pri-miRNAs 

are not annotated. Furthermore, our RNA purification and sequencing library 
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preparation methods bias against small and unadenylated transcripts, so it is 

unlikely that any mature or pre-microRNAs are represented in our mRNA-Seq 

data. Nonetheless, a qualitative estimate of microRNA gene expression can be 

seen from the raw data, as shown in Fig. 5.3. Mir9-1, Mir9-3, and Mir124a-2 are 

especially strong candidate targets as they possess multiple Ptf1a peaks nearby 

and are expressed at high levels (Fig. 5.3). None appear to decrease much in the 

Ptf1a mutant, which could be explained by two factors: both mir9 and mir124 

are ubiquitously expressed in mature neurons (Kapsimali et al., 2007), and Ptf1a 

lineage cells transfate in the null. Furthermore, Ascl1 binding is seen in the same 

locations near Mir9-1 and Mir9-3, so even the same loci could be regulated in a 

compensatory fashion in the absence of Ptf1a (data not shown).  

 

DISCUSSION 

In this study, I have performed the first genome-wide analysis of direct 

transcriptional targets of Ptf1a and of any neural bHLH factor at the time of this 

writing. This analysis has revealed several novel functions of Ptf1a. First, while 

Ptf1a activates several downstream transcription factors, it also initiates mature 

inhibitory neuron genes. Second, the presence of Ptf1a binding regions near 

genes that are upregulated in the Ptf1a null suggests that Ptf1a can actively 

repress transcription. Lastly, unlike the cross-repression models demonstrated 

for other bHLH factors such as Atoh1 (Math1), Neurog1, Neurog2, and Ascl1, 

Ptf1a establishes neuronal identity by directly activating GABAergic machinery 

and inhibiting components of the Ascl1 pathway.  

 While much work has been invested studying microRNA biology, very 

little is known about their transcriptional regulation. Because roles in promoting 

neuronal differentiation and maintaining the neuronal state have been described 

for mir9 and mir124 (Yoo et al., 2009, Maiorano and Mallamaci, 2010), it is not 

surprising that they might be under neural bHLH control. Another function of 

microRNA regulation could be to destabilize tissue-inappropriate transcripts. An 
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attractive hypothesis for Ptf1a, for instance, is that upregulation of neuronal 

specific microRNAs prevents production of pancreatic proteins. As I discuss in 

the previous chapter, the 3’ UTR of FoxA2 contains putative matches to both 

mir9 and mir124 seed sequences, securing against possible activation of the 

developing pancreas program. Further study will be required to validate the 

regulation of microRNA genes by Ptf1a, let alone its functional relevance.      

 That the putative pri-miRNAs do not appear to be downregulated in the 

Ptf1a null suggests two possibilities. Either Ptf1a binding near these genes is 

coincidental and non-productive, or redundancy exists in their regulation. 

Because of the well-characterized transfating phenomenon that occurs with 

many proneural bHLH proteins as well as the ubiquitous neuronal expression of 

mir9 and mir124, it is highly likely that multiple factors activate these microRNAs 

within each neural tube domain. Binding by Ascl1, which presumably dominates 

in the absence of Ptf1a in the neural tube, is observed in similar locations near 

Mir9-1, Mir9-3, and many other loci across the genome (data not shown), 

supporting this idea.  

 The way I have performed the analysis of Ptf1a targets was intended to 

isolate genes that are specifically regulated by Ptf1a, and relative to the total 

number of genes near which Ptf1a binds (see previous chapter), this list 

comprises only a small fraction. The remainder of targets likely falls into two 

major categories: those regulated by multiple factors and those assigned 

improperly to Ptf1a binding regions. The first category introduces the concept of 

common bHLH factor targets. While each interneuron population is specified by 

a unique bHLH factor, each factor must first activate a general neuronal 

program (differentiation). Therefore, it is intuitive that many genes may be 

regulated by any neural bHLH protein, and preliminary evidence for this has 

been shown in multiple studies (Seo et al., 2007, Gohlke et al., 2008). 

