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NOMENCLATURE 
 
 

 Genetic loci are represented with lowercase italic. Allelic designation follows as a 

superscript. The two alleles of a locus are separated by a slash. Thus tbp∆N/∆N designates 

the tbp locus where both alleles lack the TBP N terminus protein coding sequence. 

 Protein names are capitalized. Thus TBP is the protein coding sequence for the 

TATA Binding Protein encoded in the tbp locus. 

 TBP-N is the abbreviation for the N-terminal protein coding sequence region of 

the TBP protein. 
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ABSTRACT 
 
 

The invertebrate/vertebrate transition and associated innovations can be regarded 
as a major event in evolution. Recent molecular progresses invite to an analysis of the 
events leading to the apparition of vertebrates and the underlying embellishment in gene 
regulation. In eukaryotes, the TATA-Binding Protein (TBP) has a central role in 
transcription initiation of most genes. TBP is comprised of a highly conserved DNA 
binding domain and, in vertebrates, it also contains a novel region: the N-terminal TBP 
protein coding sequence. The role of the TBP-N is largely unknown, but previous studies 
suggest that it is important for fetal survival. Most animals lacking the TBP-N (tbp∆N/∆N) 
die before weaning. The goal of the present work was to establish a deeper knowledge of 
the vertebrate-specific TBP-N. It was hypothesized that TBP-N could be involved in 
protein-protein interactions and that the high degree of similarity of TBP-N protein 
sequences in different species could correlate with similar functions. To test those 
hypotheses, two independent approaches were taken: (1) Protein-protein interactions 
involving the TBP-N via unbiased screens were characterized. (2) The mouse TBP-N was 
replaced by a similar and homologous TBP-N, in vivo, through homologous 
recombination. The TBP-N-replacement mutation was characterized through pathway 
analyses, bioinformatics, and whole-animal physiology. Screens for proteins interacting 
with the TBP-N of hagfish (hf), a basal vertebrate, uncovered hfPitxA. The Pitx family of 
transcription factors are proteins important in vertebrate development. The mouse 
paralogs of hfPitxA, Pitx1 and Pitx2, were found to interact with the mouse TBP-N. 
Moreover, the interaction appeared functional as it regulated the expression of nppa, a 
known target gene of Pitx2. In vivo replacement of the mouse TBP-N with the similar 
hfTBP-N did not affect the survival. Gene expression analysis indicated that lipid 
metabolism pathways were affected in animals lacking the TBP-N or when the hfTBP-N 
was present. Further analyses pointed toward a potential defect in insulin response and an 
abnormal hepatic fat storage. The data presented here argues in favor of an important role 
for TBP-N in vertebrate-specific gene regulation. More specifically, it is likely involved 
in heart development and in regulation of lipid metabolism. 
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MOLECULAR ORIGINS OF VERTEBRATE INNOVATIONS 
 

Introduction 
 
 

It has long been thought that evolutionary changes correlate with an increase in 

complexity 1-3. Measures of complexity have historically been based on morphological 

structures (number of organs, cell types, tissues and body segments) while the underlying 

molecular organization has only recently become accessible. 

The Cambrian explosion is the best known period of increased phenotypic 

complexity 4; however it does not seem to correlate either with a major genesis of novel 

genes or duplication and divergence of genomes, suggesting neither mechanism was 

involved 5. Nevertheless, it is becoming widely accepted that two whole-genome 

duplications (WGD), the “2R hypothesis”, occurred at or around the 

invertebrate/vertebrate transition 6-15 (Fig. 1.1). Studies focused on molecular aspects of 

extant species 16 suggest that the vertebrate transition involved acquisition of many  novel 

structures. The studies, however, could not include early vertebrate lineages that are now 

extinct and, for some authors, the notion of a burst of complexity may not be as 

straightforward when extinct species are considered 17. Further, the 

invertebrate/vertebrate transition may have been a more gradual period of character 

acquisitions rather than a single step. 

Here we review the literature and mine data from recent sequencing projects on 

non-vertebrate metazoans (sea urchin, Ciona, and amphioxus) to better understand the 

origins of “vertebrate novelties”. We show that a great number of vertebrate molecular 
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innovations had deep roots in non-vertebrate chordates, where partial systems gave rise to 

discrete vertebrate organs. 

 

 
 
Figure 1.1: Cladogram of the major metazoan groups discussed in the text. Simplified 
relationship based on molecular and morphological evidence between the organisms discussed in 
the text is drawn. Relevant species are mentioned in italics along their vernacular name. Red 
arrows indicate a phyla with small genomes where a gene loss is likely. WGD indicate the 
position of a putative whole genome duplications. Appearance of asymmetry is indicated. 
Adapted from 18-20. 
 
 The change from filter-feeding organisms (protochordates) to a more predator-

driven ecosystem 21 and two successive WGD could have catalyzed the vertebrate 

radiation during this period. Most of the new characters unique to vertebrates relate to the 
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head 21 and enable the predation-driven lifestyle of most vertebrates. Vertebrates have a 

complex and highly regionalized brain encased in a skull, external sensory organs, a 

muscularized and specialized pharynx and an endoskeleton. Those characteristics may be 

seen as additional modules to the basic body plan of protochordates. 

A module is a self-contained, independent component of a system which can 

interface with other components and can be interchanged or replaced to form different 

structures. Therefore, it can be seen from the organism scale or the molecular scale. 

Darwin suggested the existence of “core elements” that could be duplicated and adapted 

to different roles 22, therefore suggesting modularity of organisms 23 at the morphological 

level. Analysis of modularity at a molecular level and its role in development and 

evolution has recently been investigated 24. A module may therefore refer to a group of 

proteins and cis-regulatory elements (CRE). Modularity is thought to drive evolution 

through co-option and reduced pleiotropy 24,25 as, for example, an interface of the module 

may be functional in only one tissue despite its organism-wide distribution. 

We will start with an overview of the canonical markers of vertebrates, which are 

extensively reviewed in the current literature, namely the neural crest (NC) cells, the 

placodes, and the brain. Some overlooked vertebrate characters will then be considered. 

Finally, genetic mechanisms potentially responsible for such innovations will be 

examined. 
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Canonical Markers 
 
 
Overview 

Most of the vertebrate innovations are the result of two cell types: NC cells and 

placodes. They are both versatile ectodermal cell populations that differentiate into many 

cell types, including neurons, glia, secretory and sensory cells. They originate near the 

border of the neural plate (ectoderm) and have migratory abilities. Despite these 

similarities, some specific characteristics differentiate those two cell types. First, NC cells 

originate from the head and trunk while placodes are confined to the head. Second, NC 

cells have a greater repertoire of differentiation than placodes. Third, NC cells are a 

homogenous delaminating and migrating cell population while placodes are more 

heterogeneous and originate from thickening of the non-neural ectoderm. Fourth, both 

have specific gene regulatory networks. In addition to NC cells and placodes, another 

hallmark of vertebrates is the brain. The brain is a great enrichment of neurons in the 

anterior part of the neural tube responsible for integrating stimuli and mounting a 

coordinated response. 

 
Neural Crest Cells 

It is widely thought that the NC cells are central to vertebrate innovations and 

their evolution 21. They are so fundamental that some authors even go as far as 

assimilating them to a fourth germ layer 26 specific to vertebrates. The closure of the 

neural tube from neural plate border generates a transient migratory and pluripotent cell 

population, the NC cells, which are progenitor cells of many structures. Multiple clues 

will specify their differentiation outcomes during and after migration. They can be 
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classified into two categories: neuroglial or non-ectomesenchymal (neurons, glia, and 

pigment cells), and skeletogenic or ectomesenchymal (bone, cartilage, dentine) 27. 

Outstanding reviews about NC biology have been recently published 27,28. We will just 

touch upon some of their relevant aspects for vertebrate innovations. 

Recently, NC biology has been described from a gene regulatory network (GRN) 

perspective, where multiple markers organized in modules are used to define NC cells, 

leading to a more comprehensive approach 28-31. Many components of the NC cell GRN 

have been found in invertebrates 27,30 but the synergies, new genes, and interactions 32 

appear to be only found in vertebrates 32-34. Nevertheless, the concept of GRN for use as a 

definition for NC cells can be seen as a limitation as it does not consider the evolutionary 

processes needed to build the GRN. It is conceivable that the pluripotency observed in 

NC cells gradually arose from use of ancestral signaling pathways. This could have led to 

multiple temporal and spatial functions for the NC cells. 

The recent re-assessment of chordate evolution (Fig. 1.1) 35 suggests that tunicates 

are closer relative to vertebrates than cephalochordates even though tunicates underwent 

some drastic specialization leading to loss of some ancestral characteristics still found in 

cephalochordates 35-37 (Fig. 1.2). Amphioxus and Ciona express several homologues of 

NC cells markers, including transcription factors and signaling molecules responsible for 

vertebrate-like structures (BMP2/4, Pax3/7, Msx, Snail) 38-41. Co-option of novel genes 

and/or gene duplication, like the SoxE family 33,42, by NC cells can help explain the 

transcriptional changes required for the novel NC derived specializations 32,43-45. 
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Amphioxus has cells representing likely evolutionary source of the vertebrate NC 

cells. Nevertheless, it is difficult to know if they are homologous. These cells, which 

originate at the border of the neural plate, exhibit some migratory capabilities and gene 

expression patterns similar to NC cells (AmphiDll 46, AmphiPax3/7 47, AmphiSox1/2/3 48, 

Snail 49). The more developed GRN involving those genes found in vertebrates 50,51 are 

likely the result of gene co-option and novel or modified CRE. As an example of gene 

co-option, both amphioxus and lamprey express Id, which is used as a NC cell marker, 

but only lamprey exhibits expression at the neural plate border 44. 

Tunicates also have NC-like cells which have migratory and differentiation 

properties but no evidence of pluripotency 40. This cell population could also be the result 

of a convergent evolution restricted to pigmentation 29 and not be homologous to NC 

cells. This is supported, in part, by the presence of NC-like cells in tunicates. The 

existence of a NC-like or NC precuror in tunicates suggests that evolution of NC cells 

was a gradual and continuous process rather than an abrupt innovation at the invertebrate-

vertebrate transition. This view is supported by the fact that the extent of NC contribution 

to the head is lowest in basal vertebrates and gradually increases in more recent 

vertebrate lineages 52-54. 

To explain the potential gradual appearance of NC cells, it has been proposed 

that, at the base of the chordates phylum, a population of cells gained a migratory 

function and a skeletal fate. Some of these cells underwent an epithelial-mesenchymal 

transition and began to delaminate from the neural plate border and migrate in vertebrates 

55. Therefore, the chordate common ancestor had the basic wiring for NC-like activity. 
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Refinement of the underlying GRN could have been important for the development of 

vertebrate NC 56. 

 
Placodes 

 Placodes are regions of the vertebrate head where ectoderm invaginates to form 

distinct cell types that contribute to sensory organs and cranial sensory ganglia. Extensive 

reviews on placodes are available for a more throughout analysis 57-59 60,61. We will focus 

on their relevance as generators of vertebrate characters. Sensory placodes give rise to the 

eyes, ears, olfactory organs and lateral lines while the neurogenic placodes differentiate 

into sensory neurons and cranial ganglia 61. There are eight placodes: (1) the lens placode 

for eye formation; (2) the otic placode for the inner ear; (3) the olfactory placode, which 

produces sensory cells, mucus or neuropeptide-secreting cells and glial cells including 

Schwann cells responsible for the neuronal sheath 62-65; (4) the lateral line placode, which 

gives rise to a peripheral sensory system in fish 66-68; (5) the adenohypophysal placode, 

which forms the adenohypophysis (i.e. the Rathke’s pouch) through stomodeum 

invagination; (6) the epibranchial and hypobranchial placodes, which originate in a dorsal 

region posterior to the pharyngeal pouches and give rise to multiple head and neck 

sensory neurons; (7,8) the profundal and trigeminal placodes, which form the sensory 

profundal and trigeminal nerves, respectively.  

 It is thought that placodes derive from a common panplacodal primordium 59,69. 

Development of a mature placode requires the activities of dozens of transcription factors 

(see below) through a modular and multilayer regulatory process 61. Several of the key 

transcription factors for placodes formation will be critically reviewed here. 
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Many placodes marker genes have been identified in protochordates. Expression 

of the Six1/2, Six4/5 and Eya families is common to the panplacode primordium 61. The 

Six gene family encodes homeodomain transcription factors that are present in 

metazoans, not just vertebrates 70. Also, the Eya gene family is found in invertebrates 71, 

Eya proteins act as coactivators of Six expression in eye development of vertebrates 71-75. 

Similarly, in Drosophila, Eya and Six1/2 homologs are major component of the network 

responsible for the development of the compound eye 76. Amphioxus has a cluster of 

sensory epithelial cells located rostrally which has some similar functions to the 

vertebrate olfactory cells 77,78. Interestingly, these cells in amphioxus express homologs 

of olfactory placode markers: AmphiMsx 78 and AmphiNeurogenin 48. In vertebrates, Msx 

and Neurogenin are developmental specific transcription factors 48,78. Another family of 

transcription factors required for most placodes is the Dlx family. Dlx genes are 

expressed in many vertebrate structures including forebrain, neural crest cells, placodes, 

pharyngeal arches, limb buds and teeth 79. Interestingly, amphioxus has one Dlx gene 46 

while lamprey has four 79 and mouse has six 80. The two Dlx genes of Ciona 81 likely 

result from a lineage-specific duplication event 79. Taken together, the distribution of 

these transcription factors likely suggests a gradual evolution of placode GRN. 

The diversity of placodes and their GRN suggest that such a complex system may 

have a pre-vertebrate origin rather than an abrupt appearance at the 

invertebrate/vertebrate junction 58. Structures with comparable roles and molecular 

signatures as vertebrate placodes (termed “placode-like”, placode homolog or proto-

placode) have been identified in protochordates 19,82-86. For example, the colonial ascidian 
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Botryllus schlosseri has an olfactory placode-like region of the neurohypophyseal duct 

that delaminates and migrates 87. Therefore, even though olfactory placodes are found in 

vertebrates only, potentially similar functions exist in other chordates. The similarity 

between the vertebrate olfactory, adenohypophysal, and otic placode with the tunicate 

ventral organ, ciliary funnel, and Langerhans placodes can be compatible with the 

unifying placodal primordium evidence 86. Thus, it is likely that the vertebrate placodes 

arose through multiple recruiting and increased complexity of “placode-like” structures 

present in protochordates 30.  

In light of these recent developments, one may ask how relevant the concept of 

placode as a characteristic of “vertebrateness” is. The concept of placode is therefore 

probably better seen, at least from an evolutionary and parsimonious perspective, as a 

character common to all chordates as it has already been suggested elsewhere 86. A model 

of accretion and divergence of pre-existing cell types in a chordate common ancestor has 

been presented to explain the evolutionary origins of placodes in chordates 30,75. 

For 25 years, placodes have been used as a characteristic of vertebrates 21 but the 

authors were clear on the fact that placodes may derive from an ancestral “epidermal 

nerve plexus” present in protochordates. Therefore, the recent deeper understanding of 

the molecular mechanisms blurs the distinction between the vertebrate placode and the 

“epidermal nerve plexus” and suggests a likely homology with gradual refinement. A 

recent model was developed where the chordate common ancestor would have had an 

array of epidermal sensory cluster cells, with comparable genetic markers to the 

vertebrate placode. Early vertebrates would have recruited them in the anterior part of the 
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body and embellishments of the GRN would have contributed to generate placodes 30,60. 

Alteration of the anterior signaling could have provoked this new patterning 30,88. From 

an evolutionary point of view, the term placode regroups ancestral and more recent 

innovations with a common basal GRN and additional modules in vertebrates 58. This 

suggests that placodes did not arise at once but that they gradually appeared in 

protochordates, and that highly developed sense organs were present in the anterior 

region of protochordates. 

 
Brain 

In vertebrates, the anterior segment of the neural tube is greatly enlarged and 

compartmentalized thus forming the brain. In comparison to vertebrates, amphioxus has a 

more linear and poorly segmented brain and is more reliant on peripheral sensory neurons 

and plexuses 9. The vertebrate brain is also more centralized and includes novel NC- and 

placode-derived structures 89. Nevertheless, the basal regionalization (forebrain and 

hindbrain) and the anteroposterior organization, reflected by comparable but less 

segmented expression of the marker genes Otx and Hox, is conserved between 

protochordates and vertebrates (see below). Comparative analysis of expression patterns 

of brain development genes between amphioxus and vertebrates revealed that the anterior 

nervous system of amphioxus and vertebrates share some striking similarities, as 

discussed below. In an anteroposterior order, the vertebrate brain is composed of four 

regions anterior to the spinal cord: the telencephalon and diencephalon forming the 

forebrain, the midbrain, and the hindbrain. The midbrain-hindbrain boundary (MHB) is 
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considered as a major anterioposterior organizer. In addition, the vertebrate hindbrain can 

be subdivided in segments, or rhombomeres 90, which are precursors of the cerebellum. 

Marker genes are used to define each region (Fig. 1.2). BF1 is the most anterior 

marker of the telencephalon in vertebrates 91. An anterior cell population in the 

amphioxus neural tube expresses a BF1 homolog 92 despite the fact that the telencephalon 

is considered a vertebrate innovation 93,94. Otx is a classical marker of the telencephalon, 

diencephalon and midbrain in vertebrates 95. Expression of AmphiOtx, the amphioxus 

homolog of vertebrate Otx, is regionalized to the analogous region of the poorly 

segmented anterior neural tube of amphioxus 84. Another marker of the vertebrate 

diencephalon, Nkx2-1, has a homolog present in amphioxus (AmphiNk2-1) and is 

similarly expressed in its cerebral vesicle suggesting a likely homology between the two 

structures 96. 
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Figure 1.2: Antero-posterior gene expression of CNS marker genes in amphioxus and a model 
vertebrate (dorsal views). Diagrammed are the anterior regions of the amphioxus and a generic 
vertebrate CNS. The expression of the genes discussed in the text (left) is qualitatively 
represented as a black bar. A lower expression level is represented in grey. Multiple Hox genes 
are expressed in fine patterns in the hindbrain and spinal cord of both models, but only a generic 
expression pattern is shown. CNS: central nervous system; D: diencephalon; M: Midbrain; H: 
Hindbrain; SC: spinal cord; T: telencephalon. See text for references. 
 

The MHB in vertebrates and amphioxus shares similar expression patterns of the 

two marker genes Gbx and Otx, nevertheless, the organizer function of the MHB, 

conducted through cell fate determination, is not found in amphioxus. The genes 

responsible for the organizer function are not expressed at the MHB in amphioxus 9. 

Studies on engrailed, another marker of the MHB in vertebrates 97, are conflicting in 
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protochordates. In amphioxus, it is not expressed at the MHB but in the diencephalon 97 

while it is in tunicates 98. Therefore, even though the genetic material needed for a 

vertebrate midbrain/hindbrain organizer is present, its role, accomplished mostly through 

co-option in vertebrates, is the real vertebrate innovation. 

The hindbrain is marked by comparable expression profiles of Islet, Mnx and 

Shox in vertebrates and amphioxus 99-101. The major vertebrate novelty is the great 

segmentation of the hindbrain in rhombomeres under retinoic acid regulation, 

regionalized Hox genes expression, and ephrin/eph signaling 102-104. The Hox gene cluster 

is found in all bilateria and dictates segmentation and anteroposterior axis. An increasing 

copy number and divergence of Hox clusters correlates with an increasing body plan 

complexity. The classical example of increased brain complexity in vertebrates correlates 

with the evolution of the Pax family and the cerebellum. Because there is one Pax family 

member in invertebrates (Pax2/5/8) 105 and three in vertebrates (Pax2, Pax5, and Pax8), it 

is tempting to draw a positive correlation between increased gene family size and brain 

complexity 16, in terms of compartments. A marker of hindbrain and rhombomeres in 

vertebrates is Krox-20, which has a very restricted expression pattern 106. In amphioxus, 

Krox does not exhibit a related expression pattern, but rather is expressed in the anterior 

neural tube 101,107. Therefore the existence of a similarly functional MHB and its role as a 

major anteroposterior organizer like the vertebrate MHB is discussed in protochordates 

105,108. 

In conclusion, vertebrates, through segmentation, added complexity to the basic 

brain organization found in amphioxus. Vertebrates possess a more regionalized brain 
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with a MHB and multiple rhombomeres involved in the development of cranial nerves. 

The “vertebrateness” of the telencephalon correlates well with its role in movement, 

sensory processing, communication, learning, and memory. The MHB and the complex 

subregionalization of the brain could thus be the true vertebrate innovation. 

Vertebrate Specializations 
 
 
Cartilage, Bone, and Teeth in Relation to Predation 

Cartilage, bone, and teeth are the major mineralized parts found only in 

vertebrates, even though cartilage mineralization is rare 109,110. In the earliest vertebrates, 

the mineralized endoskeleton enabled locomotion, the dermal skeleton was used for 

protection, and teeth enabled predation 21. The tooth is composed of enamel or 

enameloid, dentin, and bone 111. The bone is formed through a deposit of hydroxyapatite 

while the cartilage is composed of proteoglycans and has been suggested to be an 

ancestral mechanoreceptor before being co-opted for support of the muscularized 

pharynx and, later, the skeleton and joints 21. 