Demonstrating that such targets are indeed valid is difficult with traditional loss-

of-function experiments, and careful analysis is required to circumvent and 
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confounding redundancy in regulation. The second category results from both 

non-productive binding events and long distance enhancers. In either case, 

sophisticated assays, such as chromosome conformation capture, are needed 

to accurately determine what genes are being truly regulated. 
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Figure 5.1. 12.4Ptf1a-mCherry expression is unaffected by Ptf1a absence. 
Transverse sections of E11.5 neural tube at forelimb level in Ptf1a+/- (A-C) and 
Ptf1a-/- (A’-C’) backgrounds. A) mCherry (red) signal overlaps considerably with 
Ptf1a (green), and this expression pattern is not altered in the Ptf1a null. B) The 
dI4 marker Pax2 (green) colabels with mCherry at the lateral edge of the 
ventricular zone, which is not the case for the dI3 and dI5 marker Tlx3 when 
Ptf1a is present (C). B’-C’) This trend is reversed in the Ptf1a null, in which the 
dI4 population adopts dI5 characteristics.  
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Figure 5.2. Ptf1a binds regions near genes that are repressed in the Ptf1a 
domain. Top: A Ptf1a binding region (blue) is found downstream of Lmx1b, 
scale bar = 20kb. Bottom: Ptf1a binds just upstream of Cbln1, scale bar = 2kb. 
Ptf1a ChIP-Seq signal scale (in number of reads) is shown in blue to the left of 
each diagram. Vertebrate conservation is shown in black. 
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Figure 5.3. Ptf1a activates microRNAs involved in neuronal differentiation.  
Top: Several Ptf1a binding regions (blue) are located near Mir9-1, which is 
expressed in both Ptf1a heterozygotes (purple) and nulls (orange), scale bar = 
5kb. Middle: Three strong Ptf1a peaks are seen near Mir9-3, scale bar= 20kb. 
Bottom: Mir124a-2 has two Ptf1a peaks flanking it, scale bar = 2kb. Ptf1a ChIP-
Seq signal scale (in number of reads) is shown in blue to the left of each 
diagram. Similarly, the mRNA-Seq signal scale (in FPKM) is indicated for both 
heterozygous (purple) and null (orange) backgrounds. Vertebrate conservation is 
shown in black. 
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Gene 
symbol 

FPKM - 
Ptf1a Het 

FPKM - 
Ptf1a Mut 

Fold 
Change Name Function 

Nphs1 16.25 0.09 185.80 
nephrosis 1 homolog, 
nephrin (human) cell adhesion 

Kirrel2 68.60 0.39 177.61 
kin of IRRE like 2 
(Drosophila) cell adhesion 

Pax2 76.36 0.50 153.15 paired box gene 2 transcription factor 

Gad1 15.14 0.12 130.71 
glutamic acid 
decarboxylase 1 

neurotransmitter 
biosynthetic process 

Slc32a1 24.42 0.30 82.37 

solute carrier family 32 
(GABA vesicular 
transporter), member 1 

neurotransmitter 
transport 

Lhx1 67.46 0.88 76.92 LIM homeobox protein 1 transcription factor 

Lhx5 74.56 1.26 59.11 LIM homeobox protein 5 transcription factor 

Sst 70.53 3.19 22.09 somatostatin hormone activity 

Dmbx1 2.34 0.11 21.58 
diencephalon/mesencepha
lon homeobox 1 transcription factor 

Nrxn3 4.97 0.39 12.88 neurexin III integral to membrane 

Cacna2d3 6.36 0.51 12.35 

calcium channel, voltage-
dependent, alpha2/delta 
subunit 3 

voltage-gated 
calcium channel  

Mafa 0.77 0.15 4.98 

v-maf musculoaponeurotic 
fibrosarcoma oncogene 
family, protein A (avian) transcription factor 

Accn4 7.50 1.56 4.80 
amiloride-sensitive cation 
channel 4, pituitary 

sodium channel 
activity 

Prdm13 47.98 10.47 4.58 PR domain containing 13 transcription factor 

Cacna2d2 12.66 3.45 3.66 

calcium channel, voltage-
dependent, alpha 2/delta 
subunit 2 

voltage-gated 
calcium channel  

Grasp 9.82 2.77 3.55 

GRP1 (general receptor for 
phosphoinositides 1)-
associated scaffold protein signal transduction 

Rapgef5 12.31 3.84 3.20 
Rap guanine nucleotide 
exchange factor (GEF) 5 

guanyl-nucleotide 
exchange factor 
activity 

Adamtsl1 1.10 0.37 2.98 ADAMTS-like 1 
metallopeptidase 
activity 

Cygb 0.68 0.23 2.94 cytoglobin oxygen transport 

Ptf1a 14.65 5.01 2.92 
pancreas specific 
transcription factor, 1a transcription factor 

Slc37a1 7.70 2.74 2.81 

solute carrier family 37 
(glycerol-3-phosphate 
transporter), member 1 

glycerophosphate 
shuttle 

Abat 30.24 11.21 2.70 
4-aminobutyrate 
aminotransferase 

gamma-aminobutyric 
acid metabolic 
process 

Dusp26 11.95 4.51 2.65 
dual specificity 
phosphatase 26 (putative) 

protein 
tyrosine/serine/threon
ine phosphatase 
activity 

Spsb1 4.46 1.71 2.61 

splA/ryanodine receptor 
domain and SOCS box 
containing 1 signal transduction 

Id1 41.23 17.30 2.38 inhibitor of DNA binding 1 
regulation of 
transcription 
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Slco3a1 3.79 1.64 2.31 

solute carrier organic anion 
transporter family, member 
3a1 

organic anion 
transport 

Tcfap2b 62.75 27.23 2.30 
transcription factor AP-2 
beta transcription factor 

3110035E
14Rik 7.62 3.31 2.30   

Dscaml1 0.15 0.07 2.29 
Down syndrome cell 
adhesion molecule-like 1 cell adhesion 

Pgbd5 5.21 2.30 2.27 piggyBac transposable element derived 5 

Jdp2 5.07 2.24 2.26 Jun dimerization protein 2 transcription factor 

Ntrk1 1.04 0.47 2.24 
neurotrophic tyrosine 
kinase, receptor, type 1 signal transduction 

Skor1 47.37 21.60 2.19 
SKI family transcriptional 
corepressor 1 

transcription 
corepressor activity 

Plxna4 1.46 0.71 2.05 plexin A4 integral to membrane 

Gpm6a 11.24 5.57 2.02 glycoprotein m6a integral to membrane 

Chgb 15.65 8.13 1.92 chromogranin B 
stored secretory 
granule 

Actr5 12.72 6.72 1.89 
ARP5 actin-related protein 
5 homolog (yeast) 

regulation of 
transcription 

Gsg1l 1.44 0.76 1.89 GSG1 - like  

Dok5 2.33 1.24 1.88 docking protein 5 MAPKKK cascade 

Prkcb 1.74 0.93 1.87 protein kinase C, beta phosphorylation 

Pde9a 8.31 4.45 1.87 phosphodiesterase 9A 

3',5'-cyclic-GMP 
phosphodiesterase 
activity 

Cacna1g 10.45 5.68 1.84 

calcium channel, voltage-
dependent, T type, alpha 
1G subunit 

voltage-gated 
calcium channel  

Nuak1 10.24 5.68 1.80 
NUAK family, SNF1-like 
kinase, 1 

protein 
serine/threonine 
kinase activity 

Nptx1 15.40 8.56 1.80 neuronal pentraxin 1 cytoplasmic vesicle 

Acss1 13.32 7.64 1.74 

acyl-CoA synthetase 
short-chain family member 
1 

acetyl-CoA 
biosynthetic process 

Neurod2 0.54 0.32 1.70 
neurogenic differentiation 
2 transcription factor 

Zbtb16 3.62 2.13 1.70 
zinc finger and BTB 
domain containing 16 transcription factor 