 Mineralization is regulated by extracellular matrix (ECM) proteins constituting 

the heterogeneous calcium-binding phosphoprotein (SCPP) family. The vertebrate 

radiation and the appearance of the mineralized skeleton coincides with the duplication of 

SCPP 112. Duplication of the sparc gene (also called “osteonectin”), probably after the 

cyclostomes branched out from the other vertebrates, generated SPARCL1 (secreted 

protein, acidic, cysteine-rich like 1) 113. SPRCL1, through duplication and 

neofunctionalization in lamprey, gave rise to the vast SCPP family 112-114 and SPARCA 

and SPARCB 113, suggesting a parallel role for SPARCA/B in cyclostomes and 
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SPARCL1 in gnathostomes. SCPPs were later co-opted for the eggshell matrix in birds 

and for milk casein and salivary proteins in mammals 113. Even though tooth structure in 

teleosts and tetrapods is similar, different non-homologous SCPPs regulate tooth 

development 115. This suggests a flexible role for SCPP in gradual evolution of the 

skeleton. It is thought that tooth development co-opted the already present GRN found in 

the dermal skeleton 113. Limb skeletogenesis derives from the lateral plate mesoderm 116 

while the cranium is cephalic mesoderm- and NC-derived 117. Despite this heterogeneity, 

molecular pathways in the limb and head share a common regulatory core around the 

more ancient transcription factors Sox, Msx and Dlx 118. It has been suggested that subtle 

regulatory differences could explain some differences between limb and cranial 

skeletogenesis. Therefore, many of the GRN required for bone formation find homologs 

in non-vertebrates 119. 

 
Ear 

 During ear formation, the otic placodes give rise to neurons and then to sensory 

hair cells and support cells derived from a common progenitor 61. Rhombomeres also 

contribute cells to the inner ear 120. In addition to the inner ear, the core element present 

in all vertebrates, stepwise refinements led to the presence of an outer and middle (ossicle 

and ear drum) ear in mammals. Hair cells act as sensors and transducers of the external 

stimuli 121. The inner ear, through semi circular canals, is responsible, in higher 

vertebrates, for detection of acceleration and gravity while the cochlea is responsible for 

sound perception 121. The inner ear, which is absent in invertebrates, underwent a 
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stepwise morphological evolution in vertebrates where hagfishes have one semi-circular 

canal, lamprey have two, and jawed vertebrates have three 121,122.  

 The otic placodes (Fig. 1.3) or their comparable structure are thought to be 

present in protochordates 122 (see section on placodes, above). Expression of the tunicate 

Pax2/5/8 and the vertebrate Pax2, Pax5 and Pax8 in the atrial primordium suggests a 

homologous process underlying formation of the structure in protochordates and the 

vertebrate otic placode 84. Hair cells of the inner ear are functionally comparable to the 

Drosophila external sensory organ, the mechanosensory bristle, 123,124. Vertebrates and 

Drosophila express homologous genes in otic placodes and bristles respectively 121. Also, 

comparative gene expression of the Drosophila chordotonal organ (composed of 

mechanosensory receptors) and the vertebrate inner ear show a remarkably conserved 

GRN 121. Interestingly, in the inner ear, the vertebrate novelty arises mainly from 

recruitment of NC-derived glial cells. Also, mouse Math1, a gene essential to hair cell 

formation in the mammalian ear 125 can functionally replace the Drosophila homolog, 

atonal, in the nervous system 126. 
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Figure 1.3: Generic vertebrate embryo. Diagrammed is a simplified generic vertebrate embryo 
showing the structures discussed in the text. Arrows represent migrating neural crest cells. AB: 
arm bud; D: diencephalon; E: eye; Fb: forebrain; H: heart; Hb: hindbrain; L: liver; LB: leg bud; 
Mb: midbrain; OP: otic placodes; P: pharynx; PA: pharyngeal arches and pahryngeal pouches; 
Rh: rhombomeres; T: telencephalon. 
 
 Neurotrophins, which are neuron-specific growth factors, and their receptors, the 

Trk family of receptor tyrosine kinase, have long been thought to be vertebrate-specific 

and central to the formation of sensory neurons. Nevertheless, recent analysis of non-

vertebrate genomes indicates the presence of at least one Trk receptor gene in amphioxus, 

amphi-Trk, and presence of neurotrophin-like proteins and Trk proteins in the sea-urchin 

127,128. Interestingly, neurotrophin and Trk have not been found in tunicates 129. 

Duplications in the vertebrate lineage greatly diversified the Trk and neurotrophin 

families 130, correlating with their diversified roles in vertebrates. 

 Co-option of pre-existing genes (Otx, Fgf and Gata, reviewed in 121) is a hallmark 

of ear evolution despite the vertebrate ear being a seemingly obvious morphological 
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innovation than can only be partially related to ancestral bilaterian structures. Therefore, 

a stepwise formation of the vertebrate ear is suggested, maybe through increased co-

option, use of new paralogous genes, and modifications of some GRN. 

 
Pharyngeal Arches 

 Pharyngeal arches are mesoderm derived structures from the embryonic pharynx 

that give rise to multiple skeletal, muscular, nervous, and arterial structures in the adult 

neck and lower head (see below). Pharyngeal pouches are the invagination between two 

pharyngeal arches. Ventral migration of NC cells interacting with pharyngeal endoderm 

extensions around the sixth aortic arch artery initiates pharyngeal arch development. The 

pharyngeal endoderm, along with some NC contribution, further differentiates into 

cartilage rods adapted to bony, cartilaginous, or ligamentous structures. Each arch can be 

thought as an endodermal pouch and an ectodermal groove that will derive later 

structures. Derivative structures of each pouch yield skeleton, viscera, arteries, muscles 

motor nerves, and sensory nerves 131. The endoderm component of the pharyngeal system 

and its remodeling are required for normal morphogenesis 132. The ventral side of the 

second pouch will form the thyroid while the thymus is derived from the third pouch. The 

formation of the tetrapod-specific parathyroid gland from the third and fourth pouches 

relies on the Gcm-2 transcription factor, which is a homolog of Drosophila glial cells 

missing 2 (Gcm-2). Gcm-2 has been co-opted for calcium homeostasis, a new function 

found in tetrapods. Pharyngeal pouches can form without NC cells and the pharyngeal 

segmentation is not vertebrate-specific 133. Markers of pharyngeal identity (Bmp7, Fgf8, 

Pax1, Tbx1) are conserved developmental genes that have invertebrate homologs 132. 
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Pharyngeal pouches are not vertebrate-specific as they form in amphioxus 46,105. The 

addition of the NC component to generate the archeal support is, however, unique to 

vertebrates. 

 
Pharynx Derived Organs 

The segmentation, muscularisation, sub-specialization, and NC-derived skeletal 

support of the vertebrate pharynx are vertebrate novelties. As mentioned above, parts of 

the pharynx gave rise to endocrine organs: thyroid, parathyroid, and pituitary gland. 

 
Thyroid:  The thyroid is an endocrine organ involved in energy metabolism. The 

thyroid is under the control of the pituitary and hypothalamus. The hypothalamus is a 

region of the brain that links the neural and endocrine systems through the pituitary 

endocrine gland. The thyroid is also involved in calcium homeostasis through calcitonin 

secretion. It has long been recognized that there is a common origin to the vertebrate 

thyroid gland and the protochordates endostyle 134. In vertebrates, localized budding from 

the ventral floor of the embryonic pharynx will generate the thyroid gland. Also, some 

enzymatic machinery and developmental processes overlap between endostyle and 

thyroid 135-138. Interestingly, lampreys exhibit an endostyle during their larval stage that 

will directly convert to a thyroid gland in the adult 137,139. The chordate endostyle has two 

functions: (1) protein secreting in the filter feeding process and 140 (2) thyroid-like 

activity through overlapping expression of the genes responsible for thyroid hormone 

synthesis 141. Nkx2-1 expression in amphioxus suggests that the endostyle may be 

homologous to the vertebrate thyroid gland 96. The presence of an endostyle in the larval 

stage of the lamprey, being replaced by a thyroid in the adult, supports the hypothesis of 
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gradual modification. Even though the endostyle has no described endocrine function, it 

is almost certainly homologous to the vertebrate thyroid. Comparative orthologous gene 

expression patterns are strikingly similar for Pax8, Nkx2-1 compared to AmphiPax2/5/8 

and AmphiNkx2-1 96,105. FoxE1, a vertebrate thyroid marker, and AmphiFoxE4, its 

amphioxus homolog, are expressed adjacently to the endostyle 142. Thyroperoxidase, a 

marker of thyroid activity, is also conserved in amphioxus 143. Nevertheless, in 

vertebrates, the thyroid has both NC cells and endodermal contributions, whereas there is 

no contribution from NC cells in protochordates. 

 
Pituitary:  The pituitary is a bilobal organ composed of the adenohypophysis (i.e. 

the anterior lobe), originating from the adenohypophyseal placode, and the 

neurohypophysis (posterior pituitary), composed mainly of neurons originating in the 

hypothalamus 144,145. The anterior pituitary is of central importance for the hormonal 

control of the body 146,147. The neurohypophysis is responsible for the secretion of 

oxytocin and vasopressin. The pituitary was first thought to be unique to vertebrates but 

over the last ten years, organs with similar development and function have been described 

in tunicates and cephalochordates 86,87,148-150. Evidence of a separate olfactory and 

adenohypophysal organ in Oikopleura and Ciona 75,86 considerably weakens the 

hypothesis of a double-duty organ in the ancestral chordate 148 followed by 

subfunctionalization in distinct pituitary and olfactory organs in vertebrates. In 

cephalochordates, the Hatschek’s pit is regarded as an organ with pituitary-like functions 

148,151 (see below). Both regions have a comparable expression of Nkx2-1 96,143. In 

vertebrates, Pitx1 and Pitx2 homeodomain transcription factors are viewed as pan-
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adenohypophyseal markers 152,153. Their non-vertebrate chordate homologs have 

comparable expression patterns 148,149,154,155 and also share the initial patterning under 

BMP4 and FGF8 signaling 156. In vertebrates, NC cells will contribute to the cells 

producing adenocorticotropin (ACTH) and melanocyte-stimulating hormones. 

 Taken together, the data suggests that, even though a fully functional and 

organized pituitary does not seem to be present in protochordates, some pituitary 

functions and underlying molecular determinants are clearly accounted for in 

protochordates.  

 
Pancreas 

The pancreas arises from a dorsal and ventral budding of the foregut endoderm. It 

is composed of four endocrine cell types and an exocrine tissue 157,158. Its endocrine role 

is central to glycemia homeostasis through insulin secretion from the β-cells and 

glucagon secretion from the α-cells. Protostomes have no similar structure but 

protochordates have functionally comparable endocrine cells. Amphioxus expresses an 

insulin-like peptide 97. Other insulin superfamily members are found in Ciona and 

amphioxus and show a synteny (i.e., the physical linear co-localization of loci on a 

chromosome) similar to human 8,159. Glucagon is also found in amphioxus and tunicates 

157. Pdx1, a member of the ParaHox family of homeobox transcription factors 7, is 

involved in the early development of the vertebrate pancreas 160. Interestingly the Pdx 

family is also present in amphioxus 8, but querying the sea urchin and Ciona genomes 

10,161 and Ensembl for Pdx1 sequence similarity did not yield any putative homologs (O. 

Lucas, August , 2008 unpublished observation). Therefore, this suggests that at least part 
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of the genetic machinery required for pancreas formation was likely present in the 

common ancestor to chordates and was possibly lost in tunicates. 

 
Eye 

Photoreceptors or “eyes” are widely found in animals as they are a prime gateway 

for environmental interaction. Repeated use of common GRN and physical constraints 

generated eight distinct “eye” types 162. For example, Pax6 has long been considered a 

master regulator of eye development in metazoans 163-165. The focus, here, will be on the 

chambered eye with a lens, found in cephalopods and vertebrates. Compound eyes like 

Drosophila’s are of ectodermal origin. The vertebrate lens, a true vertebrate innovation, 

originates in the lens placode 166. The vertebrate lens is composed of transparent cells 

filled with crystallins. Many of these proteins are enzymes that were co-opted for a new 

function in vision 167. 

Transduction of light to generate a nervous message can be accomplished by two 

morphologically distinct photoreceptors: ciliary and rhabdomeric. Each differs in its 

strategy to increase the membrane surface area and the signal transduction pathway. 

Rhabdomeric photoreceptors use multiple folds in their apical surface while ciliary 

photoreceptors modify the cilium through folding to resemble a stack of disks. 

Vertebrates rely on ciliary phototransduction while invertebrates mostly use rhabdomeric 

phototransduction and both are present in protochordates 168. The transmembrane opsin 

proteins of the photoreceptor cell are responsible for the transduction of photons. Opsins 

are more ancient than the eye and, in vertebrates, along with other phototransduction-

related proteins, underwent multiple duplications 169. For example, six opsins are found in 
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amphioxus 170 and three in Ciona 171. Also of interest, phylogenetic analysis of the Ciona 

opsin1 and opsin2 genes clearly groups them with the vertebrate pigments and not with 

the invertebrate rhabdomeric opsins 171. Arrestin blocks the downstream G-protein 

coupled receptor signaling pathway linked to the ciliary or rhabdomeric rhodopsins. 

Phylogenetic analyses suggest that Ciona’s arrestin is more closely related to the 

vertebrate arrestins than the invertebrate one 172. This suggests, in protochordates, an 

intermediate stage between non-chordates metazoan and vertebrates. 

 In light of those recent developments, Riyahi and Shimeld 166 present a 

compelling model where the ancestral chordate would have had a placode-like GRN 

(Pax, Six, Eya) and an eye GRN (βγ-crystallins). Ciona would have kept those networks 

separate while their combination in vertebrates would be responsible for the formation of 

the vertebrate eye. The vertebrate innovation could therefore be the co-option of the 

already present mechanisms for lens development. Future comparative genomics studies 

may unravel even more molecular intermediary steps. 

 
Multichambered Heart 

The MesH description of heart is “a hollow, muscular organ that maintains the 

circulation of the blood” (http://www.ncbi.nlm.nih.gov/mesh). The heart must be 

connected with the body circulatory system and generate an adequate blood flow for the 

organism’s size and changing metabolic needs. Non-vertebrates heart tubes lack 

chambers, septa, valves, and unidirectional flow. What are the components required for a 

vertebrate heart? Could a few genes account for such a striking addition to the ancestral 

barely polarized linear tube? 
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Drosophila heart, also called the dorsal vessel, diffuses blood rather than 

distributing it through a distinctive vascular system. The tubular heart of tunicates is not 

lined with endocardiac cells while amphioxus has some endothelium-like lining its 

vessels 173,174. In protochordates, both poles of the heart are alternatively used as 

pacemakers 175. They have been replaced by synchronous contractions in vertebrates 

where the heart can be seen as a collection of “modules” (structural or functional) 

governed by specific GRN added to a primitive GRN found in invertebrates (see below). 

The complexity of the vertebrate heart-specific GRN was likely enhanced by genome 

duplication 176. 

The vertebrate heart is composed of chambers (atria and ventricles), valves, 

endothelium, coronary circulation, and a pacemaker-system. Cardiogenic cells from the 

lateral mesoderm fuse to form a linear tube. The contractile cells form the myocardium, 

the future thick-walled ventricle. The ventricle is lined with a single layer of 

endocardium, a non-contractile endothelial cell type. Different cell fates and expression 

patterns along the linear tube predict the future chambers. The polarized flow requires a 

polar pacemaker and a conduction system to synchronize the contraction of the incoming 

and outgoing chambers in a sequential, coordinated fashion. Another characteristic of the 

vertebrate heart is its asymmetric morphology. The embryonic linear tube first forms a 

primary myocardium that latter balloons into differentiated chambers 177,178 and loops to 

form the four chambered heart of reptiles, birds, and mammals. Chamber formation 

results in complete separation of blood flows through NC-dependent septation (see 178 for 

review). Therefore, the vertebrate heart is a highly compartmentalized organ with 
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multiple innovations. These innovations enable efficient, high pressure delivery of blood 

throughout a large body following an oxygenation step. 

The main genes composing the basal heart GRN can be tracked back to 

Drosophila 179 where the mesoderm, under BMP2/4 (DPP in Drosophila) endodermal 

signals, turns on heart-specific genes downstream of NKX2-5 (Tinman in Drosophila), 

NKX2-3 and GATA-4,-5 (Pannier in Drosophila) 180. The core GRN common to 

Drosophila and human is composed of three genes: Nkx, Gata, and Hand 181. Vertebrates 

have an increase number of those genes, providing a greater redundancy than Drosophila. 

For example, there are five Nkx and three Gata genes in vertebrates compared to only one 

of each in Drosophila. Interestingly, the duplication of ventricles in higher vertebrates 

coincides with the duplication of the Hand gene into Hand1 and Hand2 50 and ventricle 

development is protected against single gene mutations during cell fate determination. 

Amphioxus was shown to express a Nkx2-5 homolog 182. In addition to the Nkx-GATA-

Hand core, Ciona has a Mesp gene 183 that does not appear to be involved in heart 

formation in protochordates 181. Vertebrates have three Mesp paralogs: Mesp1, Mesp2 

and pMesogenin 184. Mesp1 and Mesp2 are essential for heart formation 184. Therefore, 

Mesp may have been co-opted for heart development. Also, the appearance in vertebrates 

of connexin genes and gap junctions enabling rapid cell-cell communication needed for 

synchronous contractions coincide with the increasing complexity of the vertebrate heart 

185. Duplication and co-option played a role in vertebrate heart evolution despite most of 

the genes being present in protochordates. 



I 
 

26

In a nutshell, the peristaltic heart found in primitive chordates was refined to 

generate a directional, high pressured compartmentalized retrograde-free flow. 

Understanding of the basal heart GRN modules may help us link molecular mechanisms 

to congenital heart diseases, which represent ~1% of live births 186. To this end, Ciona is 

becoming a great model to study heart development from a GRN perspective 51,181,187. 

Ciona has a small fully sequenced genome (~16,000 genes) 161 and does not have as 

many paralogs as vertebrates. This enables to functionally test fewer genes and fewer 

redundancy problems are encountered. A major success was established when Davidson 

51 linked Mesp to the core Nkx-Gata-Hand. 

 
Circulatory System and Endothelial Cells 

 The importance of a closed circulatory system was recognized by Aristotle 188 

(see below). Unlike vertebrates, invertebrates do not have a true endothelium, a 

continuous layer of interconnected epithelial cells 189-192. Of note, an endothelium-like 

organ exists in a few non-vertebrates and is regarded as a phyla-specific novelty 193. The 

advantage of an endothelium-lined closed regulatory system is threefold 189: (1) 

cooperation with the immune system (see below); (2) fine regulation of the blood flow 

through nitric oxide production and signaling 194; and (3) cell migration far from the 

visceral core of the circulatory system, especially needed in the case of limb 

development, as present in more recent vertebrate lineages. 

Multiple hypotheses exist to explain the origin and development of the 

endothelium. A wide range of blood cells are present in invertebrates and are functionally 

similar to vertebrates (oxygen transport, blood coagulation, and immunological defense). 
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In vertebrates, mesoderm-derived angioblasts differentiate into endothelial cells, and 

form blood vessels. Their growth is controlled by mitogenic factors including basic 

fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF). The 

VEGF and its receptor (VEGF/VEGFR) are clearly present and, at least partially 

functional in invertebrates 195,196, even though true endothelial cells are not present 189. 

The apparition of endothelial lining correlates with the vertebrate’s adaptive immune 

system, which relies on bloodstream for movement of its effector cells. 

Coincidental with the vertebrate endothelial system, a complex blood coagulation 

system arose in jawed vertebrates with some basal components already present in 

cyclostomes 197. This increased complexity could be due to a WGD, which is thought to 

have played a great role in the blood coagulation network evolution. A recent review 

pointed to an astonishing number of genes shared by Drosophila and mammals in the 

vascular system 198. Interestingly, blood and cardiovascular cells of vertebrates and 

Drosophila share the same origin in hemangioblasts that, in the last common ancestor, 

gave rise to both hemocytes and vascular cells 198. 

One true vertebrate innovation is the endothelium/vascular smooth muscle 

interface through the tyrosine kinase receptors with immunoglobin-like and EGF-like 

domains TIE1 and TEK (formerly TIE2) and angiopoietins, their ligands 199. 

Nevertheless, using BLAST analysis we identified a unique putative TIE1/TEK homolog 

in the sea urchin genome (XP_797021). This suggests that the endothelial lining may 

have some deep roots in invertebrates. 
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The Adaptive Immune System 

 Immune cells function primarily to eliminate pathogens, maintain self/non-self 

recognition, and police symbiotic microbes. These functions are carried through 

recognition (MHC, TLR…), regulation/integration (Myd88, GATA), and molecular–

based responses (Ig, perforins…). Innate immunity is the first line of defense and can be 

complemented by adaptive immunity, which involves somatic recombination (see 

below). The field of cellular immunity originated more than a century ago with studies of 

the sea urchin innate immunity 200. 

The innate immunity has very ancient roots that can be tracked to basal metazoans 

(Porifera 201 and Cnidaria 202,203). A good example is the Drosophila Toll receptors 204,205. 

Toll-like receptors (TLR) are major components of invertebrates innate immune system 

(see 206 for review). The recent sequencing of the sea urchin genome revealed an 

astonishing diversity of innate immune system mediators with an order of magnitude 

(n=222 207) more TLRs in comparison to humans 207-209. An excellent review on sea 

urchin innate immunity and its unsuspected relationship to vertebrate adaptive immunity 

has been compiled recently 20.  

In sea urchin, phagocytic cells with varying scavenger receptors, receptors that 

recognize modified low-density lipoproteins, can be generated through combinatorial 

assembly 210. This suggests that diversification mechanisms arose before the clonal 

expansion characteristic of the vertebrates adaptive immune system lymphocytes, effector 

cells of the adaptive immune system 211. Long-lived, V(D)J recombination, clonal 

expansion, and self-renewal are characteristics of T and B lymphocytes in jawed 

vertebrates. V(D)J recombination is the vertebrate-specific recombination mechanism of 
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immune gene segments that generates the molecules involved in recognizing pathogens 

(T cell receptor, TCR and immunoglobulins, Ig (see below)). Even though no adaptive 

immune system is found in sea urchin, molecules involved in V(D)J rearrangement and 

Ig domain proteins have been identified 207,212. Ig are proteins of the immune system that 

recognize and neutralize pathogens. The adaptive immune system is based on somatic 

lymphocytes recombination of molecules recognizing non-self. There is clear evidence of 

Ig-mediated pathogen recognition in invertebrates 213-217 but no evidence of adaptive 

immune system, which suggests vertebrates co-opted Ig for the adaptive immune system. 