1700025G
04Rik 10.50 6.21 1.69   

Emid2 1.72 1.03 1.67 EMI domain containing 2 
proteinaceous 
extracellular matrix 

Aplp1 76.49 46.38 1.65 
amyloid beta (A4) 
precursor-like protein 1 integral to membrane 

Celf4 15.40 9.36 1.65 
CUGBP, Elav-like family 
member 4 mRNA processing 

Odz2 3.70 2.27 1.63 
odd Oz/ten-m homolog 2 
(Drosophila) signal transduction 

Anks1b 1.75 1.09 1.60 

ankyrin repeat and sterile 
alpha motif domain 
containing 1B 

postsynaptic 
membrane 

Gamt 7.06 4.51 1.56 
guanidinoacetate 
methyltransferase creatine biosynthesis 

Cbfa2t3 7.23 4.64 1.56 core-binding factor, runt transcription factor 
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domain, alpha subunit 2, 
translocated to, 3 (human) 

Lrrtm1 2.72 1.75 1.56 
leucine rich repeat 
transmembrane neuronal 1 integral to membrane 

Hrh3 5.65 3.65 1.55 histamine receptor H3 

G-protein coupled 
receptor protein 
signaling pathway 

Phgdh 11.57 7.48 1.55 
3-phosphoglycerate 
dehydrogenase 

L-serine biosynthetic 
process 

Rap1gap 6.05 3.94 1.54 
Rap1 GTPase-activating 
protein  

Sobp 5.83 3.80 1.53 
sine oculis-binding protein 
homolog (Drosophila) transcription factor 

Zfpm1 4.83 3.19 1.52 
zinc finger protein, 
multitype 1 transcription factor 

Cntn2 56.56 37.48 1.51 contactin 2 cell adhesion 

Syt3 0.72 0.48 1.51 synaptotagmin III synaptic vesicle 

Lmo1 7.09 4.72 1.50 LIM domain only 1 transcription cofactor 

Neurog2 45.76 30.46 1.50 neurogenin 2 transcription factor 

 
Table 5.2. Genes activated by Ptf1a in the neural tube. FPKM values and fold 
change (Het/Mut) as well as GO classification for each gene are listed. 
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Gene Symbol 
FPKM - 

Ptf1a Het 
FPKM - 

Ptf1a Mut 
Fold 

Change Name Function 

Lmx1b 1.47 34.98 23.87 

LIM homeobox 
transcription factor 1 
beta transcription factor 

Phox2a 0.44 9.17 20.81 
paired-like 
homeobox 2a transcription factor 

Calb2 0.65 7.34 11.21 calbindin 2 calcium ion binding 

Cbln1 3.86 20.47 5.31 
cerebellin 1 
precursor protein synapse formation 

Casz1 0.90 4.62 5.14 

castor homolog 1, 
zinc finger 
(Drosophila) transcription factor 

Tcfap2e 1.12 5.41 4.82 
transcription factor 
AP-2, epsilon transcription factor 

Gm2694 3.42 14.05 4.11 predicted gene 2694 

Crabp1 192.66 742.80 3.86 
cellular retinoic acid 
binding protein I transporter activity 

Nefl 21.99 79.30 3.61 
neurofilament, light 
polypeptide neuron projection 

Cabp7 0.97 3.33 3.45 
calcium binding 
protein 7 calcium ion binding 

Neurod4 2.44 7.73 3.17 
neurogenic 
differentiation 4 transcription factor 

Wscd2 0.69 2.18 3.14 
WSC domain 
containing 2 carbohydrate binding 

Mfng 10.76 28.95 2.69 manic fringe signal transduction 

Asb4 0.57 1.50 2.63 

ankyrin repeat and 
SOCS box-
containing 4 

intracellular signaling 
pathway 

Hip1r 3.03 7.75 2.56 

huntingtin 
interacting protein 1 
related 

receptor-mediated 
endocytosis 

Ephb1 1.15 2.94 2.55 Eph receptor B1 axon guidance 

Vstm2l 2.32 5.80 2.50 
V-set and transmembrane domain containing 
2-like 

Chrnb4 1.69 3.70 2.19 

cholinergic receptor, 
nicotinic, beta 
polypeptide 4 

nicotinic 
acetylcholine-gated 
receptor-channel 
complex 

Nckap5 1.99 4.19 2.10 NCK-associated protein 5 

Ebf2 9.23 18.81 2.04 early B-cell factor 2 transcription factor 

Glyctk 4.04 8.18 2.02 glycerate kinase phosphorylation 

AI506816 5.95 11.83 1.99 expressed sequence AI506816 

Ntrk3 2.94 5.67 1.93 

neurotrophic 
tyrosine kinase, 
receptor, type 3 

protein tyrosine 
kinase activity 

Fam78b 2.63 5.03 1.91 family with sequence similarity 78, member B 

Mapk10 7.90 15.00 1.90 
mitogen-activated 
protein kinase 10 JUN kinase activity 

Eya2 10.71 20.18 1.88 

eyes absent 2 
homolog 
(Drosophila) DNA repair 

Slitrk1 3.37 6.19 1.83 
SLIT and NTRK-like 
family, member 1 axonogenesis 

Nell2 30.75 56.02 1.82 NEL-like 2 (chicken) cell adhesion 
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Lmo3 0.90 1.60 1.79 LIM domain only 1 transcription cofactor 

Nbl1 4.71 8.38 1.78 
neuroblastoma, suppression of tumorigenicity 
1 

Megf11 2.47 4.34 1.76 
multiple EGF-like-
domains 11 integral to membrane 

C1qb 1.73 3.02 1.75 

complement 
component 1, q 
subcomponent, beta 
polypeptide 

protein 
homodimerization 
activity 

Shb 2.38 4.12 1.73 

src homology 2 
domain-containing 
transforming protein 
B cell differentiation 

Chrna4 26.03 44.93 1.73 

cholinergic receptor, 
nicotinic, alpha 
polypeptide 4 

nicotinic 
acetylcholine-gated 
receptor-channel 
complex 

Pdgfra 0.86 1.47 1.70 

platelet derived 
growth factor 
receptor, alpha 
polypeptide 

transmembrane 
receptor protein 
tyrosine kinase 
signaling pathway 

Ebf3 28.47 48.41 1.70 early B-cell factor 3 transcription factor 

Fam46c 1.13 1.90 1.68 family with sequence similarity 46, member C 

Elfn1 1.77 2.97 1.68 
leucine rich repeat and fibronectin type III, 
extracellular 1 

Thsd7a 9.47 15.57 1.65 

thrombospondin, 
type I, domain 
containing 7A integral to membrane 

Unc5c 2.45 4.03 1.64 
unc-5 homolog C (C. 
elegans) 

netrin receptor 
activity 

C1qc 1.65 2.66 1.61 

complement 
component 1, q 
subcomponent, C 
chain 

complement 
activation, classical 
pathway 

Snai1 2.30 3.66 1.59 
snail homolog 1 
(Drosophila) 

transcription 
repressor activity 

Neil1 2.54 4.03 1.59 
nei endonuclease 
VIII-like 1 (E. coli) DNA repair 

Atp2b2 1.35 2.12 1.58 

ATPase, Ca++ 
transporting, plasma 
membrane 4 

calcium-transporting 
ATPase activity 

9030425E11Rik 4.16 6.46 1.55   

Sox10 0.77 1.20 1.55 
SRY-box containing 
gene 10 transcription factor 

Snta1 2.20 3.40 1.54 syntrophin, acidic 1 
postsynaptic 
membrane 

Necab3 5.54 8.53 1.54 

N-terminal EF-hand 
calcium binding 
protein 3 calcium ion binding 

Rmst 0.92 1.40 1.53 
rhabdomyosarcoma 2 associated transcript 
(non-coding RNA) 