The search for an adaptive immune system outside of jawed vertebrates has been 

biased by the assumption that it would look like V(D)J recombination. Interestingly, 

looking for function instead of structure, Pancer and colleagues 206,218,219 elegantly 

described a new adaptive immune system in cyclostomes based on variable lymphocyte 

receptors (VLR). VLR are composed of leucine rich repeat (LRR) modules, which genes 

undergo somatic rearrangement. Interestingly, LRR-containing proteins are found in 

plants, protostomes, and deuterostomes, where they mediate antimicrobial responses 220. 

Also, LRRs form the modular domains of the TLR extracellular domains, which generate 

a concave binding surface reminiscent of the MHC antigen presentation pocket 221. It has 

been suggested that the appearance of the vertebrate adaptive immune system relied on 

the complex innate immune system ancestral to all deuterostomes 222,223. The parallel 

between LRR recombination and V(D)J recombination suggests a case of convergent 

evolution. 
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 The presence of two distinct adaptive immune systems in vertebrates could 

coincide with colonization of new ecological niches and increased predation. Moreover, 

the increased complexity and body size of vertebrates may have been facilitated by an 

adaptive immune system 206. As Pancer and colleagues suggested 206, the high reactivity 

and autoimmunity of LRR may have been unsuitable for a burst of morphological 

innovations in basal vertebrates and the maintenance of large families of innate receptors 

may have been disfavored due to a lesser number of endosymbiotic communities in 

vertebrate animals 21. Moreover, vertebrates often show multiple paralogs where sea 

urchin genome encodes for a single transcriptional regulator 224. This increased regulatory 

complexity may have helped generate adaptive immunity. In light of the recent 

discoveries gleaned from inter-phyla comparison, one may speculate that unusual but 

analogous adaptive immune system could exist in non-vertebrates. 

 
Morphological Asymmetry 

Despite their usual bilateral symmetry deuterostomes are fundamentally 

asymmetric. The establishment of the first two body axes (anteroposterior, A/P, and 

dorsoventral, D/V) is followed by a left-right (L/R) axis, clearly visible in vertebrate 

organs like heart, stomach, and intestine for example. This L/R axis is also a 

characteristic of bilaterians. In vertebrates, L/R asymmetry is a four step process: (1) 

breaking of the symmetry, (2) transfer of signal to the lateral plate mesoderm, (3) 

asymmetric expression of molecules (the Nodal-Lefty-Pitx2 pathway, see below), and (4) 

asymmetric organ morphogenesis (for review, see 225). Asymmetries in protochordates 

have been found in amphioxus 226 and tunicates 227. 
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Nodal is best known for its role during mesoderm and endoderm formation 228,229 , 

A/P patterning, and D/V patterning but it is also essential to L/R asymmetry through 

regulation of Lefty and Pitx2 230. Recently, Nodal factors have been found in tunicates 

227,231,232, amphioxus 142 and sea urchins 233,234. The central Nodal-Lefty-Pitx pathway is 

conserved in chordates 227,235. Pitx2 is the downstream transcription factor that regulates 

asymmetric organogenesis through its expression in the embryonic left lateral plate 

mesoderm 236. This asymmetrical Pitx expression is also found in tunicates 237. Recently a 

L/R asymmetry pathway depending on Lefty and Pitx2 homologs was shown in sea 

urchin 18,233,238, suggesting that the Nodal-Lefty-Pitx2 pathway might be quite ancient. 

While Nodal, Lefty and Pitx2 are expressed in the embryonic left lateral plate 

mesoderm in vertebrates and amphioxus 235, they occupy the right side of the sea urchin 

embryo 233. This suggests the L/R asymmetry was determined by Pitx homologs in the 

common ancestor of echinoderms and chordates 234. Most protochordates have a single 

pitx gene 85,227,237 while vertebrates have up to three paralogs 239. Only one Pitx seems to 

be present in cyclostomes (hagfishes and lampreys) 240. Asymmetric Pitx expression is a 

chordate-wide determinant of L/R asymmetry 19. In vertebrates, Sonic hedgehog (Sh) 

induces asymmetrical Nodal expression before organogenesis 241, while the amphioxus 

Sh homolog seems to have a very limited role in that process 242 and tunicates do not 

exhibit L/R Sh asymmetry 243. This suggests that, in vertebrates, Sh has been co-opted to 

add a layer of specificity to the asymmetric development. The uncertainty over the D/V 

axis inversion at the chordate common ancestor could be correlated with the inverse role 

of L/R in echinoderms and chordates 233,234. Based on a parsimony hypothesis and a 
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conserved molecular pathway, asymmetry appears as a deuterostome and not a vertebrate 

novelty. 

 
Liver 

 The vertebrate liver is a central organ for energy metabolism and detoxification 

244. Liver’s interplay with adipocytes and myocytes is central for energy homeostasis. 

Most invertebrates are constant feeders while vertebrates usually ingest large quantities 

of food at once, which requires special metabolic mechanisms, partly accomplished by 

the liver. 

 Searches for an invertebrate liver from a functional point of view reveal some 

unexpected recent findings. Even though a true liver with hepatocytes and complex GRN 

governing liver functions 245 is not mentioned in invertebrates, amphioxus has a hepatic 

diverticulum or hepatic caecum, an asymmetric extension of the digestive tract that has 

long been considered a primitive liver 246. Markers of liver function are numerous. 

SREBP-1c and PPARs are widely recognized as markers of hepatic fatty acid metabolism 

and homolog’s in GenBank are widely found outside of vertebrates (data not shown). 

Antithrombin (AT) is an acute phase plasma protein used as a liver marker and is 

required in the coagulation cascade. Recently, an active AT has been identified in the 

amphioxus diverticulum 247. Also, a functional fatty-acid binding protein (FABP) has 

been described as being expressed in the amphioxus diverticulum (AmphiFABP) 248. 

There are nine FABP in vertebrates that are mostly involved in fatty acid uptake and 

transport 249. Even though no clear bile salts or vitamin D has been described in 

invertebrates, a vitamin D receptor/pregnane X receptor (VDR/PXR), ancestral to the two 
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distinct VDR and PXR found in vertebrates, has been identified in Ciona 250. This 

suggests that protochordates possess some liver-like marker genes. 

The family of cytochromes P450 (CYPs) is involved in numerous 

biotransformation of compounds and is mostly expressed in the liver. Four members of 

the CYP3 subfamily, widely studied for its vast substrate diversity, have recently been 

reported outside of the vertebrate lineage in two Ciona species 251. 

 A hepatocyte-like function for the Drosophila oenocytes (a population of 

secretory cells) has been recently described 252. Notably, more than 20 fat metabolizing 

genes, specific to human liver, were found to be expressed in the Drosophila oenocytes. 

The authors also functionally characterized the fly Cyp4g1 and showed that it is essential 

to the fatty-acid storage composition. Oenocytes accumulate fats during starvation and 

body fat-oenocyte communication is comparable to the vertebrate adipose tissue-liver fat 

flux. Drosophila oenocytes seem to be analogous to the vertebrate hepatocytes even 

though they are not involved in glycogen storage. This suggests a more ancestral origin 

of liver or liver-like functions thought, until recently, to be confined to vertebrates. 

 
Novel Molecules 

 
Steroid Hormones:  Nuclear receptors are part of a family of transcription factors 

activated by ligand-binding and found in most metazoan 209,253-255. Steroid receptors (SR) 

are one of its subfamilies and are widely studied. SR are thought to be responsible for 

much of the hormonal-dependent regulatory complexity unique to vertebrates 256-258. 

They are responsible for a high degree of organ pleitotropy as one gene can have multiple 

roles and effects. Cross-talk between their receptors and multiple signaling pathways 
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provides large regulatory potential 259-263. Six steroid hormone receptors exist in 

vertebrates: estrogen receptor (ERα and ERβ), progesterone receptor (PR), androgen 

receptor (AR), glucocorticoid receptor (GR), and mineralocorticoid receptor (MR). They 

are thought to have evolved by gene duplication followed by divergence at the vertebrate 

transition through ligand exploitation 257,264,265. Invertebrates have only two steroid 

hormone receptors: ER, which appears to be the oldest member 59,257,266, and a generic SR 

in amphioxus (bfSR) 267. Therefore, a major increase in complexity seems to have arisen 

at the invertebrate/vertebrate transition.  

The cytochrome P450 oxidases 11β-HSD, 17β-HSD, and 3β-HSD are essential 

enzymes in steroid metabolism 59. The binding of estradiol to the ER receptor was 

suggested to have evolved later, within the vertebrate lineage 266. Recently, in amphioxus, 

bfSR, a putative homolog of the vertebrate ER, was shown to be activated by estrogens 

267. Therefore, steroid signaling, which a few years ago seemed to be a true vertebrate 

innovation, seems to have some functional roots in amphioxus. 

 
Fibrillar Collagen:  Collagens are major scaffolding proteins present in all 

metazoans 268. The diversity of collagens present in vertebrates (21 types in mammals 

268,269) strikingly contrasts with the unique or few types present in invertebrates 270. 

Vertebrates heavily rely on multiple types of collagens for skeletogenesis and structures 

proper to vertebrates (bone, teeth, cartilage, skin, tendon, ligament, blood vessel, and 

cornea). The vertebrate molecular innovation has been elegantly tracked back to a small 

genomic insertion present only in vertebrates 270,271. This novel domain, along with gene 

duplications, was selected for different roles and evolved into the complex vertebrate-
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specific collagen family. Vertebrates use a vast number of distinct collagens, not found in 

invertebrates, which, indirectly, enables predation and locomotion 21. 

Genome Complexity 
 
 
 Gene duplication has long be thought to be a likely event in genome evolution 

and, indirectly, generation of new traits and, sometimes, new species 272. Numerous 

recent studies exhibit data strengthening this 30-year old hypothesis (see below). In a 

generic scenario, a copy of a duplicated gene can be co-opted for a novel function while 

the original copy conserves its original function. Below is an overview of the genetic 

concepts potentially leading to “gene duplication” and genetic complexity. Their specific 

contribution to the vertebrate sub-phylum is still very much a work in progress.  

Most often, duplication leads to nonfunctionalization and gene loss 273. 

Nevertheless, duplication also provides a unique opportunity to evolve novel functional 

roles with the new genetic material, or provides a source for combination of gene 

products to generate a novel chimeric protein (accretion or shuffling) 274,275. The theory 

goes that duplicated genes are initially equivalent and are under identical constraints 276 

but they subsequently diverge asymmetrically 277. 

 
Evidence of New Vertebrate-Specific Domains and Proteins 

 New domains, and even more so new proteins, are rare. One of the most ancient, 

and likely least complex animal genomes, that of the sea anemone 278, consists of only 

15% protein domains that are specific to animals. Also, more than 98% of the genes in 

chicken are shared with humans, despite 310 million years (Myr) since divergence from a 
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common ancestor 279. Recent comparative genomic studies between vertebrates and 

invertebrates show that, excluding splicing isoforms, only 22% of the genes found in 

vertebrates are vertebrate-specific 280. The faster evolutionary rate could be a reason why 

orthologs are hard to find in invertebrates. Interestingly, most vertebrate-specific genes 

do not belong to families but are stand alone genes. Therefore, refinement, or shuffling, 

of pre-exiting exons appears to be widely preferred to de novo invention of a “new” gene. 

Domain shuffling is a likely means for protein architecture evolution 281 , but does not 

explain the appearance of novel genes. Four distinct mechanisms can be seen as generator 

of truly new protein sequence: (1) duplication and divergence; (2) exonization of intronic 

sequence 282,283; (3) alternate splicing 284; and (4) transposition events. 

 
Role of Duplication:  Duplication of genetic material can be global (i.e., whole 

genome) or local, also called segmental. In both cases, the novel copy can acquire a novel 

role 272. It was shown more recently that duplicated genes can undergo a three-step 

process: duplication, divergence, and complementation (DDC model), where the 

functions become carried by the ancestral and the novel gene 285. Domain duplication is 

common in eukaryotes, where ~90% of the domains have been duplicated and it is 

therefore suggested that domains rather than proteins should be considered as the 

“evolutionary unit” 286. An increased number of proteins have been correlated with 

complexity 26,287-289. Comparing the total gene number of different organisms, one can 

conclude that expansion of protein families can also be correlated to adaptations to a 

specific environment and not only complexity 290,291. These two kinds of protein 

expansion are called “progressive” (increase complexity) and conservative” (adaptative 
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complexity) 292. Interestingly, the authors show that the domain superfamily 

denomination that correlates best with increased complexity falls under the generic term 

“regulation”, meaning domains with signal transduction or DNA binding signatures 291. 

This indicates an important role for duplication in the increase of regulatory processes 

observed in vertebrates (see above). 

Regardless of the exact mechanism, more large-scale duplications are present in 

human than protochordates 289,293. In humans, many loci exhibit evidence of four 

paralogs, like the Hox and ParaHox gene clusters 294, where evidence of a single cluster 

in protochordate is overwhelming 7,295. Moreover, in Ciona, most gene families do not 

exhibit more than a single vertebrate ortholog 296. Analysis of genomic complexity using 

Ciona can be treacherous as Ciona is widely recognized as being largely a “regressed” 

form of the chordate ancestor 297. Therefore, large-scale duplications likely coincide with 

the invertebrate/vertebrate transition. 

 Segmental duplications represent at least 5% of the human genome 289. Local 

chromosomal regions can duplicate on the same chromosome or on non-homologous 

chromosomes 12. Secondary partial duplications can consequently occur. Truncation of 

functional protein coding sequence is common through such genetic events but 

transcription is often retained and can fuse multiple segments in a new transcript 12. This 

mechanism potentially generates a novel gene product or may combine different parts 

from different loci. The resulting combination of existing domains into a novel genetic 

entity is termed shuffling. Exon shuffling is observed in 20% of eukaryotic exons 298. 



I 
 

38

The addition of a new domain to an existing entity can be termed domain 

accretion. Vertebrates have abundant multidomain proteins 294,299. Multiple examples of 

segmental duplications have been reported in humans and are a source of multidomain 

proteins 300-302. In eukaryotes, domain accretion is most prominent in proteins involved in 

transcriptional regulation and chromatin remodeling 303. In addition, mutation of the 

novel sequence may result in lack of function, new function, increased polymorphism, 

fusion of transcripts, (accretion), dynamic mutation, and alteration of gene dosage. Small-

scale duplication is a continuous process, not limited to a few occurrences during 

eukaryotic evolution 224,304 and, therefore, greatly increases the dynamic state of the 

genome. Segmental duplications may have had a role in vertebrate evolution while their 

direct correlation to a specific transition might be harder to pinpoint. 

Exon shuffling or accretion may result in multidomain proteins thus allowing the 

coexistence of independent functions in the same physical protein and, therefore, making 

good bridges between independent GRN through a possible increased propensity for 

protein-protein interactions (PPI) 305. 

 
Exonization:  Exonization is the process of creating a new exon from non-exonic 

sequence 283,306. Thousands of exons are found only in vertebrates 283. Different 

mechanisms can lead to exonization 282,283. Despite the theoretical potential of 

exonization for the vertebrate radiation, most evidence confine exonization to lineage-

specific functions 307 where, as an example, 62% of the novel human exons are restricted 

to the primate lineage. 
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Alternative and Atypical Splicing:  Human genome-wide analysis revealed that 

60-74% of multi-exonic genes are alternatively spliced, which suggests a major 

functional role for alternative splicing 308,309. Alternative splicing can be intragenic or 

intergenic 284. Intragenic splicing is confined to a single gene and alternate usage of exons 

through skipping, inclusion, alternate use of promoter, alternate polyA signal, and 

alternate splice donor or splice acceptor site can generate dozen of functional distinct 

transcripts from the same genetic locus. In intergenic splicing, the resulting transcript is 

formed of exons from both genes (reviewed in 284). An atypical splice form can then 

replace or complement a predominant form. This is a likely mechanism to rapidly 

generate genetic diversity, but has not, to our knowledge, been formally involved in the 

invertebrate/vertebrate transition. 

 
Transposition Events:  Transposons or transposable elements are sequences that 

can move and replicate within the genome. Retrotransposons use an intermediary RNA 

step before integrating into the genome. The influence of transposons in host evolution 

has been thoroughly documented 310-314. It is thought that 25% of human promoters 

contain transposons-derived sequences 315 and such abundance is postulated to provide 

raw sequences for CRE evolution 316,317. In addition, numerous DNA binding proteins 

and transcription factors are transposons-derived (reviewed in 313). 

 
Influence of Duplication on PPI Network 

 The effect of duplication must also be considered in terms of connectivity. Highly 

connected genes/proteins are more likely to increase complexity, in terms of network 

connection and, therefore, increase the range of network output, than genes/proteins with 



I 
 

40

few interactions. Moreover, proteins that interface with other modules usually have 

greater sequence plasticity and often evolve faster than proteins confined to a single 

module 318,319. Duplication of a whole network results in a mirror image with, at first, 

conservation of the previous PPI connections. The nodes are doubled and the connections 

quadrupled. Subsequent asymmetric divergence and/or inclusion of novel interacting 

partners results in a new PPI network, 320,321. In yeast, duplicated PPI increase the 

likelihood of sharing an interacting partner by 1,000 fold compared to randomly picked 

protein pairs 320. This over-simplification does not take into consideration potential 

indirect interactions, involvement in complexes, homo-oligomerization, and novel 

binding sites through localized duplication-divergence 321. Therefore, the effect of genetic 

duplication at the protein network level can appear fast and may be tremendous. 

 
CRE Duplication and Subfunctionalization 

 A mechanism has been described where partitioning of the duplicated genes leads 

to subfunctionalization via independent loss or evolution of CRE in the two paralogs. The 

teleost-specific WGD generated multiple examples of subfunctionalization 285,322,323. For 

example, only one Pax6 gene is present in all vertebrates, except teleosts where two 

copies are found. Pax6a and Pax6b, in zebrafish, underwent differential alteration of their 

CRE resulting in tissue-specific expression of one paralog, in addition to some partial 

redundancy 322. In addition to this typical subfunctionalization that comprised both CRE 

and the linked gene, one can postulate that duplication of the CRE, without the linked 

coding sequence, could occur and be moved to another genomic region, where it might 

modulate the expression of an unrelated gene. 
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Copy Number Variation 

 Copy number variants refer to different number of genetic modules in the genome 

leading to more than the diploid two copies of a gene. Deep analysis of individual human 

transcriptomes revealed that 12% of the human genome has copy number variants 324. 

Nevertheless, only a fraction of the total copy number variants are confined to the germ 

line and therefore heritable 325. This unsuspected inter-individual plasticity has a great 

potential to explain inter-individual penetrance of complex traits and individual disease 

susceptibility 326. Even though the role of such individual-based mechanism is 

undocumented in terms of effect in speciation, its results could theoretically be selected 

and influence phenotypical traits at a population level, therefore potentially affecting 

speciation. 

Combination of domains through the above-mentioned mechanisms may result in 

multidomain proteins, which allow the coexistence of independent functions in the same 

physical protein and therefore make good bridges between independent GRN through an 

increased propensity for PPI 305. 

 
MicroRNA 

 MicroRNAs (miRNAs) have been linked to the increase of complexity seen in 

vertebrates 327,328. Vertebrates exhibit at least 41 miRNA families more than Ciona or 

amphioxus 329,330. Two WGD alone likely cannot account for such increase 330 and, as 

miRNAs are continuously added to the genome, the authors suggested a major role for 

miRNA in the increased complexity of vertebrate’s GRN. Also, the duplications of the 

Hox cluster and its associated miRNA that specifically targets Hox genes has been 
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suggested to play a role in the development of vertebrate structural novelties, especially 

limbs 331,332. Therefore, it is possible that miRNA played a role in the appearance of 

vertebrates. 

None of the previously listed mechanisms are exclusive and many could be 

combinatory. The main factors seem to be alternative splicing, novel domain 

combinations, increased potential of protein-protein interactions, and increased 

regulationary possibilities in GRN. The influence of regulation by ncRNA is possibly 

vast but hard to quantify to date. 

Conclusion 
 
 

Here we reviewed the recent molecular evidence characterizing the canonical 

vertebrate innovations and other often overlooked characteristics. Recent advances in the 

study of protochordates diminish the idea that vertebrates have unique body plan with 

many novel structures. Most of what was considered “vertebrate-specific” a decade ago 

now shows roots in other chordates. Protochordates seem to have many orthologous 

genes involved in the regulation of “vertebrate-specific” developmental processes. 

Therefore, a blind dichotomy between vertebrates and protochordates might appear 

somehow artificial. Even though the basic developmental plan of vertebrates and 

protochordates are comparable, the versatility of the NC cells and placodes significantly 

increase the potential for new structures, mostly involved in processes at the animal-

environment interface. It seems that modifications of the pharynx through co-option of 

new genes mostly were a great innovation along with shuffling of protein domains. In 

light of the extant species studied, molecular evidence strongly supports an 
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invertebrate/vertebrate transition through functional intermediates where sequence, 

structure, and function evolved as a whole, as shown for the steroid hormone pathway 

264,333,334. 

Combining duplications, domain shuffling, interaction, and differential regulation 

can generate a staggering complexity without much novel genetic material. A link 

between gene number and complexity has long been thought as intuitive but does not 

seem to exist 38,122,179. In contrast, there is a good correlation between the total number of 

domains present in a genome and overall complexity 335. Therefore, the increase of 

diversity could be thought more in terms of domains and their combinations and 

interactions than the total number of present proteins. 

The robustness of a system is its ability to withstand mutations 336. Duplication 

and redundancy are a mechanism to ensure robustness while a highly distributed 

architecture, through independent modules, is another. Robustness facilitates 

evolutionary innovations, like the vertebrate heart, where the core GRN has paralogs and 

potential redundancies 50. In vertebrates, the greater proportion of gene duplications 

involved in regulatory processes could be part of the correlated increased morphological 

complexity 14,280. In addition, duplication of CRE and their subfunctionalization must be 

taken into consideration.  