C630043F03Rik 1.34 2.03 1.52   

Xpr1 9.06 13.61 1.50 

xenotropic and 
polytropic retrovirus 
receptor 1 signal transduction 

Dnajc6 1.38 2.07 1.50 

DnaJ (Hsp40) 
homolog, subfamily 
C, member 6 

heat shock protein 
binding 
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Col14a1 1.56 2.34 1.50 
collagen, type XIV, 
alpha 1 cell adhesion 

Dlgap3 7.03 10.51 1.50 

discs, large 
(Drosophila) 
homolog-associated 
protein 3 beta-amyloid binding 

Tshz1 24.59 36.77 1.50 
teashirt zinc finger 
family member 1 transcription factor 

Ppm1h 1.02 1.51 1.49 

protein phosphatase 
1H (PP2C domain 
containing) dephosphorylation 

 
Table 5.3. Genes repressed by Ptf1a in the neural tube. FPKM values and 
fold change (Mut/Het) as well as GO classification for each gene are listed. 
Bolded genes are potential downstream targets of Ascl1. 
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microRNA Ptf1a peaks nearby 
Mir10b 1 
Mir124a-1 1 
Mir124a-2 2 
Mir130a 1 
Mir135a-2 1 
Mir135b 1 
Mir137 1 
Mir140 1 
Mir145 1 
Mir148b 3 
Mir152 4 
Mir185 1 
Mir219-2 2 
Mir326 1 
Mir499 1 
Mir505 1 
Mir568 1 
Mir670 1 
Mir671 1 
Mir684-1 1 
Mir717 1 
Mir763 1 
Mir9-1 6 
Mir9-3 3 
Mir92-1 1 
Mir92b 1 

 

Table 5.4. MicroRNAs that have Ptf1a peaks within 50 kb. 
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CHAPTER SIX  

 

Conclusions and future directions 

 

 

In this thesis I have demonstrated that Ptf1a regulation entails at least two 

mechanisms, initiation and positive autoregulation, and I have characterized the 

activities of two distinct enhancers that demonstrate this. I have also identified 

numerous direct targets of Ptf1a in the neural tube using a combination of ChIP-

Seq and mRNA-Seq. Subsequent analysis of these genome-wide data revealed 

novel functions and binding partners for Ptf1a, providing important insight into 

the divergent roles of Ptf1a in the developing CNS and pancreas. 

  

Ptf1a regulation 

 

In vivo relevance of autoregulation 

In Chapter two I demonstrated that Ptf1a participates in positive autoregulation. 

This is a common theme for cell-type specification factors, as it allows a cell to 

lock in a given program and force the development of a particular cell 

population. Not surprisingly, Ptf1a autoregulation occurs everywhere Ptf1a is 

present, implying that this level of regulation is critical to Ptf1a function. The 

ultimate test for any enhancer is to delete it from the genome and observe the 

consequences on the target gene’s expression. Because of the extraordinary 

time and cost needed to generate a knockout animal, very few such proof-of-

principal studies have been conducted for enhancers in mice. Nonetheless, 

mutation of the PTF1 autoregulatory sites in vivo would provide a definitive 

answer to the necessity of autoregulation.  
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Identification of upstream regulatory factors for Ptf1a 

The 12.4 kb 3’ Ptf1a enhancer, as discussed in Chapter three, likely controls 

initial Ptf1a activation in the neural tube. Dissection of its active region (R7) 

uncovered an ultraconserved 132 bp element that is required for activity. 