Evolution of the genome only accounts for generation of variability. A filter of 

natural selection must then be applied for an innovation to be retained. For example, 

teleosts underwent a WGD that did not result in a doubling of “complexity”, even though 

their plasticity to adapt and specialize to many environmental niche is undeniable 337. 
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The living world is a continuum of organisms, some alive and most extinct. 

Representation of life-forms as discrete sets of entities (e.g., species) defined by binary 

characteristics is central to Biology. Nevertheless, the underlying molecular processes 

and their role in speciation and transition can be harder to compartmentalize. 
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INTRODUCTION 
 

Evolutionary Perspectives on Transcriptional Regulation 
 
 

It has been hypothesized that protein sequence divergence alone may be an 

insufficient determinant of speciation 338. For example, protein sequence identity is >98% 

between man and chimp in spite of many highly different traits 339. The recent availability 

of numerous genome sequences and their comparisons support the idea that phenotypic 

complexity may be more dependent on differences in regulation of gene expression than 

variation in protein coding sequences. 

Gene expression and regulation involve complex mechanisms. They are 

influenced by multiple events and factors, but generally involve the interaction of 

regulatory sequences (enhancer, promoter) and transcription factors binding those 

sequences. Changes in regulatory sequences, or cis-regulatory elements (CRE), can have 

a major impact on evolution of gene expression and may lead to speciation 336,340-344. 

Transcription factors are proteins that function through DNA binding and protein-protein 

interactions aimed at regulating gene expression. Evolution of transcription factors and 

their binding abilities will be influenced by these interactions. Gene expression is also 

regulated by additional mechanisms like non-coding RNA, regulatory elements in the 

untranslated regions, alternative splicing, and epigenetic gene regulation. 

At the heart of the transcriptional machinery lays the TATA-Binding Protein 

(TBP) (Fig. 2.1). TBP is one of the few transcriptional components of multimeric protein 

complex traditionally required for all three RNA polymerases 345-347. RNA polymerase I 
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is responsible for the transcription of ribosomal RNA (rRNA) while RNA polymerase III 

synthesizes transfer RNA (tRNA). Messenger RNA (mRNA) is transcribed by pol II by 

integrating signals relayed by the general transcription factors (GTF) 348-350 (Fig. 2.1). 

The present study focuses on gene expression and only RNA polymerase II (pol II) is 

discussed hereafter.  

 

 
 
Figure 2.1: Basal transcription machinery (from 351). Depiction of a model of vertebrate basal 
transcription machinery, on a mammalian promoter, where signals from regulators (in red) are 
integrated. TBP, in green, binds the TATA box recognition motif on the DNA promoter. This 
induces a recruitment of the basal transcription machinery (see text) and RNA polymerase II in 
blue. The black arrow represents the start of the coding sequence of the gene exemplified here. 
Mammals harbor many embellishments thought to provide novel signal integration surfaces 
active in gene regulation. We hypothesize that each of these embellishments co-evolved with 
specific regulators. 
 

TBP is present in all eukaryotes and archaeabacteria. Like many eukaryotic 

proteins, and especially transcription factors, TBP is modular, i.e. it is composed of 

functionally independent motifs. Modular proteins have usually two or more domains 

separated by linker regions rich in polar, uncharged, and small amino acids (a.a.) (Ala, 

Asn, Gln, Gly, Pro, Thr, Ser) 352. A protein domain is defined from experimental 
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evidence showing that a specific functional region of the protein can fold independently. 

Modularity of transcription factors in general, and TBP in particular, could be involved in 

tissue- or developmental stage-specific pathways contributing to morphological changes 

and possibly speciation 336,353-356. TBP has a 181 a.a. C-terminal core domain (TBPCORE) 

that is almost identical across phyla 345,357 and, in many species, an amino- (N-) terminal 

phyla-specific domain of variable size (18 a.a. in Arabidopsis thaliana to 172 a.a. in 

Drosophila melanogaster) (see chapter 3, Fig. 3.1B). 

TBP recruits the pre-initiation complex (PIC) via protein-protein interactions 

350,358. TBP, in complex with TBP associated factors (TAFs), forms the TFIID complex 

that recruits TFIIA, thus stabilizing the binding of TBP to DNA 359. The addition of 

TFIIB promotes transcription through the recruitment of the other GTFs and pol II, which 

is sufficient for basal transcription in vitro 350. This assembly is conducted through the 

TBPCORE domain binding to the promoter, often at a “TATA box” 350,357,358, a common 

promoter motif 360. TBP can also be recruited to promoters lacking a TATA box 361,362. 

The composition of the core promoter and its ability to recruit a diverse panel of factors 

helps determine how the signals will be integrated by the PIC, then leading to 

transcription initiation. An extra layer of complexity in the integration of the signals is 

channeled through gene specific co-factors and DNA-binding activators and repressors 

350,363-367. Ultimately, all of the protein-protein and protein-DNA interactions result in a 

finely tuned temporal and spatial pattern of gene expression within the cell. In yeast, TBP 

is essential for all transcription 345,368-370. In multicellular organisms TBP paralogs are 

present, all of which share the conserved TBPCORE domain and may also function to 
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recruit the transcriptional machinery in some situations 350,371. These could potentially 

have arisen to increase the complexity of the transcription machinery beyond that found 

in unicellular organisms. The structured and highly conserved TBPCORE domain is 

therefore central to basal transcription in eukaryotes. 

Intrinsic Protein Disorder and the TBP N terminus 
 
 

Highly structured and widely conserved core domains characterize most 

transcription factors 372. Nevertheless, the additional presence of unstructured domains is 

fairly common and may be crucial for transcriptional and translational regulation, as well 

as for signal transduction 373-378. 

The occurrence of intrinsically disordered domains appears to be positively 

correlated with organism complexity 373,379. Disordered domains are characterized by low 

sequence complexity, low hydrophobic a.a. content (Val, Leu, Ile, Met, Phe, Trp and 

Tyr), and an enriched proportion of polar and charged a.a. (Gln, Ser, Pro, Glu, Lys and 

Gly, Ala) 380,381. Therefore, in some cases, it might be useful to picture a transcription 

factor as a conserved structured core associated with a flexible module poised for diverse 

functional roles. This is apparently the case with p53 352,382 and TBP, as discussed below.  

The highly structured TBPCORE domain 383-387 is fused to a phylum- specific N-

terminal region that contains very few charged residues 388,389. In the specific case of 

TBP-N, it will be referred to as a region based on primary amino-acid sequence 

inspection, not from experimental evidence indicating an independently folded domain. 

In vertebrates, the TBP-N evolved through sequence duplication 282,389. TBP-N is 

composed of a vertebrate-specific domain (VSD; a.a. 1-118 in mouse) and a metazoan 
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specific domain (MSD; a.a. 119-130 in mouse). The MSD is composed of 3-7 iterations 

of the imperfect PXT repeat, where P stands for proline, T for threonine, and X any other 

amino-acid (see chapter 3; Fig. 3.1A, 3.1B). Drosophila has some partial similarity to the 

chordate PXT region 388 (see chapter 3; Fig. 3.1B). Interestingly, TRF3, one of the TBP 

paralogs, which is vertebrate-specific, has 2 PXT repeats in its N-terminal region while 

the other TBP paralog, the pan-metazoan TRF2, has no PXT repeat (O. Lucas, 

unpublished observation). The differences in N-terminal sequences for TBP and TRF3 

have recently been suggested as potentially being involved in recruiting different 

transcriptional regulatory complexes 390. The significance of this N-terminal architecture 

has been revisited recently 391. This short low complexity (i.e., composed of few different 

a.a.) region has been considered, so far, as a spacer region or perhaps a hybrid between a 

short linear motif (SLiMS) 336,392 and a simple sequence repeat (SSR). SSRs are 

microsatellite-like a.a. repeats and SLiMS are short (3-10 a.a.) sequence patterns known 

to carry out pivotal functions in protein-protein interaction. They are usually present in 

structurally undefined regions, suggesting a functional need-driven flexibility 392. Linear 

motifs are generally associated with transient, low affinity (low µM range) protein-

protein interactions, like those found in transcriptional regulation 393,394. A particular 

motif is rarely conserved across phyla, suggesting that phylum-specific specialization 

enhances rapid adaptation 392. SSRs are particularly abundant in regulatory proteins and 

often have a high rate of indel (insertion, deletion) evolution 395-399 as observed in the 

TBP PXT repeats 282,391. In chordates (see chapter 1; Fig. 1.1), a short repeat-based motif 

bridges the TBPCORE to a specific N-terminal region 391. Each chordate subphyla: 
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cephalochordates (amphioxus), tunicates (sea squirt, Ciona sp.), and vertebrates, has its 

own non-homologous N-terminal region 391. Moreover, the amino acid composition of 

the amphioxus TBP N terminus is quite different (greater proportion of aromatic and 

basic a.a.) from the vertebrate one and does not seem to be derived from a common 

ancestor 391. The structure of TBP-N has not been determined and is thought to be 

intrinsically disordered 400 (Fig. 2.2). Some intrinsically disordered proteins are known to 

carry out important biological functions like regulation, signaling, and transcriptional 

control 401. Indeed, many non-enzymatic functions of proteins rely on unstructured 

domains 373,375,402,403. 

 
 

Figure 2.2: TBP folding prediction. Prediction of order (scores <0.5) and disorder (scores >0.5) 
were determined using the PONDR VL-XT algorithm 380. Above are represented the different 
domains of TBP with the residues number. VSD: vertebrate-specific domain: Q: polyglutamine 
repeat 404 (see chapter 3; Fig. 3.2B); MSD: metazoan-specific domain. Note the contrast between 
the TBPCORE predicted here, and known 383 to be highly structured, and the predicted highly 
disordered TBP-N. The predicted disorder is similar across most of the VSD and maximal for the 
MSD. 
 

One of the current theory is that intrinsic disorder enables folding to be induced 

through protein-protein interaction 401. Recent studies suggest that this theory may be 
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especially relevant to transcription factors binding their targets and is therefore related to 

the presented study 405. The induced structures could then be solved 406-409. For example, 

more than half the sequence of human transcriptional activator cyclic-AMP-response-

element-binding-protein (CBP) is disordered 352 and is nevertheless a major scaffold for 

protein complex assembly. Therefore, it is thought that the regulatory function can 

greatly depend on the dynamic flexibility of the protein. An unstable structured region 

can add flexibility and adaptability to the proteins being bound. Additionally, the distinct 

bound states can have different functions 378,410,411. Intrinsically disordered regions can be 

highly involved in protein-protein interaction 405. For example, in the tumor suppressor 

p53, 71% of the known protein-protein interactions involve the disordered N and C 

termini 382. This suggests a general role for disordered regions in protein-protein 

interactions 382,412-415 in general and transcription in particular 405. 

Adaptation to a new environment could favor a highly evolvable protein. 

However, adaptive mutations leading to pleiotropic effects can be deleterious and be 

suppressed in the following generations through compensatory mutations of the 

interacting partner. Intrinsically unstructured domains represent potentially viable 

evolutionary alternatives to structured domains through the functional advantages 

(flexibility and evolvability) they offer. Therefore, a limited repertoire of primary 

sequences could be used for multiple conformational states, facilitating the evolution of 

new domains and increasing the functions of existing proteins 352,377,416,417. 
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Function of the TBP N Terminus 
 
 

The low evolutionary rate of the TBP-N sequence suggests some environmental 

constraints may be responsible for conserving the protein sequence of that region of TBP 

391,418. This correlates well for the TBPCORE and its universal function in transcription 

initiation. TBPCORE can be assimilated to a protein “hub” for its low evolutionary rate 391 

and its ability to scaffold the PIC through multiple simultaneous protein-protein 

interaction. TBPCORE interacts with more than 100 distinct proteins (www.hprd.org 

query).  

Protein interaction candidates and roles for the TBP-N are more elusive, even 

though its function has been sought for over fifteen years 419,420. Multiple biochemical 

studies have demonstrated different putative roles for the TBP-N. TBP-N was first 

postulated to be involved in preventing the TBPCORE for binding the TATA box and 

possibly enhancing DNA bending 419-421. It has also been proposed that TBP-N may 

regulate pol II and pol III dependent transcription 422, that it participates in Sp1 

coactivator-dependent transcription 388,423, or that it functions in TATA-less and TATA-

containing pol III transcription 424. TBP-N was also shown to disrupt TBP dimerization 

425 and is potentially required for transcriptional repression by NC2 426,427. NC2 is a TBP-

associated transcriptional repressor 426,427. Moreover, in vitro, the removal of TBP-N 

increases interaction of TBPCORE with TBP associated factors 428 and, in RNA 

polymerase III-dependent transcription, its removal enables the small nuclear RNA 

activating protein (SNAP) to complex with TBP on the U6 promoter to enhance U6 

transcription 429. The TBP-N contains a polyglutamine repeat, the expansion of which is 
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associated with neurodegenerative disorders 430-433. A high mobility group protein (HMG-

1) has been shown to bind the TBP-N polyglutamine tract increasing the affinity of TBP 

for the TATA box by ~20 fold 434. The polyglutamine repeat has also been shown to 

influence the intensity of huntingtin-associated protein 1- (HAP1) dependent cytoplasmic 

TBP sequestration 435 and is associated with spinocerebellar ataxia 17 (SCA17) 

pathogenesis by influencing TBP dimerization and its interaction with TFIIB 404. In spite 

of many proposed roles, mostly through biochemical studies, the function of the N 

terminus in vivo is very much uncertain. Nevertheless, more recent genetic studies have 

been able to exclude some of these proposed functions (see below). 

Knowledge From the tbp∆N/∆N Mice 
 
 

Removal of TBP-N in mouse (tbp∆N/∆N) led to ~89% lethality at midgestation due 

to a placental defect 351. Mouse embryonic fibroblasts derived from tbp∆N/∆N were not 

affected in basal cellular function, suggesting that the absence of TBP-N did not affect 

the general cellular pathways 357. This suggested that the TBP-N functions to regulate 

some temporally or spatially specific genes involved in placental function. tbp∆N/∆N mice 

surviving after weaning were found to be fertile 351. Interestingly, breeding of tbp∆N/∆N 

survivors did not increase the occurrence of tbp∆N/∆N pups, suggesting that a mechanism 

other than heredity was involved in survival. 

Numerous independent occurrences of placenta-like organs exist in different non-

mammalian vertebrate lineages, illustrating the benefit of such an organ for internal 

development 436,437. For example, some sharks exhibit an analogous yolk sac-based 

placenta, a result of convergent evolution 438. The chorioallantoic, or “true” placenta, is a 
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mammal-specific organ involved in nurturing the developing fetus inside the mother. It is 

a transient organ derived from embryonic and maternal tissues. The fusion of the fetal 

chorion, an extra-embryonic membrane, and the fetal allantois, a mesoderm-derived 

structure, with the uterine epithelium forms the true placenta. The placenta is involved in 

transport of oxygen, carbon dioxide, nutrients, and wastes; it fosters the maternal 

tolerance to non-self and is a potent endocrine organ itself 439,440. Defects in placental 

development can induce intra-uterine growth retardation of the fetus or even death 441,442.  

TBP-N is conserved in all vertebrates, but most vertebrates do not exhibit a 

placenta. Therefore it is possible that TBP-N is involved in a more basal function 

common to all vertebrates. The above-mentioned potential functions for the TBP-N are 

not satisfactory to explain the phylogenetic distributions of distinct TBP N termini. It has 

long been suggested that TBP-N could be involved (and co-evolved) with specific 

transcriptional regulators responsible for species-specific functions 388,390,391,422,423,443,444. 

To test this, two approaches were taken. In chapter 3, we designed an unbiased 

screening process, using yeast two-hybrid, to find proteins that interact with the hagfish 

TBP-N. We identified several candidates for such a role and showed that mouse paralogs 

of one of these proteins also interacted with the mouse TBP-N. Moreover, the mouse 

TBP-N modulated the activity of one of these paralogs, in vivo. In chapter 4, we 

described and characterized the survival of a line of mice where the endogenous TBP-N 

was replaced by the homologous, yet diverged, hagfish TBP-N (tbphfN). In chapter 5, we 

further characterized the tbp∆N and tbphfN alleles through transcriptome and pathway 

analyses, lipid metabolism analyses, and measurements of physiological parameters. The 



I 
 

55

results presented herein suggest that the TBP-N may have multiple roles in vertebrate-

specific gene regulation, notably during development and in maintaining lipid 

homeostasis. 
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CO-EVOLUTION OF PITX TRANSCRIPTION FACTORS                                       
WITH TBP IN METAZOANS 

 
 

Introduction 
 
 

Comparative analyses of genomes from closely related species generally show few 

differences in protein-coding sequences 222,445. Instead, most species-specific differences 

in genomes lie within non-coding sequences 446, including sequences that participate in 

regulating genes (e.g., “cis-regulatory elements”)447-450. The implication, as proposed 

decades ago 338, is that speciation and evolution are likely driven more by quantitative 

changes in the expression of genes than by qualitative changes in the protein products of 

genes 447,448,451-453. Considerable recent attention has been given to the role of changes in 

cis-regulatory elements in mediating speciation 343,450,453,454. 

Noteworthy examples of protein-coding changes correlating with evolutionary 

transitions have been documented in some transcription regulatory proteins. The genes 

encoding many transcription factors have undergone duplication and divergence to 

generate paralogous gene families during evolution 47,48,239,455,456. In domestic dogs, subtle 

breed-specific differences in repetitive protein-coding sequences within transcription 

factors have been suggested to cause morphological and perhaps behavioral differences 

between breeds 398,457. In another example, TBP, a component of the basal transcription 

machinery, has a large region that underwent dramatic changes at certain phylogenetic 

transitions (Fig. 3.1)282,391,455. Interestingly, in all of these examples, it is expected that the 

result of these evolutionary changes in protein-coding capacity, much like evolutionary 
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changes in cis-regulatory elements, will be to quantitatively affect expression of other 

genes. 

The core of the basal transcription machinery has changed little during evolution of 

eukaryotes 348,350,358,359. Perhaps most dramatic among the components is the 181-amino 

acid TBPCORE domain, whose primary sequence and crystal structure are almost identical 

among all eukaryotes and archaeabacteria 345,383,458,459. However, upstream of the 

TBPCORE, metazoans have a more variable region that can constitute over half of the 

entire protein. The amino- (N-) terminal portion of this region generally differs between 

major metazoan clades, with most distinctions being between subphyla. Thus, within the 

chordate phyla, all vertebrates share a homologous region that is unrelated to those in 

either tunicates or cephalochordates (Fig. 3.1B). Within insects, all dipterans and 

hymenopterans share a related N terminus, which differs both from the chordate N 

termini and from that in lepidopterans (Fig. 3.1A; Table 3.5) 391. Thus, this region of the 

protein appears to have been “switched-out” at various major evolutionary transitions, yet 

to have been subjected to strong purifying selection following these transitions 391. 
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Figure 3.1: TBP metazoan phylogeny. (A) Maximum likelihood tree obtained after MUSCLE 
sequence alignment of full length TBP protein sequences 460. Species are indicated before gene 
name (see table 3.5 for accession numbers and full species names). Numbers between brackets  
are indicative of the ratios of non-synonymous/synonymous mutations (dN/dS), determined using 
START2 461. (B) Amino-acid (a.a.) sequences of TBP proteins from bilaterian model species. 
Domains of the vertebrate N terminus are highlighted. VSD: vertebrate-specific domain; MSD: 
metazoan-specific domain. “.” Represents a.a. identical to mouse, a white space represents a gap. 
 

Between this subphylum-specific region and the TBPCORE domain lies a semi-

repetitive motif that is common to all metazoans, but not found in archaea, plants, fungi, 

or protozoans, designated the metazoan-specific domain (MSD; Fig. 3.1B). This region is 

typically about 15- to 25 amino acids long, including three to seven repeats of a core PXT 

sequence, where X is typically A, M, I, or S 391. Based on the ubiquity of this domain, it 
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has been suggested that MSD is simply a connector that fuses the various subphylum-

specific N-termini of TBP to the TBPCORE 
282,391. Here we show that the TBP MSD has a 

conserved function that goes beyond serving as a connector between two functional 

domains. The MSD participates in the interaction between TBP and Pitx family 

transcription factors. 

Pitx transcription factors are found in most or all metazoans, where they typically 

participate in processes such as patterning and morphogenesis, or regulation of endocrine 

function 8,149,239,462,463. Whereas most non-chordate metazoans have a single pitx gene, 

scattered phyla have had independent ancestral gene duplications and divergence, leading 

to the presence of multiple distinct Pitx proteins (Fig. 3.2). In lamprey, a basal vertebrate, 

a single pitx gene, pitxa, has been identified 240. Higher vertebrates have three pitx genes, 

pitx1, pitx2, and pitx3, with distinct functions. In mammals, pitx1 participates in pituitary 

development, pituitary function, and hind-limb morphogenesis 464-468; pitx2 is involved in 

left-right asymmetry, pituitary, cardiac, and craniofacial development, gonad 

morphogenesis, and cardiac endocrine functions 236,469-473; pitx3 has been implicated in 

eye and midbrain development 474-476. Added complexity exists in that the pitx2 gene uses 

alternative promoters and alternative splicing to issue several N-terminally distinct 

protein isoforms, including Pitx2a, Pitx2b, and Pitx2c, each of which appears to have a 

different tissue distribution and pathway specificity 477. 
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Figure 3.2: Pitx phylogeny. Maximum likelihood tree obtained after MUSCLE sequence 
alignment of full length protein sequences 460. Similar topologies were obtained with neighbor 
joining (BioNJ) and Bayesian inference (MrBayes, v.2.1.2) methods. Bootstrap proportions 
obtained after 100 (ML) and 1,000 (NJ) replicates and Bayesian posterior probability are 
indicated, respectively: 1 (34, 88, 1.0), 2 (40, 65, 0.8), 3 (9, 68, 0.6) and 4 (35, 77, 1.0). Species 
abbreviations are indicated before gene name (see table 3.1 for accession numbers and species 
names). 
 

In this chapter, we show that TBP and Pitx proteins likely co-evolved. Thus, the TBP-

Pitx interaction for different mouse (m) Pitx proteins was differently affected by removal 

of the TBP vertebrate-specific domain (VSD), MSD, or TBPCORE domain. Removal of 

the TBP MSD disrupted the interaction of TBP with the Pitx2c isoform, and cells or mice 

lacking the TBP VSD and MSD exhibited increased expression of the Pitx2c target gene 

nppa. Moreover, whereas hagfish (hf) PitxA protein interacted with either hfTBP or 

mouse (m) TBP, mPitx2c interacted with mTBP but not with hfTBP. These observations 
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suggest that the TBP-Pitx interaction has undergone intricate refinement and selection 

during vertebrate evolution. This process might have participated in evolution of various 

Pitx-regulated functions. 

Materials and Methods 
 
 
Yeast Two-Hybrid 

The MP34 bait vector (a gift from R. Brazas, Mirus Bio Corp.) and pGADT7SN prey 

vector were used for yeast two-hybrid screens 478. MP34 places the GAL4 DNA binding 

domain downstream of the bait (Fig. 3.3A), which may be a favorable arrangement for 

assessing interactions with bait sequences from found at or near the N-terminus of their 

endogenous proteins 478. cDNA fragments encoding the hagfish TBP full-length (hfTBP-

FL) and TBP N terminus (hfTBP-N, amino acids 1-143) were generated by PCR from a 

plasmid containing the hfTBP-FL cDNA 391 using the primers listed in table 3.1. All 

clones used in this study were verified by sequencing. 
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Table 3.1. Oligonucleotides sequences. 

 

a: Species (Sp): hf, hagfish; a, amphioxus; l, lamprey; m, mouse; n/a, not applicable 
b: Orientation in between brackets, F: forward; R: reverse 
c Endogenous protein-coding sequences are in bold and engineered restriction sites are underlined 
d Y = C or T 
 

Name Sequence c 

TBP-N (F) 5'-TATGTCGACATTGACCATGGAATCCTCCA-3' 
TBP-N (R) 5'-ATAGCGGCCGCGAACTCTCAGATGCTGGAGCAAC-3' 
TBP-C (R) 5'-TATGCGGCCGCGTGGTCTTCCTGAATCCCTTYAA-3' d 
TBP-N (F) 5'-TATGTCGACAGGTATGGACGGGACAC-3' 
TBP-N (R) 5'-ATAGCGGCCGCACAATCCCAGACCCCTCTGCT-3' 
TBP-C (R) 5'-TATGCGGCCGCCTAGATGTCTTCCTGAAGC-3' 
TBP-N (F) 5'-TATGTCGACGATGGACTCGTCGGGCAGCATG-3' 
TBP-N (R) 5'-ATAGCGGCCGCGTGCTCTCAGAGGCCGGCGTGAT-3' 
TBP-C (R) 5'-ATAGCGGCCGCGTTGTTTTTCGAAAGCCCTTC-3' 
TBP-N (F) 5'-ATCGTCGACTATGGACCAGAACAACAGCCTTCCA-3' 
TBP-N (R) 5'-TATGCGGCCGCCCAGAGCTCTCAGAAGCTGGTGT-3' 
TBP-C (F) 5'-TATGTCGACCACCATGGCGAGCTCTGGAATTGTACCGAG-3' 
TBP-C (R) 5'-TATGCGGCCGCGTGGTCTTCCTGAATCCCTTTAA-3' 
TBP-N∆MSD (R) 5'-ATAGTCGACGGGGTGGTGCCTGGCAATGGTGCA-3' 
TBP-MSD (F) 5'-TATGTCGACCCCTTCACCAATGACTCCTATGAC-3' 
TBP-C263 (R) 5'-TATGCGGCCGCTCTGGCTCATAGCTACTGAACT-3' 
PitxA-C (R) 5'-ATAGCGGCCGCGAAGCCGTTCTTACACAGTTC-3' 
Pitx2c-N (F) 5'-TATGTCGACTCCCTCGTCCATGAACTGCATG-3' 
Pitx2c-C (R) 5'-ATAGCGGCCGCACCGGCCGGTCGACTGCATACTG-3' 
Pitx2a-N (F) 5'-TATGTCGACAATGGAGACCAATTGTCGCAAACTAGT-3' 
TCFL570-273-N (F) 5’-TATGTCGACCTTCCAGGAGCTGCGTATGATGC-3’ 
TCFL5152-273-N (F) 5'-TATGTCGACTTCAGAGTCCTCACAGTCAAACCTG-3' 
TCFL5152-273-C (R) 5'-ATAGCGGCCGCCTTGATCTCCATGGCAGGGCTGCTCTGCA-3' 
Pitx1 (F) 5'-TATGTCGACCATGGACGCCTTCAAGGGAGGCATGAG-3' 
Pitx1 (R) 5'-ATAGCGGCCGCCTGTTGTACTGGCAAGCGTTGAGC-3' 
U2AF2 (F) 5'-TATGTCGACCATGTCGGACTTCGACGAGTTCGAG-3' 
U2AF2 (R) 5'-TATGCGGCCGCCGGTGGTAGGAATCAGGGTCA-3' 
Nppa-638 (F) 5'-TATAGATCTGAATTCTTTAGAGCCTGTATCATG-3' 
Nppa+1 (R) 5'-TATCCATGGCGTGGGTCGGGGCACGATCTG-3' 
Nppa (F1) 5'-TATGAATTCAGAGACAGCAAACATCAGATCGTGC-3' 
Nppa (F2) 5'-TATGAATTCTGCTTGAGCAGATCGCAAAAGATC-3' 
Nppa (R) 5'-ATAGGATCCGACCACTCATCTACATTTAACATCGATCG-3' 
β-actin (F) 5'-GCTGTCTGGTGGTACCACCATGTA-3' 
β-actin (R) 5'-CTCACTGTCCACCTTCCAGCAGAT-3' 
pGADT7 (R) 
MP34 (F) 
MP34 (R) 

5'-GAAAGAAATTGAGATGGTGCAC-3' 
5'-CTGCACAATATTTCAAGCTATACC-3' 
5'-TGTTCTTCAGACACTTGGCGC-3' 
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Oligo-(dT)-primed cDNA prey libraries were constructed and inserted into the 

pGADT7SN 478 as follows. Total RNA was isolated from adult hagfish tissues (live 

hagfish were generously provided by J. Seaborne and D. Headlee, Oregon Department of 

Fish and Wildlife) or various stage lamprey embryos (50 embryos each at eleven 2-day 

intervals from 2- to 22-days after fertilization) as indicated in table 3.2. Poly(A+) mRNA 

was purified using Oligo-(dT)25 Dynabeads (Invitrogen, Carlsbad, CA) following the 

manufacturer’s recommendations. Each cDNA library was constructed from 2.5 µg of 

poly(A+) mRNA using the Superscript plasmid system for cDNA synthesis and cloning 

(Invitrogen, Carlsbad, CA), which yields cDNAs containing 5’ Sal I and 3’ Not I 

overhangs. cDNAs were cloned in pGADT7SN. 

 
Table 3.2. Yeast two-hybrid cDNA libraries characteristics. 

Screen Species Bait Prey library Clones screened 

1 hagfish hfTBP-FL 1 3.7 x 106 

2 hagfish hfTBP-N 1 5.3 x 106 

3 hagfish hfTBP-FL 2 3.7 x 106 

4 hagfish hfTBP-N 2 3.2 x 106 

5 lamprey lTBP-FL 3 2.2 x 106 

6 lamprey lTBP-N 3 3.8 x 106 

 

Two-hybrid screens and assays were performed in Saccharomyces cerevisiae 

(strain AH109), which contains the Ade2, His3, and LacZ reporters under different 

promoters. Library transformations were performed as described previously 478. Single 

and two-component transformations were performed using a standard protocol 479, 

modified to include 10% DMSO. 
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Two-hybrid screens were performed on sterile complete (SC) medium lacking 

leucine, tryptophan, and histidine (SC-L-W-H). Primary transformants were transferred 

after 7 to 14 days on a new SC-L-W-H and tested for His3 and Ade2 activity on plates 

lacking histidine (SC-L-W-H) or adenine (SC-L-W-A). Prey plasmids for the clones that 

grew were extracted from yeast by the glass beads lysis procedure 480. Prey plasmids 

were electroporated into Escherichia coli (strain DH10B) and colonies were screened by 

PCR. Isolated prey plasmids were then tested for autoactivation by retransformation into 

AH109 with “empty” (no bait insert) MP34 bait plasmid. Non-autoactive clones were 

retested in AH109 for interaction with hfTBP-FL or hfTBP-N to confirm each 

interaction. Interacting clones were sequenced and the in-frame DNA-binding domain-

fused predicted protein sequence was analyzed with BLASTP through the NCBI server 

481 for identification. 

 
Isolation of Orthologous cDNAs and Interaction Mapping Tests 

A mPitx1 cDNA was isolated by RT-PCR from embryonic day 10.5 (E10.5) pregnant 

mouse uterus RNA; mPitx2c and mPitx2a cDNAs were isolated by RT-PCR from adult 

mouse pituitary RNA; an mTCFL5 cDNA was isolated by RT-PCR from adult mouse 

testis RNA; mTCFL5152-273 was amplified from the mTCFL5 cDNA using primers 

indicated in table 3.1. To identify hfPitxA mRNA variants, a 5’ RACE (rapid 

amplification of cDNA ends) was performed using the hagfish libraries described above 

as templates. PCR reactions used a vector primer (T7) and a reverse primer designed 

downstream of the homeodomain that would amplify all hagfish PitxA 5’-splice variants 

(Table 3.1). 
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Mouse Embryonic Fibroblast Isolation and Transfection 

Mouse embryo primary fibroblast (MEF) cultures were established using E11.5-12.5 

fetuses from tbp∆N/+ X tbp∆N/+ matings, as described previously 357. Transfections were 

performed using 0.5x106 cells and plasmid conditions indicated in figure 3.7 under 

conditions that typically gave greater than 50% transfection efficiency (data not shown). 

Luciferase assays were performed by standard procedures as described elsewhere 482. 

Each condition was performed in triplicate (three independent electroporations). 

Luciferase activity was normalized to total protein content and to a positive control, and 

the maximal value was set as 100%. 

 
RT-PCR and RNase Protection Assays 

RT-PCR were performed as previously described 357. mRNA relative abundance was 

performed for NPPA and normalized using gene specific primer sets (Table 3.1). RNase 

protection was performed as described earlier 357. For nppa, a probe hybridizing to 

sequences between positions 575 and 725 (Table 3.1) of mouse nppa cDNA (GenBank 

accession number NM_008725) was transcribed from a clone isolated by RT-PCR using 

mouse adult heart RNA. 

 
Whole Mount In Situ Hybridization 

Whole mount in situ hybridizations were performed as described 483. A 676-bp 

mouse Nppa cDNA fragment was isolated by RT-PCR using mouse heart RNA and the 

primers indicated in table 3.1. 
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Results 
 
 
Identification of TBP-Interacting Proteins 

The phyla-specific region of TBP in vertebrates evolved at a rate between those of the 

common “molecular clocks”, histone H2B and α-actin 391, indicating this region has been 

subjected to relatively stringent purifying selection. Removal of this region from mouse 

(m) TBP does not disrupt general TBP functions 357, but results in high fetal- and 

neonatal-lethality 351. To gain insights into the functions of the phyla-specific region of 

TBP, we performed two-hybrid screens for cyclostome proteins that can bind to it. The 

cyclostome clade, which includes hagfishes (hf) and lampreys (l), are basal vertebrates. 

They share with higher vertebrates only the most ancient vertebrate ancestor and they are 

thought to have lower genomic redundancies than higher vertebrates 391,484-486. 

Cyclostomes have a TBP-N homologous and similar to mammals 391 (Fig. 3.1B). 

Interactions between hfTBP and the mouse orthologs of the known TBPCORE-interacting 

proteins TFIIA 359,459,487,488, Brf1 459,487-490, PIAS1, and PIAS3 478 verified that the hfTBP-

FL bait was functional in yeast (Fig. 3.3B). 
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Figure 3.3: Yeast two-hybrid baits and quality controls. (A) Yeast two-hybrid bait 
constructs. TBP-FL and TBP-N were expressed from the MP34 plasmid, which fused the GAL4 
DNA binding domain downstream of TBP. N designates the vertebrate-specific N terminus, 
encompassing VSD and MSD. TBP-FL and TBP-N baits from both hagfish (hf) and lamprey (l) 
were generated. (B) hfTBP was functionally expressed in yeast. Yeasts were transformed with the 
indicated controls. Black wedges represent 10-fold serial dilutions. Growth on +ADE indicates 
that yeasts contained both prey and bait plasmids. Growth on -ADE indicates interaction between 
bait and prey constructs. ADE: adenine. (C) hfTBP-FL interacted with the PIAS homologs 
hfPIAS-L1 and hfPIAS-L2, identified in the yeast two-hybrid screens (see table 3.4). 
 

cDNA libraries were prepared from mixtures of adult hagfish tissues or from lamprey 

embryos ranging from 2- to 22-days after fertilization (Table 3.2) and were screened with 

either the full length (TBP-FL) or the phyla-specific (TBP-N) region of hfTBP or lTBP, 

respectively (Fig. 3.3A; Table 3.3). Two clones of PIAS-like proteins (termed hfPIAS-L1 

and hfPIAS-L2), which are known TBPCORE interactors 478, were isolated in screens using 

hfTBP-FL as bait (Table 3.3) and were verified as also interacting with mTBP-FL (Fig. 

3.3C), thus internally validating the conditions of the screen. 
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Table 3.3. Yeast two-hybrid screens. 

Screen Species Bait Prey library Clones screened 

1 hagfish hfTBP-FL 1 3.7 x 106 

2 hagfish hfTBP-N 1 5.3 x 106 

3 hagfish hfTBP-FL 2 3.7 x 106 

4 hagfish hfTBP-N 2 3.2 x 106 

5 lamprey lTBP-FL 3 2.2 x 106 

6 lamprey lTBP-N 3 3.8 x 106 

 
Three proteins were identified that interacted with the hagfish phyla-specific region: a 

Pitx (paired-like homeodomain transcription factor) family member, a TCFL5 

(transcription factor-like 5) homolog, and a clone unrelated to known proteins (Table 

3.4). The later protein had several short regions similar to sequences in CPSF1 (cleavage 

and polyadenylation specificity factor 1), which has been shown to be associated with the 

TBP-containing TFIID complex at pre-initiation 491. However, since no orthologous 

proteins were found in mammals, this protein was not pursued. TCFL5 is a poorly 

characterized basic helix-loop-helix transcription factor 492. No orthologues of TCLF5 

were found in searches of the sea urchin, Ciona, or amphioxus genomes and queries in 

GenBank did not yield any orthologues outside of the vertebrate subphylum (data not 

shown). Hence, TCFL5 may be a vertebrate-specific transcription factor. The hfPitx 

protein isolated in our screen was an N-terminally truncated clone with close similarity to 

the previously reported lamprey “PitxA” protein 240 and was therefore designated 

hfPitxA. 
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Table 3.4. TBP-interacting proteins identified by yeast two-hybrid screens. 

Bait Identity 
Clones 

(n=) 
Known TBP 
interaction 

Genbank 
accession 
number a 

Gene ontology b 

molecular function 

hfTBP-FL hfPIAS-L1 2 Yes c  transcription factor 

hfTBP-FL hfPIAS-L2 1 Yes c  transcription factor 

hfTBP-N hfPitxA 1 No  transcription factor 

hfTBP-N hfTCFL5 1 No  transcription factor 

hfTBP-N unknown 1 No  n/a 
  a Sequences have been submitted to Genbank. Final accession numbers will be available before 
publication. 
b Gene ontology term associations were compiled from http://amigo.geneontology.org and NCBI Gene. 
c 478 
 

To obtain the missing N-terminal hfPitxA sequences, we performed a 5’-RACE 

analysis and recovered 16 hfPitx clones. Two alternative splicing-dependent isoforms of 

hfPitxA protein were identified, designated hfPitxA1 and hfPitxA2. mRNAs for the 

isoforms exhibited alternative 5’ sequences, including the untranslated region and first 20 

(hfPitxA1) or 15 (hfPitxA2) predicted amino acids. This suggests the gene contains 

alternative promoters and 5’ exons, and it issues at least two N-terminally distinct protein 

products. These results are consistent with cyclostome pitxa representing the ancestral 

vertebrate pitx gene, which was present at the pre-vertebrate/vertebrate transition, and 

with expansion of the gene family having occurred later 239. Cyclostome PitxA is most 

similar to mammalian Pitx2 (77% identity versus 65% for mPitx1 or mPitx3) (Fig. 3.4 

and data not shown).  
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Figure 3.4: Identification of hfPitxA as a TBP-N-interacting protein. (A) hfPitxA interaction with 
hfTBP. Bait and prey identities are tabulated at left. Dilutions were a 10-fold series and were 
identical for both conditions. Growth on +ADE indicates yeast contained both prey and bait 
plasmids. Growth on -ADE indicates an interaction between bait and prey constructs. ADE, 
adenine. (B) Nucleotide sequences alignment of the hagfish (hf) Pitx homolog with mouse (m) 
Pitx2a, lamprey (l) PitxA, and hfPitxA 5’ RACE clones. Bold underlined represent the 
homeodomain, perfectly conserved in all species. Underlined sequence represents the OAR 
domain, characteristic of Pitx family members. * indicates the partial clone identified during the 
yeast two-hybrid screen. Sixteen hfPitxA clones were identified by 5’RACE. MUSCLE 
alignment 460 revealed two distinct isoforms, hfPitxA1 and hfPitxA2 as indicated. Fourteen clones 
of hfPitxA1 and two of hfPitxA2 were identified and aligned separately. Translation is indicated 
for the putative coding sequence. 
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Table 3.5. Amino acid sequences used for phylogenetic analyses. 

Taxonomy Species 
TBP 

accession 
number 

Name 
Pitx 

Accession 
number 

Mammal Homo sapiens Hsa CAG33057.1 
Pitx2a NP_700476 
Pitx2c EAX06264 

Mammal Mus musculus Mmu BAA00840.1 Pitx2a,b,c EDL12244,5,6 

Marsupial 
Monodelphis 
domestica 

Mdo 
ENSMODP0000
0006780 

n/a  

Bird Gallus gallus Gga BAA20298.1 Pitx2 NP_990341 
Reptile T. flavoviridis Tfl BAA06555.1 n/a  
Amphibian Xenopus laevi Xla AAI06645.1 Pitx2a,b CAA06696,7 

Fish Danio rerio Dre NP_956390.1 
Pitx2a AAD34391 
Pitx2c AAD34390 

Fish Oncorhynchus mykiss Omy n/a Pitx2 AAS92266 
Fish G. cirratum Gci AAO34522.1 n/a  
Cyclostome L. japonicum Lja n/a Pitx BAD12775 a 
Cyclostome Lethenteron reissneri Lre BAB78513 n/a  
Cyclostome Petromyzon marinus Pma AAO34515.1 PitxA CAD30206 

Cyclostome Eptatretus stoutii Est AAO34521.1 
PitxA1  b 
PitxA2  b 

Cephalochordate B. floridae Bfl AAO34516.1 Pitx CAD27489 b 
Cephalochordate B. belcheri Bbe n/a Pitx AAF03901 

Tunicate Ciona savignyi Csa 
ENSCSAVT000
00012298 

Pitx c 

Tunicate Ciona intestinalis Cin 
ENSCINP00000
005464 

Pitxa/b AAU93886.1 
Pitx CAD27490 

Tunicate Oikopleura dioica Odi n/a 

Pitx AAW23072 
Pitx_v1 AAZ23132 
Pitx_v2 AAZ23137 
Pitx_v4 AAZ23135 

Echinoderm Paracentrotus lividus Pli n/a Pitx2 AAW51825 

Echinoderm S. purpuratus Spu AAB47272.1 
Pitx2 XP_001176640 
Pitx2 XP_001192248 

Echinoderm Lytechinus variegatus Lva AAC35362.1 n/a  
Echinoderm H. pulcherrimus Hpu BAB92075.1 Pitx BAE66654 
Insect D. melanogaster Dme AAA79092.1 D-Pitx1 O18400 
Insect Anopheles gambiae Aga EAA45305.2 n/a  
Insect C. quinquefasciatus Cqu EDS30877.1 n/a  

Insect Aedes aegypti Aae 
AAEL012330-
RA.1 

n/a  

Insect Bombyx mori Bmo CAA11000 n/a  
Insect S. frugiperda Sfr P53361.1 n/a  
Insect Apis mellifera Ame XP_623088.1 n/a  
Insect Tribolium castaneum Tca XP_969326.1 n/a  

a Partial clone 
b Sequences have been submitted and will be available at publication 
c: SINCSAVT00000011282 
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mPitx2 is a TBP-Binding Protein 

To determine whether the interactions between TBP and these cyclostome proteins 

were conserved in higher vertebrates, mouse orthologs of Pitx and TCFL5 proteins were 

tested for interaction with mTBP. cDNA clones of mPitx1, mPitx2a, mPitx2c, and 

mTCFL5 were isolated. Prey plasmids containing full-length mTCFL5 were strongly 

auto-active and could not be used in two-hybrid assays (data not shown); however a 

partial clone containing only the region homologous with hfTCFL5 (mTCFL5152-273) was 

not auto-active. Both mPitx2c and mTCFL5152-273 interacted with mTBP-FL (Fig. 3.5A, 

B, and data not shown). mPitx2c also interacted with mTBP-N; however mTCFL5152-273 

did not (Fig. 3.5B). Therefore, attention was focused on Pitx proteins. 