Sequence analysis of the 132 bp failed to identify any binding sites for 

transcription factors that are restricted to the dP4 domain in the nascent neural 

tube. In fact, most of the putative sites belong to factors that are widely 

expressed, such as Sp1, AP-2, and Lef/Tcf, and there are multiple sites for each 

factor distributed across the 132 bp. This leads me to think that Ptf1a initiation 

proceeds by one of two mechanisms in the neural tube. Assuming that the 132 

bp element is solely responsible for Ptf1a activation, then the strict confinement 

of Ptf1a to the dP4 domain must be achieved through the combinatorial action 

of several transcription factors. For example, Sox2 and Pou2f1 synergize to 

regulate Pax6 expression in the developing lens and olfactory placode (Donner 

et al., 2007). Another possibility is that the 132 bp element works in concert with 

other elements to achieve proper spatial regulation. In this scenario, the 132 bp 

region confers no domain specificity per se, which could explain why it 

expresses so broadly in the neural tube when tested by itself (see Fig. 3-4B). 

This also requires that a separate, domain specific enhancer or repressor must 

exist elsewhere in R7 (in segment ‘A’ in particular, see Fig. 3-3) that is 

insufficient to activate transcription itself. In either case, careful mutagenesis 

studies may reveal that multiple sites are necessary for activity, and mRNA-Seq 

data can be used to refine which transcription factor family members are 

expressed in Ptf1a positive cells, and are therefore candidates to regulate Ptf1a. 

 

Function of Ptf1a in the hypothalamus 

Ptf1a function has thus far been studied in every tissue except the 

hypothalamus. A common theme in the CNS is that Ptf1a generates inhibitory 

interneurons, while its role in the pancreas is dramatically different, where it is 
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critical for exocrine development. A link between these two disparate functions 

has yet to be described or even offered. Such a connection may well lie with the 

hypothalamus. Lineage tracing experiments showed that Ptf1a expressing cells 

eventually reside within what appears to be the ventromedial hypothalamus 

(Glasgow et al., 2005). This nucleus is of great importance for normal feeding 

behavior, and lesions in the ventromedial hypothalamus result in extreme 

hyperphagia (King, 2006). While Ptf1a heterozygotes have no overt 

abnormalities of the nervous system, previous lab members and I have observed 

that these animals tend to be more obese than their wild-type littermates. Thus, 

it is possible that Ptf1a exhibits haploinsufficiency in the hypothalamus. 

Classification of Ptf1a expressing neurons will be important to elucidate Ptf1a 

function in this region. Furthermore, identification of Ptf1a mediated programs in 

the hypothalamus, via similar genome-wide studies presented here, could very 

well yield novel targets for obesity management. 

 

Investigation of Ptf1a targets 

In Chapter five I identified numerous targets of Ptf1a in the neural tube, many of 

which have not been assigned a function in neural development. While the focus 

of this thesis has been on the direct function of Ptf1a, it is clear that Ptf1a 

establishes secondary programs by activating numerous transcription factors. 

How these factors influence differentiation, cell fate determination, and 

phenotype maintenance will be central to understanding the progression from 

naïve progenitor to mature neuron. 

 Prdm13 is of particular interest as a Ptf1a target for several reasons. Its 

expression pattern is remarkably confined to what appears to be the Ptf1a 

domain in the neural tube (Kinameri et al., 2008), and it is markedly 

downregulated in the Ptf1a null (see Table 5-2). Furthermore, the Prdm family 

contains a characteristic histone methyltransferase domain, which bears 

similarity to the well described SET domain (Kinameri et al., 2008). Perhaps the 



  111 

most puzzling of Ptf1a’s functions is its ability to suppress opposing 

specification programs. While I offer evidence that this a direct function of Ptf1a, 

in vitro transcription assays argue against Ptf1a having repressive activity (Beres 

et al., 2006). An elegant solution to this dilemma is that Prdm13, either as a 

partner with Ptf1a or by itself, closes off chromatin access to genes involved in 

glutamatergic neuron specification. By extension, the same mechanism could 

prevent activation of the pancreas program, in contrast with the permissive 

“pioneer” function of FoxA2 in endodermal development. If Prdm13 functions 

simply as an effector of Ptf1a, then misexpression experiments should 

demonstrate similar transfating effects as observed for Ptf1a (Hoshino et al., 

2005, Hori et al., 2008). Otherwise, more traditional loss-of-function studies will 

be needed to assay Prdm13 function. 