During vertebrate evolution, the phyla-specific domain of TBP diverged slowly, such 

that cyclostomes and mammals share ~60% amino acid identity in this region 391. 

Concomitantly, the pitx gene family expanded to contain three genes 239, and the proteins 

diverged such that, in mice, they share ~ 70% identity with each other, and each shares 

65% to 77% identity with hfPitxA (Figs 2.2, 2.4B). 

To investigate whether the interaction between Pitx proteins and TBP might have co-

evolved in vertebrates, inter-specific protein-protein interaction assays were performed. 

mTBP-N interacted with hfPitxA (Fig. 3.5C) whereas hfTBP-N did not interact with 

mPitx2c (Fig. 3.5C). This suggested that amino acid differences between mPitx2c and 

hfPitxA that prevent the former from binding to hfTBP-N are complemented by amino 

acid differences in mTBP-N. Besides interacting with hfPitxA and mPitx2c, mTBP-FL 

interacted with mPitx1 (Fig. 3.5A), suggesting that the Pitx-TBP interaction involved a 

domain shared between Pitx1 and Pitx2 proteins. 
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Figure 3.5: Identification of mouse orthologs TBP-binding partners. (A) TBP-Pitx1, Pitx2c 
interaction. mTFIIA, mouse general transcription factor IIA, is a known TBPCORE-interactor 358,493 
that was used as a positive control. Dilutions were a 10-fold series and were identical for both 
conditions. Growth on +ADE indicates yeast contained both prey and bait plasmids. Growth on -
ADE indicates an interaction between bait and prey constructs. ADE, adenine. (B) TBP-TCFL5 
interaction. A mTCFL5 clone, encoding for a domain similar to the hfTCFL5 clone identified in 
the screen, interacted with mTBP-FL but not with the MSD or VSD+MSD. Sector numbers on 
plate corresponds to sector number in the table. (C) Testing interactions of hfTBP with mPitx2c 
and of mTBP with hfPitxA. mTFIIA specificity control shows TBPCORE-dependent species-
independent interaction. 
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The TBP-Pitx Interaction Involves the Metazoan-Specific Domain of TBP 

It was curious that Pitx proteins, which are found throughout metazoan phyla, would 

interact with the phyla-specific region of vertebrate TBPs. Although a portion of this 

region, the metazoan-specific domain (MSD), is shared with all metazoans, this proline-

rich domain is relatively small and simple (Fig. 3.1B). Indeed, it has been speculated that 

the MSD likely served only as common “linker” to join different functional phyla-

specific N-terminal sequences to the universal TBPCORE 
391. However, outside of the 

MSD, the phyla-specific region of TBPs from vertebrates, cephalochordates, tunicates, 

insects, and nematodes show no evidence of homology with each other (Fig. 3.1A)345. As 

a first test of whether the Pitx-TBP interaction was truly common to other metazoans, and 

not vertebrate-specific, we tested whether hfPitxA would interact with TBP from 

amphioxus (a), a cephalochordate. aTBP shares a very similar MSD and TBPCORE region 

with vertebrate TBPs, but it has an extended cephalochordate-specific domain having no 

sequence identity with vertebrate TBPs (Fig. 3.1B) 391. Results showed that aTBP 

interacted with hfPitxA (Fig. 3.6A, B), verifying that the Pitx-TBP interaction was not 

restricted to vertebrates. 
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Figure 3.6: The TBP-Pitx interaction involves the MSD. (A) Schematic of relevant regions of bait 
constructs used in this figure. (B) Amphioxus (a) TBP-FL interaction with hfPitxA. Designations 
and dilutions as in figure 3.5. (C) Role of VSD in mTBP-mPitx2c interaction. mBRF1, mouse B’-
related factor 1, a known TBPCORE-interactor 358,478 used as a specificity control for an interaction 
requiring intact TBPCORE. (D) Roles of MSD and TBPCORE in mTBP-mPitx2c and mTBP-mPitx1 
interactions. Numerals on plates correspond to sector designations tabulated below. 
 

The results above suggested that the Pitx-TBP interaction involved the TBP MSD. To 

test this, mTBP bait constructs containing the MSD but lacking the VSD (mMSD-CORE) 

or lacking the VSD and the last 45 amino acids of the TBPCORE (mMSD-CORE263; Fig. 

3.6C) were used. Due to removal of part of the TBPCORE domain, mMSD-CORE263 would 

not interact with Brf1, but both mMSD-CORE and mMSD-CORE263 retained the 

interaction with mPitx2c (Fig. 3.6C). We also fused either the mTBP phyla-specific 

region (VSD + MSD) or only the VSD to an unrelated and irrelevant nuclear protein from 
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the splicing machinery, U2AF2 
494, and tested whether either of these would interact with 

mPitx2c (Fig. 3.6D). The bait containing the TBP MSD interacted with mPitx2c whereas 

the bait lacking the MSD did not interact (Fig 2.6D). This indicated that the MSD was 

required for the Pitx-TBP interaction, the VSD was not, and the TBPCORE was 

dispensable in the context of either the mN+U2AF2 or the mTBP-N bait construct. Taken 

together, these data hint that TBP MSD interacts with multiple chordate Pitx proteins. It 

is therefore likely that this ancestral interaction has been retained and possibly specialized 

in more recent animals. 

 
TBP-N Attenuates Pitx2-Dependent Transcription Activation 

Next, we wanted to know if the TBP-Pitx2 interaction was functional in vivo. 

Whether mPitx2c could functionally interact with mTBP was tested in reporter assays. 

Pitx2 is a DNA-binding transcription factor that has been shown to directly activate genes 

including nppa 472, plod1 495, dlx2 496, prl 497, and several pituitary-specific genes 464,498. 

nppa encodes the 35 amino acids atrial natriuretic factor A precursor, from which the 14 

amino acids atrial naturitic factor (ANF), a vertebrate-specific cardiac hormone involved 

in electrolyte and fluid homeostasis of the cardiovascular system, is cleaved 499-502. Pitx2 

has been shown to bind and activate the promoter of the nppa gene 472,503,504. Sequences 

from -638 to +1 of the mouse nppa gene were cloned upstream of the firefly luciferase 

gene and this reporter was co-transfected with expression cassettes encoding either 

mTBP-FL or mTBP lacking the central metazoan-specific domain (mTBP∆MSD) into 

COS7 cells, which lack endogenous Pitx family proteins but contain endogenous full-

length TBP (Fig. 3.7A, B). Consistent with published data 504, expression of Pitx2c 
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increased the activity of the nppa reporter by ~10-fold (white bars). Overexpression of 

either mTBP-FL or mTBP∆MSD in the absence of Pitx2 expression also increased activity 

of the nppa promoter several-fold (compare white with gray or black bars at left, 

respectively). However, whereas co-expression of mPitx2c and mTBP-FL had no effect 

beyond that of mPitx2c alone (gray bar at right), co-expression of mPitx2c and 

mTBP∆MSD further augmented the activity of the nppa promoter (black bar at right). This 

unexpected result suggested that the MSD may attenuate the ability of mPitx2c to 

activate the nppa promoter. Nevertheless, interpretation of the data was complicated both 

by uncertainties of the effects of overexpression of TBP on the cells and by the presence 

of endogenous TBP-FL in the COS7 cells. Therefore, we wanted to test the effects of 

mPitx2c on the nppa promoter in cells in which only endogenous levels of TBP that 

either possessed or lacked the MSD were expressed. 
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Figure 3.7: The TBP MSD modulates mPitx2c activity on the nppa promoter. (A) Schematic of 
TBP proteins expressed in the cells analyzed in this figure. mTBP-∆N, the protein expressed from 
the tbp∆Ν allele, lacks the MSD and all except the first 24 amino acids of the VSD 351. (B) 
Functional interaction of TBP-MSD and Pitx2c on the nppa promoter. A mouse nppa promoter- 
(-664 to +90 from the cap site 472) driven luciferase reporter gene was co-transfected into COS7 
cells with an expression vector for the indicated mTBP protein and with or without an expression 
vector for mPitx2c protein. Transfection efficiencies were normalized to a transfected positive 
control plasmid; assays represent equivalents amounts of cell lysate based on protein content. 
COS7 cells express endogenous TBP-FL in addition to the transfected TBP proteins. (C) mPitx2c 
differentially activates transcription from the nppa promoter in cells containing only endogenous 
TBP-FL versus cells containing only endogenous TBP-∆Ν. Individual primary mouse fibroblasts 
from four wildtype (tbp+/+) or four mutant (tbp∆Ν/∆Ν) fetuses 357 were transfected in triplicate with 
the nppa promoter-driven luciferase reporter gene and increasing amounts of plasmid expressing 
mPitx2c, as indicated. Results represent the average normalized values from three transfections of 
all four wildtype and all four mutant fibroblast lines. Normalization was as in panel (B), above 
and tbp∆Ν/∆Ν with 10 µg of Pitx2 was set as 100%. Displayed are means plus error bars (SEM); 
asterisks, significantly different (*, P < 0.05; **, P < 0.01), Student’s unpaired t-test. 
 

Primary fibroblast cultures were explanted from four wild-type fetuses and from four 

fetuses homozygous for a targeted mutation that removed amino acids 25-135 of the 

endogenous TBP protein, including the entire MSD (amino acids 114-135; entitled 

tbp∆Ν/∆Ν; mTBP-∆N in Fig. 3.7A) 351,357. Using a protocol that gave ~50% transfection 
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efficiency, the nppa promoter-based luciferase reporter was co-transfected into each of 

these cell lines with varying amounts of the mPitx2c expression plasmid. Results showed 

that, whereas increased amounts of Pitx2c expression plasmid increased the activity of 

the nppa promoter in a dose-dependent fashion over a ~5-fold range in wild-type 

fibroblast cultures (Fig. 3.7B, white bars), the same plasmid concentrations activated the 

nppa promoter over a ~20-fold range in the tbp∆Ν/∆Ν fibroblast cultures (Fig. 3.7C, black 

bars). These results suggest Pitx2c activates the nppa promoter in a manner that is 

attenuated or modulated by the TBP phyla-specific region. 

 
The TBP Phyla-Specific Region is involved in Nppa Regulation in vivo 

If the TBP-MSD restricted Pitx2-dependent transcription in vivo, one might predict 

that mPitx2-regulated genes would show expanded levels or domains of expression in 

tbp∆N/∆N mice. Although tbp∆N/∆N mice exhibit a combined 95-99% lethality in mid-

gestation and the early post-natal period, the few surviving adults are overtly normal, 

including apparently normal heart development 351 (data not shown). Levels of Nppa 

mRNA were compared in whole hearts from wild-type (tbp+/+) and tbp∆N/∆N adults. Semi-

quantitative RT-PCR showed that Nppa mRNA was more abundant in tbp∆N/∆N hearts 

than in wild-type hearts (Fig. 3.8A). Quantitative analyses based on real-time RT-PCR 

(data not shown) and RNase protection assays (Fig. 3.8B) indicated that this increase was 

3- to 4-fold in magnitude. 
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Figure 3.8: Cardiac Nppa mRNA expression in wildtype and tbp∆N/∆N mice. (A) Relative Nppa 
and β-actin mRNA levels in adult heart determined by semi-quantitative RT-PCR. Oligo (dT)-
primed cDNAs were prepared from 2 µg of total RNA from adult male hearts of the indicated 
genotype and 0.2% of the total was used in each PCR reaction. The sets of four vertically stacked 
panels represent increasing PCR cycles, as indicated by wedge at left (28, 30, 32, and 34 cycles 
for Nppa; 24, 26, 28, and 30 cycles for β-actin). (B) Quantitative measure of the difference in 
cardiac Nppa mRNA levels between wildtype and tbp∆Ν/∆Ν mice by RNase protection. Non-
digested “probe (1:500)” sample (left lane) contained 10 amol of probe and 10 µg of yeast RNA, 
and was not RNase-digested. All other hybridizations contained 5 fmol radiolabeled nppa probe 
and a total of 50 µg of RNA, including indicated amounts of adult male heart total RNA and yeast 
RNA, and were RNase-digested following hybridization. In the four lanes at right, 4.0 µg of total 
heart RNA from adult male mice “A”, “B”, “C”, and “D”, respectively, was used. To the left, 
samples contained two-fold dilutions of mouse “A” heart RNA (from left to right: 0.25, 0.5, 1.0, 
and 2.0 µg, as indicated by wedge above, with the difference being made up with yeast RNA). 
The negative “control” sample contained 5 fmol of probe and 50 µg of yeast RNA (no mouse  
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Figure 3.8 - continued 
heart RNA). Results indicated Nppa mRNA levels were 6-fold higher in tbp∆Ν/∆Ν hearts than in 
wildtype hearts. (C) Developmental cardiac Nppa mRNA expression. Whole-mount in situ 
hybridizations were performed using a complementary digoxygenin-labeled Nppa RNA probe on 
fetuses harvested at embryonic day (E) 9.5, E10.5 and E11.5, as indicated. Genotypes were 
determined by PCR. Four to six fetuses of each genotype at each stage were included except at 
E11.5, when, due to large losses of tbp∆Ν/∆Ν fetuses by this stage 351, only three mutant fetuses 
were recovered. Representative data are shown. Nppa mRNA expression is visualized as purple 
staining. Red arrows point to regions of expanded Nppa mRNA abundance in tbp∆N/∆N as 
compared to wildtype fetuses. OFT, outflow tract; IC, inner curvature; LV, left ventricle; RA, 
right atrium; RV, right ventricle. 

 
The multi-chambered heart is a vertebrate-specific innovation regulated by a complex 

gene regulatory network (see chapter 2), where morphological complexity correlates with 

phylogeny 176,505. Nppa mRNA has been used as a marker of myocardium chamber 

formation 177,505, where it preferentially accumulates in a defined pattern in the left side of 

the developing heart. Heart asymmetry is regulated by Nodal signaling, which activates 

Pitx2c, while other Pitx isoforms are not involved in cardiogenesis 506,507. Since nppa is 

regulated by Pitx2c 504, Nppa mRNA expression was assessed in tbp∆N/∆N fetuses by 

whole-mount in situ hybridization. In E9.5 and E10.5 wild-type fetuses, Nppa mRNA 

abundance was primarily in the left ventricle and atrium, with much lower expression in 

the right ventricle (Fig. 3.8C), as previously reported 177. By contrast, in tbp∆N/∆N fetuses, 

there was an increased spatial distribution into the inner curvature of the heart and greater 

Nppa mRNA accumulation in the left atrium and ventricle at E11.5 (Fig. 3.8C). Also, 

although wild-type hearts showed diminishing Nppa level in the right ventricle between 

E9.5 and E11.5, mutant hearts showed continued or augmented right ventricular 

abundance by E11.5 (Fig. 3.8C). Taken together, these data suggest that TBP-N likely 

interacts, in vivo, with Pitx2c to regulate the expression of nppa. 
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Discussion 
 
 
Summary 

 To investigate why the phyla-specific region of TBP changed at, or very near to, 

the pre-vertebrate/vertebrate transition, but has subsequently been conserved, we 

performed screens for proteins from basal vertebrates that would interact with this 

domain. We reasoned that basal vertebrates, likely having lower genomic complexity 485, 

and thus possibly lower genetic redundancy, might more efficiently yield the “ancestral” 

interacting proteins than would similar investigations in more recent vertebrates. Despite 

that yeast two-hybrid screens do not allow exhaustive screening, we identified three 

proteins that interacted with the phyla-specific region of TBP. Of those three cyclostome 

proteins, one had no obvious homolog in mammals, one (TCFL5) had a mouse homolog 

but we could not detect the interaction found in hagfish, in mouse, and one (PitxA) had 

mouse homologs that interacted with mTBP-N. 

Here, we show that TBP-N is a functional domain involved in protein-protein 

interactions. The interaction between hfTBP-N and hfTCFL5 was not detected between 

the mTBP-N and mTCFL5. Either we could not detect the interaction due to sensitivity 

issues or the interaction present in hagfish was not present in mouse. The interaction 

between hfTBP-N and hfPitxA was conserved between the mouse orthologs: TBP and 

Pitx2c. Also, TBP interacted with Pitx1, a likely recent paralog of Pitx2. The interaction 

domain was refined to the TBP MSD, which was until then considered a linker 391 and 

possibly not thought as a functional domain. In vivo, it is likely that TBP-N acts as a 

repressor of Pitx2c activity on its target gene, nppa, as lack of TBP-N (TBP-∆N) 
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increased the Pitx2c-dependent gene expression. Therefore, the binding of Pitx2c to TBP-

N may “tune down” the activity of Pitx2c. 

 
Implications 

 
The Unstructured TBP-N is a Functional Protein-Protein Interaction Domain:  

The TBP variable region (VSD+MSD) has been described as unstructured (see chapter 

2). The presence of an unstructured domain is fairly common and is involved in crucial 

roles for transcriptional and translational regulation as well as signal transduction 373-

377,401. This suggests a role for disordered regions to be involved in protein-protein 

interactions in general 382,412-415, and TBP-N in particular. Natively unstructured proteins 

or polypeptide regions, like TBP-N, have been shown to often be part of protein 

complexes that present different interfaces for different protein-protein interaction 417,508. 

Therefore, the function of the vertebrate specific TBP-N may be to assemble protein 

complexes or bridge multiple partners in a tissue- or developmental stage-specific fashion 

and not only to be involved in a binary protein-protein interaction as shown in the present 

chapter. 

 
TBP-Pitx Co-evolution in Relation to Heart Development:  Co-evolution is the 

genetic change in one entity constraining a compensatory change in the other entity. The 

TBPCORE has been shown to have co-evolved with MBF1, a transcriptional co-activator, 

through compensatory point mutations 509. Protein-protein co-evolution has been shown 

to use interfaces located at functionally important sites like linkers or active sites 510. 

Interestingly, the MSD has been thought as such a linker region 391. It is of interest to 
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note that the interaction hfTBP-mPitx2c was not detected while mTBP-hfPitxA 

interaction was present. While there are likely multiple explanations, this could be due to 

a more general PitxA binding interface. Indeed, only one pitx gene is known in 

cyclostomes 240 while three exist in mammals 239,477. One may extrapolate that the 

increasing number of pitx genes in more recent vertebrates may be involved in more 

specialized mechanisms and potentially more selective protein-protein interactions, while 

the unique cyclostome gene fills in all those roles. Also, it is possible that the 

mechanisms requiring the other pitx genes found only in jawed vertebrates do not exist in 

cyclostomes. It is thus possible that TBP-N and PitxA/Pitx1/Pitx2c co-evolved and that 

the interaction became more refined in more recent vertebrates. 

The cyclostome heart has only one atrium and one ventricle, while two of each 

are present in mouse 176,511. The cyclostome heart also potentially requires a simple gene 

regulatory network to develop. The identification of an increased expression of nppa 

correlating with a lack of TBP-N, in the left heart, may have some downstream 

implications as minute alteration of heart development can result in congenital heart 

defects 176, which are present in ~1% of live birth in humans 186. Heart development and 

evolution is governed by gene regulatory networks and the often observed increase in 

genes redundancy, respectively 50. The heart is formed of two distinct organs, the left 

heart, derived from the first heart field (FHF), and the right heart, derived from the 

second heart field (SHF), fusing together during development to give one organ 176. Both 

heart fields share the same core transcription factors 50,505. Interestingly, we showed that, 
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in tbp∆N/∆N, Pitx2-dependent transcription of nppa is increased four fold in the FHF but 

little in the SHF. 

 
Consequences for the tbp∆N/∆N Mice:  The present study focused on potential gene 

regulatory events that would be TBP-N-dependent. Future studies may measure the level 

of ANF, the nppa-encoded circulating hormone. One may speculate that the ANF 

circulating level will be increased like the mRNA, and correlate with physiological 

parameters unique to tbp∆N/∆N animals. 

 
Changes in the Basal Transcription Machinery: a Novel Mechanisms for 

Evolution?:  Current evidence shows that alteration of one cis-regulatory element can 

influence gene expression of the one target locus and is, sometimes, involved in 

speciation 447,448,451-453. Therefore, one change (i.e., mutation, duplication,...) will affect 

expression of one locus. Mutations at multiple loci may be required to achieve a multi-

trait phenotype leading to an evolutionary transition like speciation. Conversely, change 

in the basal transcription machinery could affect all genes 391. Alteration of TBP have 

been rare and most correlate with major evolutionary transition 345,391 (Fig. 3.1). It is 

therefore possible that alteration of the basal machinery in general, and TBP in particular, 

and their potential widespread effects could be another mechanism involved in 

evolutionary transitions. 
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GENETIC MODIFICATION OF THE TBP N TERMINUS SUGGESTS IT HAS A 
VERTEBRATE-SPECIFIC FUNCTION 

 

Introduction 
 
 

TBP plays a central role in transcription. This function is carried through its C 

terminal domain (TBPCORE) and has been extensively characterized 346,348-350. All 

vertebrate lineages possess a homologous TBP N-terminal region (TBP-N) fused to 

TBPCORE 
391. The vertebrate-specific TBP-N is highly conserved in all species studied to 

date (see chapter 3; Fig. 3.1B). Unlike the highly structured TBPCORE, the TBP-N lacks a 

defined structure or function 383-387. Based largely on its conservation, the vertebrate 

TBP-N has been postulated to play a role in vertebrate-specific transcriptional regulation 

391. Homozygous mice lacking all but the first 24 amino acids of the TBP-N protein 

coding sequence usually do not survive past mid-gestation (embryonic day 14.5; E14.5) 

due to a placental defect 351. In addition to its role in placental regulation, which is 

restricted to mammals, the sequence conservation suggests that some of the biological 

functions of TBP-N may be conserved and comparable among all vertebrate species. 

TBP-N is composed of a vertebrate-specific domain (VSD) and a metazoan-specific 

domain (MSD) (see chapters 2 and 3; Fig. 3.1). We previously showed (see chapter 3) 

that TBP-N is involved in protein-protein interactions and that the interaction between the 

TBP-MSD and Pitx proteins, a multigene family of transcription factors involved in 

patterning and endocrine functions, is conserved in chordates. This supports the 

hypothesis that one of the functional roles of TBP-N is to modulate gene transcription. 
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The following study aims to further characterize the biological role of TBP-N during 

mouse development. 

One of the hypotheses that we have been exploring is that if TBP-N possesses a 

conserved vertebrate-specific function in vivo, expression of the most different vertebrate 

TBP-N protein-coding sequence may rescue the fetal loss observed in tbp∆N/∆N animals 351 

(see chapter 2). The vertebrate TBP-N protein-coding sequence that is most different 

from that in mouse is from hagfish (hf) (see chapter 3; Fig. 3.1B) 391. Hagfish, a 

cyclostome, is a living representative of a lineage that has the oldest common ancestor 

with mammals (see chapter 3; Fig. 3.1). Hagfishes and mice diverged from a common 

ancestor ~500 Myr ago 512. We hypothesized that if the placental roles of the mouse TBP-

N were, indeed, functions shared by all vertebrates and not specific to placental 

mammals, the hfTBP-N could allow mouse embryonic development, in contrast to the 

fetal loss observed with the lack of TBP N terminus, in tbp∆N/∆N animals. To test this 

hypothesis, the endogenous mouse TBP-N was replaced with the hagfish TBP-N through 

homologous recombination (Fig. 4.1, 4.2). 
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Figure 4.1: Schematic representation of the tbp alleles. Representation the tbp genomic loci of 
TBP-N encoded on exon 2 and 3. Grey represents DNA sequences derived from the mouse TBP-
N and black represents TBPCORE sequence. The wildtype allele is displayed on the top diagram 
with TBP-N being encoded between the ATG and Sac I nucleotide regions, both represented as 
vertical bars. The second diagram represents the gene structure for the tbp∆N mutant allele where 
the N-terminal coding sequence of exon 3 has been deleted and replaced with two FLAG epitope 
tags (not shown) 351. The last schematic represents the constructs engineered in this study where 
the TBP-N sequence was replaced with the hagfish TBP-N specific sequence (in blue). The 
arrowheads denote species-specific introns that have been removed. Mouse intron 2 has been 
inserted in this construct at the nucleotide position where another naturally occurring intron is 
located in the hagfish tbp locus. The mouse splice donor and acceptor sites on each side of intron 
2 have been retained to insure correct splicing in mice. 
 

Materials and Methods 
 
 
Hagfish Targeting Vector 

The protein coding sequence of mouse TBP-N was replaced with that of the 

hagfish TBP. Hagfish exon 3 exhibited an additional intron 391 that was removed using a 

hagfish cDNA template for PCR amplification as follows: Silent mutations were 

introduced to generate a Nar I restriction site at the 5’ end of hagfish exon 3. A Sac I site 

was engineered at the N/C junction in hagfish exon 3 (Fig. 4.2D). These restriction sites 

were used to insert the hagfish N terminus into the mouse tbp gene. The protein-coding 
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sequence of the mouse N terminus was perfectly replaced with sequences encoding the 

homologous region from hagfish (except a Val to Lys mutation at amino-acid twenty). 

Care was taken to conserve the mouse intron 2 and mouse splice donor and 

acceptor sites to ensure splicing in vivo (Fig. 4.2). To this end, the restriction enzyme 

independent method of Tvrdik et al. 513, which was generously communicated to us prior 

publication, was used (Fig. 4.2B and Table 4.1, hfTV2-7). Briefly, overlapping pairs of 

PCR products are generated, mixed, boiled, and re-annealed. A portion of the strands 

anneals into hetero-hybrids having unique complementary ends. This strategy was used to 

precisely insert hagfish TBP N terminus-coding exons into the mouse tbp gene while 

precisely retaining mouse intron 2 in the tbphfN allele, respectively (Fig. 4.2). All coding 

sequences and junctions required for the final assembly of the targeting vector were 

sequenced.  

The targeting vector was linearized using the restriction enzyme Not I, and 

resulting DNA was electroporated into embryonic stem cells. Colonies growing in media 

containing G418 were analyzed for targeted gene replacement by PCR (Fig. 4.2C). 

A Southern blot strategy was designed to assess the correct integration of the 

construct in the genomic tbp locus. The upstream probe hybridized a 2765 bp fragment 

when wildtype genomic DNA was digested with Spe I and Bam HI. The downstream 

probe hybridized to a 4998 bp fragment when wildtype genomic DNA was digested with 

Nde I and Bam HI. Southern blot fragment sizes for the replaced allele are shown (Fig. 

4.2A); 5023 bp for the upstream probe following digestion with Spe I, Bam HI, and Xho I 

and 3473 bp for the downstream probe following  digestion with Nde I and Bam HI. 
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For selection, an expressed neomycin resistance cassette was inserted in the Bam 

HI site. The neomycin resistance was driven by a ubiquitously expressed synthetic 

promoter composed of the polyoma enhancer fused to the basal promoter of the herpes 

simplex virus thymidine kinase gene (MC1p) 514. One correctly targeted embryonic stem 

cell clone was injected into blastocysts (strain C57/Bl6) and these were implanted in 

pseudo-pregnant surrogate mothers by standard procedures 351. Weaned pups were 

analyzed for targeted genomic integration by PCR reaction (Fig. 4.2C and accompanying 

figure legend).  
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Figure 4.2: Outline of the design strategy that was used to produce the tbphfN allele. (A) Wildtype 
and mutant TBP mRNAs and TBP proteins. The wildtype TBP mRNA is represented in grey. The  
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Figure 4.2 - continued 
blue in the replaced allele represents the hagfish protein coding sequence. Translation initiates in 
the second exon (see figure 4.1A, “ATG”) and ends in exon 8 generating a 316 amino-acids 
protein. The m/hf mutant protein is 324 amino-acids long. (B) Strategy for insertion of a desired 
sequence into a target site lacking restriction enzyme sites. The four steps to insert a desired DNA 
sequence (in green) in a restriction-independent manner in a target sequence (red and blue) are 
shown. For clarity, only the desired target is represented in step 3. (C) Schematic of the gene 
targeting strategy and targeting vector design. The 5’ end of the mouse wildtype tbp gene is 
diagrammed (fine black line, wildtype allele) with exons represented as black boxes. Selected 
restrictions sites are indicated as: b: Bam HI; (b): Bam HI/Bgl II; e: Eco RI; h: Hind III; n: Nde I; 
s: Sac I; sp: Spe I; and x: Xho I. Diagnostic PCR primers (arrows) and PCR products are indicated 
(line between arrows, length indicated). Diagnostic Southern blot probes are drawn in grey and 
expected fragment and sizes for wildtype allele are shown in grey. Below is shown the targeted 
vector design. The second schematic from the last shows the targeted allele still containing the 
loxP flanked MC1p neomycin-expressed cassette with the diagnostic PCR from the primers 
shown above on the wildtype allele. The bottom schematic represents the targeted allele after 
Cre-dependent removal of the loxP-flanked Neo cassette. (D) Conservation of the murine splicing 
sites of intron 2. The hybrid m/hf exon 2 was generated by synthetic oligonucleotides 
complementary to PCR primer tails specific for the murine sequence upstream of the transcription 
start site and for the murine intron 2. Mouse-derived exonic nucleotides are shown in black, 
hagfish-derived exonic nucleotides are in blue, and intronic nucleotides (mouse or hagfish) are 
grey. The 5’ end of hagfish intron 2 has not been sequenced and therefore sequences are denoted 
as question marks. (E) Conservation of the murine splicing sites in the targeted tbp exon2/exon3 
junction by splicing assay in h293 cells. The hybrid region for the tbphfN targeting vector was 
inserted into a yellow fluorescent protein (YFP) expression vector under the control of the 
cytomegalovirus promoter (CMVp) as depicted. The blue rectangles represent the hagfish exonic 
sequence. The black squares represent the mouse 5’ untranslated region (UTR) exon 2 sequences 
upstream of the ATG. An oligo(dT)-primed RTase reaction followed by a PCR reaction with the 
primers indicated on the figure generated a 293 bp fragment after correct splicing of intron 2 from 
the chimeric minigene (lane RT). As a control, plasmid was used as a template in a PCR reaction 
yielding a 1437 bp (unspliced) PCR product (lane Pl), which would mimic the expected unspliced 
pre-mRNA. Molecular size markers are shown in lane M.  
 
 
Splicing Analysis 

 Assessment of the construct splicing pattern was conducted as follows: The 

targeting vector was digested with Bgl II and Sac I restriction enzymes to generate a 1437 

bp fragment encompassing the coding region of exon 2 and the TBP-N region encoded in 

exons 2 and 3 (Fig. 4.2E). The resulting fragment was inserted into Bgl II/Sac I-cut 

peYFP-C1 plasmids (Clontech; eYFP: enhanced yellow fluorescent protein; CMVp: 

Cytomegalovirus promoter shown as open arrow in Fig. 4.2E). Human embryonic kidney 
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carcinoma cells (h293) at 50% confluence were transfected with 3 µg of the resulting 

plasmid. Total RNA was harvested 21 h later as described previously 357,515. Random-

primed (9-mer) and oligo-(dT)-primed reverse transcriptase (RTase) reactions were 

performed using 2.5 µg of total RNA. Half a percent of the RT reaction was used in PCR 

reaction with the primers indicated on Fig. 4.2E. The PCR reactions spanning the splicing 

region generated a 293 bp fragment following correct splicing of intron 2 from the 

chimeric minigene. As a control, 1 ng of untranslated plasmid was used as template in a 

PCR reaction yielding a PCR product of the size expected for unspliced pre-mRNA 

(1437 bp). 

 
Genotyping 

 Fetuses were genotyped as previously described 351. Tails from weaned pups were 

collected and DNA was extracted as previously described 351. Specific primers used for 

DNA amplification are listed in Table 4.1. For the presence of the tbphfN allele, primers 

G2 (reverse primer; mouse intron 2/exon 3), G3 (forward primer; mouse intron 2), and 

G4 (reverse primer; hagfish exon 3) were used. A 0.7kb band was indicative of the tbphfN 

allele. A 0.4 kb band was indicative of the wildtype allele. Survival was determined at 

various developmental stages, as indicated in Table 4.2. 
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Table 4.1. Oligonucleotides primers used in the generation and characterization of the 
tbphfN allele. 

 
 

Results 
 
 
 Using the strategies described above, a mouse line that expressed TBP protein 

containing a TBP-N domain originating from hagfish (hf) coding sequence was 

generated. No visible defect in intron 2 splicing of the TBP-N genomic locus was 

detected in the tbphfN mutant construct (Fig. 4.2E). The chimeric construct was thus 

deemed adequate to be inserted into mouse stem cells.  

Survival of the mutant animals was assessed as follows: Analysis of survival at 

weaning (21 days after birth, P21) indicated that tbphfN/+ and tbphfN/hfN mice showed 

wildtype-like survival (Table 4.2), health, and fertility. The full survival compared 

advantageously to the ~3% survival observed in mice lacking most of the TBP-N domain 

(tbp∆N/∆N)351. Our data indicate that whereas removal of the mouse TBP-N 351 is severely 

detrimental to fetal survival, replacement of the mouse TBP-N with that of hagfish is not. 

Therefore, the functions of the TBP-N, whose disruption causes loss of tbp∆N/∆N fetuses at 

Name Sequence 

G1 ATAGAGCTCTCTGCTGGGGTTGCAGGGGTC 
G2 ATACTCGAGGATCCGTAAGGCATCATTGGACTAAAG 
G3 TATTTGCCTCTGCCTCCAGAGCTAG 
G4 ATAGAGCTCTCAGATGCTGGAGCAAC 
hfTV1 TATGGCGCCCTTACACCTGGGATTCAAATG 
hfTV2 CGGGAGGCCACTGGAGGATTCCATGATTCTCCCTTTCTTC 
hfTV3 TCCATGATTCTCCCTTTCTTCAGTAC 
hfTV4 CAGGTAATAGAGCAAGAGGGAGGGGCA 
hfTV5 AGGGGCAGAGAGGGCTCATATC 
hfTV6 CCCTCTTGCTCTATTACCTGCTGGTTCGTCAATCCAGGAGAGAATCC 
hfTV7 ATCCTCCAGTGGCCTCCCGGGATTCTCTCCTGGATTGACGAACCAG 
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mid-gestation, appear to have been conserved during the evolution of these very distant 

vertebrate lineages. Thus, it is likely that this pre-existing process was co-opted for 

eutherian-specific functions and not developed specifically for this process. 

 
Table 4.2. Effect of tbphfN allele on survival at weaning. 

Genotype 
Age (in days) 

P21 

tbphfN/+ 
100% 
n=119 

tbphfN/hfN 
94% n.s. 

n=119 

tbp∆N/hfN 
27% *** 

n=243 

Percentage of animals surviving to weaning based on Mendelian ratio of fertilized eggs 
and 100% survival for wildtype animals. Under each is indicated the total number of 
animals (n=) genotyped by PCR reaction (Fig. 4.2A, 4.3E). Chi-square tests were 
performed to determine if ratios were different from Mendelian ratios (n.s., not 
significant, *** p<0.001). 
 

As a more sensitive test to determine if tbphfN was truly equivalent to the wildtype 

allele, crosses of tbphfN/+ mice with tbp∆N/+ animals were performed. Our expectation was 

that if the tbphfN allele is equivalent to wildtype, the survival of tbp∆N/hfN animals should 

be comparable to that of tbp∆N/+ animals. Therefore, we would expect ~70% survival of 

tbp∆N/hfN at P21 351. In contrast to this expectation, we observed a ~3 fold lower survival 

of tbp∆N/hfN animals at P21, which was highly significant (27%; Table 4.2). The survival 

rate observed by introduction of the tbphfN allele in conjunction with a tbp∆N allele was 

therefore intermediate to the one seen for tbp+/+ and tbp∆N/∆N alleles. In tbp∆N/hfN animals, 

one copy of the tbphfN allele did not rescue the effect of the tbp∆N allele when comparing 

survival rates of tbp∆N/hfN to tbp∆N/∆N litters. This observation has allowed us to rule out 
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the hypothesis that the tbphfN allele restored wildtype-like survival. This suggests more 

subtle specializations have been imparted on TBP-N since hagfish and mouse diverged 

from their common ancestor ~500 Myr ago 512. 

Discussion 
 
 

In this chapter we have presented data that support the notion that the TBP-N 

participates in a fundamental function likely shared by all vertebrates. Given the 

homology and similarity between the hagfish and mouse TBP-N 391, it was hypothesized 

that TBP proteins from all vertebrates have retained some common functions 391. To test 

for such a conserved function, we swapped the mouse TBP-N protein-coding sequence 

with the hfTBP-N one. The full survival of tbphfN/hfN animals (Table 4.2) argues in favor 

of a conserved role of TBP-N common to all vertebrates. Moreover, this suggests that its 

functions are present in the primary amino-acids sequence already present in hagfish, a 

living representative that diverged from the main vertebrate lineage 500 Myrs ago 36. 

Contrastingly, lack of TBP-N did not allow full embryonic development 351. Thus, we can 

extrapolate that hfTBP-N likely performs a function not found in tbp∆N/∆N animals where 

most (82%) of the TBP-N is absent. In addition, the partial complementation (as assessed 

by percentage of embryo survival) observed in tbp∆N/hfN (Table 4.2) supported the idea of 

a common fundamental role of TBP-N in vertebrates. Indeed, the tbphfN allele could 

partially rescue the survival (3% survival in tbp∆N/∆N 351 compared to 27% in tbp∆N/hfN). 

The partial complementation suggests that most of the defects due to the absence of TBP-

N are fulfilled by the hfTBP-N but that more refined functions may have arisen after 

divergence of cyclostomes and jawed vertebrates. These embellishments were not 
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accounted for in the lineage leading to modern hagfish and could not be complemented 

by the tbphfN allele. Therefore, this suggests that even though most defects are rescued by 

tbphfN, one would expect some residual tbphfN-specific defects. 

Our study suggests that vertebrates evolved a highly conserved role for TBP-N. 

This new function is shared between the most diverged vertebrate lineages, those of 

cyclostomes and mammals. Our findings suggest that the placental defect observed in 

tbp∆N animals is possibly the result of the co-option of an earlier system, as defined by 

use of a gene product predating a novel function 32. Invertebrate chordates do not possess 

a TBP-N homologous to the vertebrate TBP-N. The most striking difference between 

protochordates (see chapter 1; Fig. 1.1) and vertebrates is that protochordates are filter 

feeders while most vertebrates are predators 21. Different selection pressures may have 

resulted in the need for invertebrate chordates TBP-N to function differently than 

vertebrate TBP-N, perhaps modulating distinct protein-protein interactions facilitating the 

vertebrate radiation. 

TBP-N appears to be switch-out at different evolutionary transition (see chapter 3; 

Fig. 3.1 and 345). Our functional data presented here argues in favor of a conserved 

function that can be tracked back to the base of the vertebrate sub-phylum. Such a system 

is reminiscent of a “frozen accident” 516. In the context of the frozen accident theory, a 

trait (i.e. TBP-N), which might not have any special properties at first, is fixed in a 

common ancestor, and the subsequent different lineages where any alteration of that trait 

becomes deleterious, like in the case of the genetic code 516. Co-evolution of a vertebrate-

specific protein interacting with the N-terminal region of TBP involved in embryonic 
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development is, in the frozen accident context, one possible hypothesis to explain the 

data presented above. Such interactions could be, perhaps, mediating novel cell signaling 

pathways through control of gene-specific transcription, for example. We realize that 

such possibility is one among many that could explain why absence of TBP-N is so 

deleterious. Therefore, the appearance and retention of TBP-N in vertebrates may suggest 

it has a key and conserved role in vertebrate’s biology. 

As the swapping and partial complementation assays showed a likely conserved 

role of TBP-N in vertebrates, we sought to identify the underlying molecular mechanisms 

common to tbp∆N/∆N and tbphfN/hfN. For this, we next aimed to identify a common set of 

misregulated pathways via global gene expression analysis. 
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GENE EXPRESSION AND PHYSIOLOGY OF                                                          
THE “∆N” AND “HFN” ALLELES 

 

Background and Summary 
 
 

In metazoans, TBP is a modular transcription factor composed of a conserved 

domain (TBPCORE) and a more variable N-terminal region 345. The function of TBPCORE in 

transcription initiation has been well studied 358 and is conserved among all eukaryotes 

345. Within the N-terminal region and adjacent to the TBPCORE, all metazoans share a 

related metazoan-specific domain (MSD), which is not found in other eukaryotes 391. 

Non-homologous N-terminal regions (TBP-N) are found in other  metazoan lineages (see 

chapter 3; Fig. 3.2) with no evidence of homology between subphyla 391. The function of 

these TBP-N remains largely uncertain 391. Within the vertebrate subphyla, all species 

share a homologous subphyla-specific domain, hereafter termed the vertebrate specific 

domain (VSD, see chapter 3; Fig. 3.2). 

 In order to gain insights into the function of the TBP-N, transcriptome analyses 

were performed on livers from wildtype (tbp+/+), tbp∆N/∆N, and tbphfN/hfN mice (see 351 and 

chapter 4) as well as for mice bearing combinations of the three different alleles. 

Liver was chosen as a target tissue for its cell type homogeneity (hepatocytes 

make up more than 90% of the liver mass 517), its active metabolic role, and its large size. 

The liver is an organ central to energy homeostasis through carbohydrates, proteins, and 

lipids metabolism. Animals tend to preferentially burn carbohydrates to generate energy 

when requiring fast replenishment of energy supplies, and surplus is frequently stored as 

triglycerides (a combination of three fatty acids esterified to a molecule of glycerol) 



I 
 

100

245,518. Most dietary lipids are long-chain triglycerides that are absorbed by the gut and 

transported, via the blood stream, to different tissues, including the liver, where they are 

metabolized 245,518. The liver is also the major organ producing and clearing lipoproteins, 

the soluble vehicle for plasma lipid transport. This briefly illustrates the central role of 

the liver in energy metabolism.  

The results presented in this chapter showed that liver mRNA abundance induced 

by the different tbp alleles revealed alterations in energy metabolism-related pathways. 

The main gene expression differences, based on functional grouping of differential 

mRNA abundance, were as follows: (1) tbp∆N/∆N had an altered abundance of endogenous 

retroviruses mRNAs; (2) tbphfN/hfN was not, overall, an intermediate phenotype between 

tbp+/+ and tbp∆N/∆N, but rather revealed specific alterations in mRNA abundance; (3) 

tbp∆N/∆N and tbphfN/hfN exhibited a large set of differentially abundant mRNAs in common 

that were involved in lipid-metabolism. Attention was further focused on tbp∆N/∆N, where 

histological analysis and serum analytical chemistry indicated a defect in lipid 

metabolism. Also, tbp∆N/∆N has an impaired insulin response. Finally, juveniles and adults 

tbp∆N/∆N mice fed a high fat diet, presented an increased accumulation of lipids in the 

liver. 

Materials and Methods 
 
 
Microarrays and RT-PCR 

Male mice aged of 2 to 8 months were singly-housed at the Montana State 

University Animal Resources Center for 10 days before liver RNA harvest, at 2 pm. 

Unless otherwise noted, animals were fed ad libitum with a diet containing 9% of fat by 
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weight. For pre-weaning animals, pups of each genotype aged 11 days were sacrificed. 

Three animals of each genotype were harvested and RNA was extracted and purified. 

Biotinylated complementary RNA (cRNA) probe synthesis and hybridization to 

Affymetrix chips (MOEA_2.0) were performed, as previously described 391. Reverse 

transcription was performed as previously described 351,483. 

 
Glycemia, Insulin Tolerance Tests, and Blood Analytical Chemistry 

 For glycemia determination, following overnight (13h) fasting, blood was 

collected from the sapheinous vein and glucose levels were determined using a 

TrueTrack glucometer (CVS pharmacy). Insulin tolerance tests were performed following 

overnight fasting by administration of bovine insulin (0.75U/kg, intraperitonally; Sigma) 

and blood glucose was measured at specific time points following insulin injection. For 

blood chemistry, animals (n=3-4 per genotype) were fasted overnight before blood 

collection. Resulting serum samples were sent for blood chemistry analysis at the 

Marshfield clinic (Marshfield, WI). 