 

Identification of Ptf1a targets in the diencephalon and retina 

Comparison between Ptf1a targets in the neural tube and pancreas provides 

important insight into how Ptf1a, and other transcription factors that function in 

multiple organs, are capable of directing disparate programs. While the retina 

and diencephalon are more similar to the neural tube than the pancreas, 

identifying Ptf1a targets in these tissues should help dissect finer differences in 

Ptf1a function. In the continual quest to understand how stem cells may be 

directed to form a given mature cell type or tissue for therapeutic purposes, it is 

imperative to uncover the precise regulatory networks governing cell-type 

specification.  

 

Evidence for cooperative binding with Sox and Fox factors 

The strong association of Sox and forkhead motifs with Ptf1a binding regions in 

the neural tube and pancreas, respectively, certainly requires further 

investigation. The recent availability of a mouse line possessing a biotinylation 

tagged Ptf1a allele (unpublished) should greatly facilitate the biochemical 
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studies needed to identify novel Ptf1a interacting proteins, such as those of the 

Sox and Fox families. In the absence of data supporting physical interaction 

between Ptf1a and Sox/Fox proteins, it will still be important to know if these 

factors synergize to activate transcription. Testing putative enhancers, as 

revealed by ChIP-Seq, in reporter assays should establish if Ptf1a binding 

regions that contain Sox/Fox motifs are capable of directing expression in the 

appropriate domains. Furthermore, mutating the E-box or Sox/Fox site within an 

identified enhancer would determine if either is required for activity. This 

approach allows one to assess the function of these accessory motifs without 

needing to first identify the specific protein binding the sequence. Misexpression 

and ChIP assays may be performed once candidate factors are identified. 

 

Antagonism between bHLH factors 

Preliminary evidence from Ascl1 ChIP-Seq experiments in the neural tube from 

our lab shows that Ascl1 and Ptf1a occupy many of the same regions in vivo 

(data not shown); perhaps as many as 40% of peaks overlap. Given that a 

subset of genes near these overlapping peaks are oppositely regulated by Ptf1a 

and Ascl1 (see Table 5.3) and that these two bHLH factors are co-expressed in 

a large portion of dorsal progenitors (Glasgow et al., 2005, Hori et al., 2008), it is 

intuitive that competitive inhibition might be occurring. The consensus E-box for 

Ascl1, MCASCTGC (Gohlke et al., 2008), is very similar to that for Ptf1a, 

MCAKCTGBY, supporting a competition model. Testing this hypothesis is 

difficult and would require careful titration studies in an in vitro reporter assay.   

 
Testing Ptf1a binding regions for enhancer activity 

In Chapter four I describe the PTF1 motif differences associated with Ptf1a 

binding regions in the neural tube and pancreas. Although I argue that sequence 

differences are probably too subtle to cause binding specificity between PTF1-J 

and PTF1-L (or PTF1-J in the neural tube versus pancreas), testing this 
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hypothesis will be important to determine the precise mechanism of Ptf1a 

function. The most straightforward approach is to test tissue-specific binding 

regions in transgenic mice for their ability to drive reporter expression to the 

proper domain. If chromatin state is the sole determinant of Ptf1a binding and 

activity, then tissue-specific ChIP-Seq regions should direct expression in all 

Ptf1a domains. If tissue-specific binding is reflective of tissue-specific activity, 

as it is for the co-activator p300 (Visel et al., 2009), then the solution to Ptf1a’s 

divergent functions lies in its sequence preferences near pancreas and CNS 

target genes. 
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