 
Histology 

 For preparation of paraffin sections, tissues were fixed in neutral buffered 

formalin (10%), dehydrated through an alcohol gradient, cleared with xylene, and 

embedded with paraffin. Microtome sections (5 µm) were cut, dried, and stained with 

hematoxylin and eosin (H&E) 519. 

 For preparation of oil red-O stained samples, fresh biopsies were embedded in 

OCT (Optimal Cutting Temperature; Sakura Finetek, CA) embedding medium and 

frozen. A cryotome was used to cut 5 µm-thick sections that were fixed overnight in 
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neutral buffered formalin (10%). Slides were stained with oil red-O and counterstained 

with hematoxylin (E. Suvorova, personal communication). 

 
Bioinformatics 

 Computational analyses of microarray data were performed using the GeneSpring 

7.2 software package (Agilent) and the DAVID webtool 520. A 1.5 fold differential signal 

cut-off and a maximal t-test value (p<0.05) were defined as threshold for datasets that 

reliably represented differentially abundant mRNAs. Benjamini and Hochberg post-hoc 

was used to indentify patterns not expected prior to analysis. After identifying redundant 

probe sets, genes encoding differentially abundant mRNAs were further characterized. A 

probe set represents the collection of 11 different probes used to unequivocally identify a 

specific mRNA. (Some genes are represented by multiple probe sets.) Genes were 

classified into functional categories based on the gene ontology classification 

(www.geneontology.org). Identification of potential transcription factor binding sites on 

genomic sequence was performed using the rVISTA 521 and DiRe 522 algorithms. 

Liver Transcriptome Analysis 
 
 
Introduction 

Transcriptome analyses performed in this chapter revealed defects in fatty acids 

metabolism and in regulation of endogenous retroviruses. Fatty acids provide a source of 

energy that needs to be absorbed from the diet, transported, and oxidized before use 

518,523,524. Fatty acids can also be synthesized de novo 518. In the liver, fatty acids are 

metabolized mostly through β-oxidation in mitochondria. Partial β-oxidation leads to 
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production of ketone bodies (a condensation of acetyl-CoA molecules), which are 

exported as energy source for other tissues. Full β-oxidation occurs when acetyl-CoA 

molecules enter the tricarboxylic acid cycle for in site energy production, releasing CO2 

and H2O as final products 518. 

About 10% of the mouse genome is made of endogenous retroviruses (ERV) 

sequences 445. An increased number of ERV correlates with the appearance of 

placentation 525. In their normal infectious cycle, some ERV can mediate the formation of 

syncytium 526,527. HERV-W, a protein family expressed in human placenta includes the 

highly fusogenic glycoprotein, syncitin 526,528. HERV-W has been shown to induce 

syncitium formation in syncitiotrophoblasts through interaction with the sodium-

dependent amino acid transporter (SLC1A5) in human cell lines 526-528. In addition, many 

ERV protein-coding sequences were reported as being under continued selective 

pressure, suggesting they maintain important functional roles 527. Recently, it was shown 

that knocking down expression of a sheep-specific ERV through the use of morpholino 

anti-sense oligonucleotides could inhibit placental growth and differentiation 529. ERVs 

have the capacity to evade immune surveillance and it has therefore been postulated that 

the non-rejection of the embryo could be induced by activation of ERV 525.  

 
Results 

In order to gain a better understanding of the underlying molecular perturbations 

imparted by the lack of the native TBP-N in tbp∆N/∆N mice or its replacement by the 

homologous hfTBP-N in tbphfN/hfN mice, whole transcriptome analyses were performed on 

liver RNA samples from three adult homozygous male mice of each genotype. A total of 



I 
 

104

209 probe sets, representing 184 different mRNAs exhibited differential hybridization 

signals (appendix D). Of these 184 mRNAs, 127 (69%) genes were more abundant in 

tbp∆N/∆N (Fig. 5.1A, B, and appendix D). Similar analysis from tbphfN/hfN animals revealed 

that 71 mRNAs were differentially abundant, including 52 (73%) that were more 

abundant. As a qualitative verification of the data obtained from the microarrays 

experiment, RT-PCR analyses were performed on 19 mRNAs (Fig. 5.1D and data not 

shown). Genes encoding those mRNAs were classified into categories using the publicly 

available gene ontology classifications 530 (Fig. 5.1B; see Materials and Methods). 

In tbp∆N/∆N animals, 11 mRNAs were classified under the “immunity” category as 

defined by gene ontology classification, including 8 (72%) mRNAs that were more 

abundant in mutants. The list included mRNAs from two potentially interesting genes: 

ly6a, which is involved in CD4+ T cell proliferation and cytokine production 531; and 

pstpip2, which encodes a signaling protein that regulates macrophage motility 532. 

Histological examination of tbp+/+, tbp∆N/∆N, and tbphfN/hfN livers (n=3) revealed 

infiltration of lymphocytes and some rare neutrophils in the liver of tbp∆N/∆N (Fig. 5.1C; 

A. Harmsen, personal communication). Infiltration of immune cells in liver tissue of 

tbp∆N/∆N animals could be one explanation for the increased abundance of “immunity”-

related mRNAs in tbp∆N/∆N. Therefore, the differential mRNA abundance may be due to 

the presence of a different cell population, specific to tbp∆N/∆N, and not of an increased 

expression of “immunity” genes from the hepatocytes. 
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Figure 5.1: Transcriptome analyses of livers from tbp+/+, tbp∆N/∆N, and tbphfN/hfN mice. (A) Liver 
RNA was harvested from the indicated genotypes and submitted to microarray hybridization 
followed by expression-based clustering. (B) mRNAs deemed significant, as defined in Materials 
and Methods, were classified based on their functions. Analysis of mRNAs shared in both lists (in 
grey) revealed a common set of 46 mRNAs that were differentially abundant in tbp∆N/∆N and 
tbphfN/hfN livers. (C) Differential cell composition of tbp∆N/∆N livers. Lymphocyte and neutrophil 
infiltration was observed in tbp∆N/∆N animals. (D) Representative RT-PCR of two endogenous 
retroviruses qualitatively confirmed data obtained in the microarrays. A matched β-actin control 
was included. N.T.: no template. 
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To gain insights into the functions of TBP-N, the biological importance of 

mRNAs that were differentially abundant in both tbp∆N/∆N and tbphfN/hfN, animals was 

further examined. Interestingly, many of these mRNAs changed in abundance in response 

to one or the other mutation, but not to both (Fig. 5.1B). Analysis of both lists indicated 

that only 46 out of 106 probe sets were differentially abundant in both tbp∆N/∆N and 

tbphfN/hfN livers (Fig. 5.1B). Interestingly, 6 probe sets for mRNAs arising from ERV 

revealed differential mRNAs abundance between tbp+/+, tbp∆N/∆N, and tbphfN/hfN livers 

(Table 5.1). Further analyses indicated that most differentially abundant ERV mRNAs 

were related to mouse leukemia viruses genes, which are vertebrate-specific ERV 525. 

RT-PCR analysis of some of these representatives ERV confirmed the different mRNA 

levels observed in the microarray data (Fig. 5.1D). These observations led us to conclude 

that TBP-N may be involved in modulating expression of some endogenous retroviral 

genes. 

 
Table 5.1. List of differentially abundant endogenous retroviral mRNAs. 

Genbank 

Relative expression level  Number of 
genomic 

hits 

Encoded 
protein Annotation 

tbp+/+ tbp∆N/∆N tbphfN/hfN 

AF070719 1.0 -26.3 1.8 53a, 36b LTR 
Mxv2 endogenous 

retrovirus, LTR 

AY140896 1.0 -3.7 2.5 16a, 69b Pol./env. Defective leukemia 
virus 

BB794742 1.0 -1.8 2.3 >10 Integrase Leukemia virus-related 
AW763751 1.0 2.7 -2.0 745 Polymerase none 
BI438039 1.0 3.7 1.0 9 Envelope Leukemia virus-related 
BC002257 1.0 4.3 2.4 923 Envelope Leukemia virus-related 

a: highly conserved (BLASTN>80) 
b: somewhat conserved (BLASTN<80) 
 

In the group of mRNAs that were differentially abundant and common to tbp∆N/∆N 

and tbphfN/hfN, many encoded lipid metabolism enzymes (n=13, 28% of the total). Most of 
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these genes (85% or 11/13) were related to fatty acids metabolism. To further explore the 

roles of TBP-N in fatty acids metabolism, the abundance of diagnostic marker mRNAs 

for the major relevant pathways were extracted from the above-mentioned microarray 

data. Results indicated that uptake and transport of fatty acids may be one of the most 

affected processes in tbp∆N/∆N and tbphfN/hfN animals (Table 5.2).  

 
Table 5.2. Representative events and associated genes in fatty acid metabolism and their 
abundance in tbp∆N/∆N and tbphfN/hfN. 

Event mRNA Genbank 
Fold change compared to tbp+/+ 

tbp∆N/∆N tbphfN/hfN 
    

Uptake CD36 BB534670 3.1 -1.9 
 
Transport ApoA-IV AV027367 4.1 3.8 

 
FABP2 NM_007980 2.5 n.s. 

 
 
Beta-oxidation 

    

  Oxidation (FAD-dependent) ACAD9 AV235115 2.1 n.s. 
  Hydration EHHADH NM_023737 -1.8 -1.8 

   Oxidation (NAD+-dependent) ACADM NP_031408 n.s. n.s. 
  Thiolysis ACAA2 AI255831 n.s. n.s. 
     
Synthesis/elongation ELOVL5 NM_134255 1.7 2.1 
  Triglycerides DGAT1,2 EDL29576, 

Q9DCV3 
n.s. n.s. 

     
Storage FIT1,2 NP_081084, 

NP_775573 
n.s. n.s. 

n.s: fold change was less than |1.5| 
 

cd36 and Putative Regulatory Mechanisms 
 
 
Introduction 

 The CD36 cell surface receptor is encoded by the cd36 locus 524. CD36 is a major 

lipid receptor involved in uptake of long-chain fatty acids (C>14) 524,533-535 and 

lipoproteins, following their hydrolysis by lipoprotein lipase (LPL) 534-536, which is 
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encoded by the lpl locus. cd36 is a vertebrate-specific gene, but a similar gene that lacks 

most of the N terminus region is present in Ciona intestinalis (www.ensembl.org 

accession number: ENSCINP00000010908), a tunicate (see chapter 1, Fig. 1.1). The 

CD36 protein has been shown to have a complex role, influencing both glucose and lipid 

metabolism. Thus, both a CD36 deficiency and a defect in cellular lipid uptake correlate 

with insulin resistance 524 (see below).  

 
Results 

CD36 mRNA displayed an interesting pattern in our analyses being more 

abundant in tbp∆N/∆N, but less abundant in tbphfN/hfN livers, as compared to wildtype livers 

(Fig. 5.2B). Interestingly, lpl was not differentially abundant, suggesting that the lipid 

metabolism defect is potentially specific to the uptake of long chain fatty acids. Because 

of its connection to carbohydrate and lipid metabolisms, cd36 could be a prime candidate 

gene whose expression may be dependent on the presence of native TBP-N. 

In order to determine whether the differential abundance of CD36 mRNA 

observed in homozygous animals was a dominant effect of each mutation, microarray 

analyses were performed on livers from tbp∆N/+ and tbphfN/+ animals (Fig. 5.2). Of the 60 

mRNAs that were differentially abundant between tbp+/+ and tbp∆N/+ livers, only 11 

mRNAs were also different between tbp∆N/∆N and tbp+/+, including cd36. Also, the only 

overlap between tbphfN/hfN and tbphfN/+ was cd36 (Fig. 5.2A, B). Microarrays and RT-PCR 

verifications indicated that cd36 liver mRNA levels in tbp∆N/+ were intermediate between 

those in tbp+/+ and tbp∆N/∆N livers (Fig. 5.2B). The mRNA abundance pattern observed 

between tbphfN/hfN and tbphfN/+ was more complex (Fig. 5.2B). CD36 mRNA was 
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strikingly less abundant in tbphfN/hfN when compared to tbp+/+, tbp∆N/∆N, tbp∆N/+, or 

tbphfN/+. Further RT-PCR analysis of tbp∆N/hfN heterozygotes indicated that CD36 mRNA 

abundance was increased when compared to wildtype (Fig. 5.2B). Decreased abundance 

of CD36 mRNA observed in tbphfN/hfN was not observed in tbp∆N/hfN suggesting a likely 

distinct role of the tbphfN allele compared to the tbp∆N allele in cd36 gene expression. 

Taken together, these observations and possible correlations suggested that the 

tbphfN and the tbp∆N alleles each have distinct effects on cd36 gene expression. This might 

result from an indirect effect of the mutation. Indeed, one possibility would be that some 

uncharacterized endogenous sensor can detect abnormal blood levels of lipids and, in 

response, alter expression of the cd36 gene. This response could be context and/or 

environment dependent, providing a rationale for why distinct mutations generate 

different cd36 gene expression responses (Fig. 5.1A, B). 
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Figure 5.2: CD36 is the only mRNA whose abundance is affected by either removal of TBP-N or 
replacement by hfTBP-N. (A) Venn diagrams of the significant differentially abundant mRNAs 
in the indicated genotypes. The common mRNA to both intersections (i.e., to both lists depicted 
in grey) is CD36. (B) RT-PCR analysis of cd36 mRNA abundance in the indicated tbp allelic 
combinations compared to the observed relative abundance values from the microarray analysis. 
A RT-PCR for β-actin was performed as a control. N.T.: no template. 
 

We hypothesized that alterations of the TBP-N primary sequence could be 

involved in the regulation of the genes encoding these mRNAs through a common set of 

DNA-binding transcription factors. Bioinformatics-based examination of regulatory 

elements for the 184 above-mentioned mRNAs was performed with DiRE 522. DiRE is an 

algorithm that identifies enrichment of putative proximal and distant regulatory elements 

over-represented in a user-defined set of genes when compared to 5,000 randomly picked 

genes (“background”). Unexpectedly, among the ten most represented binding sites found 

in genes encoding the mRNAs showing differential abundance in tbp∆N/∆N was the 

binding site for Pitx2 (found in 10.57%, or 12/184, of the genes). No Pitx2 binding site 
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was identified in the genes exhibiting differential mRNA abundance in tbphfN/hfN or the 

intersection or the gene lists from tbp∆N/∆N and tbphfN/hfN. Of note, all 12 genes showed an 

increased mRNA abundance in tbp∆N/∆N. 

 
Table 5.3. List of mRNAs differentially abundant in tbp∆N/∆N versus tbp+/+ livers that are 
transcribed from genes having associated Pitx2 binding sites. 

Genbank 
accession number 

Gene name 
Fold change in  Location of Pitx2 

binding sites tbp∆N/∆N 

AF461145 Flavin-containing monooxygenase 4 1.9 Intergenic 
NM_026405 RAB32 (Ras family) 1.9 Intergenic 
AF071068 DOPA decarboxylase 2.1 Intron 
NM_138654 Endogenous retrovirus, envelope 2.3 Intron 
NM_134069 Solute carrier 17, 3 (sodium phosphate) 1.7 Intergenic 
NM_010702 Leukocyte cell-derived chemotaxin 2 3.0 Intergenic 
BC021619 Methionine sulfoxide reductase B2 1.8 Intergenic 
NM_020255 Sca domain-containing 1 2.2 Intergenic 
AA717142 Makorin 1 3.2 Promoter 
AF061972 Homolog to HIV-1 TIP2 2.3 3’UTR 
BB307136 IP phosphatase A 2.1 Intron 
NM_011734 Sialic acid acetyltransferase 1.8 Intron 

 

Lipid Accumulation and Insulin Response 
 
 
Introduction 

 
Lipids as an Energy Source:  Fatty acids catabolism is a major source of energy 

for the heart and adipose tissue 523,537. Adipose and hepatic tissues are intertwined in the 

regulation of this highly complex mechanism 244. Most dietary lipids are long-chain 

triglycerides that are absorbed by gut enterocytes. Hydrolysis of triglycerides is mediated 

by liver-produced bile and the resulting fatty acids are packaged and released in the blood 

stream as chylomicrons. Chylomicrons are molecular complexes of triglycerides, 

cholesterol, phospholipids, and apoliporoteins A-IV, B, and E 244,538. Chylomicrons are 
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then taken up by the liver, heart, muscle, and adipose tissue, where they are dissociated 

by lipoprotein lipases (LPL, see above) 538. 

The structural unit of the liver is the hepatic acinus, which is a collection of 

hepatocytes centered around a portal tract composed of a portal vein, an hepatic artery, 

and a bile ductile 539. Blood flows from the portal tract to the hepatic veinule at the center 

of the acinus and a gradient of oxygen and metabolites forms three zones. Zone 1 is 

closest to the portal tract and receives the most oxygen, while zone 3, nearest to the 

veinule, is poorly oxygenated 518. The liver is also the major organ producing and 

clearing lipoproteins, the soluble vehicle for plasma lipid transport. Energy homeostasis 

is a complex, highly intertwined process. 

 
Fatty Liver Disease and Lipid Transport:  Pathological accumulation of fat in the 

liver results in intracellular formation of lipid droplets, which may induce hepatic 

steatosis, mostly observed in cases of obesity 540. Steatosis can be minor, a hallmark of 

fatty liver disease (FLD), but often leads to cirrhosis 244,540,541. FLD is not a well 

understood disease. It can be manifested by microvesicular (multiple small lipid droplets 

in an hepatocyte) or macrovesicular (a unique lipid droplet displacing the nucleus to the 

periphery of the hepatocyte) forms 540. It is most frequently associated with excessive 

alcohol or caloric consumption, imbalance of lipid uptake, oxidation, export, or synthesis, 

or altered signaling pathways regulating these events 518. Increased CD36 mRNA 

expression has been correlated with FLD in response to long chain fatty acids levels 

524,542. FLD is the most common chronic liver condition, affecting almost a third of adults 

in the USA 541. In addition, FLD is often associated with insulin resistance 244,540.  
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Insulin Resistance:  Another hallmark of FLD is insulin resistance 244. Insulin 

resistance is the condition where a normal level of serum insulin fails to clear an 

increased glycemia. Often, this, in turn, induces an impaired glycogen synthesis in the 

liver and an increased hydrolysis of triglycerides in the adipocytes resulting in elevated 

blood glucose. Insulin resistance is defined by increased circulating insulin and a 

decreased systemic action of insulin 543. The increased level of circulating insulin may 

lead to metabolic syndrome and type 2 diabetes 244,543. Metabolic syndrome, a 

combination of medical symptoms usually associated with obesity, may affect 25% of 

American people 544. Type 2 diabetes is now considered as an epidemic by the Center for 

Disease Control (http://cdc.gov/diabetes/). Symptoms of insulin resistance include low 

blood glucose, weight gain, elevated triglycerides levels, and increased blood pressure 

543. Injection of insulin and examination of the glycemia over a few hours is often 

performed to detect insulin tolerance (insulin tolerance test). A reduced intensity of the 

hypoglycemia and a shorter time needed to recover to baseline levels are preliminary 

indicators of insulin resistance 524,545,546. Insulin modulates transcription of the 

glucokinase gene through sterol response element-binding protein 1c (SREBP1c) 

signaling. The glucokinase protein (GCK) then phosphorylates glucose to glucose-6-

phosphate and is therefore a major step in the cellular commitment to glycolysis. Another 

factor involved in glycemic regulation is glucagon. The hormone glucagon is synthesized 

in the pancreas and induces hepatic glycogenolysis and glucose secretion, thereby 

increasing the serum glucose level 547.  
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Results 

Histological assessment for lipid accumulation in livers was performed because 

differential regulation of genes involved in lipid transport, like cd36 (Fig.5.1B), could 

correlate with accumulation of lipids in the liver (see below). Staining with oil-red-O 

(PubChem 5841742), a fat soluble dye specific for neutral triglycerides, lipids, and some 

lipoproteins, was performed. This revealed an increased hepatic fat accumulation in 

tbp∆N/∆N compared to tbp+/+ and, to a lower extent, tbphfN/hfN mice were also affected (Fig. 

5.3). This further suggested alteration of hepatic lipid metabolism and potentially that 

tbp∆N/∆N may develop FLD.  

To examine whether there was a defect in blood lipid homeostasis in tbp∆N/∆N 

mice, serum lipid levels and composition were assessed through serum metabolomic 

analysis and blood analytical chemistry. Preliminary metabolome analysis did not 

indicate major differences in serum composition between tbp+/+ and tbp∆N/∆N animals.  No 

major lipid enrichment was detected, indicating that circulating lipid levels may not be 

dramatically altered (data not shown). Analytical chemistry of serum from tbp+/+ and 

tbp∆N/∆N indicated comparable profiles on 15 out of 17 common blood markers (Fig. 

5.4A, C). Only the fasting glycemia and the total cholesterol level of tbp∆N/∆N animals 

were statistically different from tbp+/+ animals (p<0.01, Wilcoxon ranked test, n=9-12 

and p<0.02, unpaired t-test with Welsh correction, n=3-4, respectively). 
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Figure 5.3: Differential fat accumulation in tbp+/+, tbp∆N/∆N, and tbphfN/hfN livers. Liver sections of 
age matched adult males under standard care conditions were stained with oil red-O (red) and 
counterstained with hematoxylin (blue) for the indicated genotypes. 
 

Blood chemistry analyses showed no difference in serum triglyceride levels 

between tbp+/+ and tbp∆N/∆N animals (Fig. 5.4C). Also, glycemia of overnight-fasted 

animals was lower in tbp∆N/∆N compared to tbp+/+ mice (Fig. 5.4A). Given the number of 

symptoms pointing towards an insulin associated defect, we examined glycemic 

regulation. Following overnight fasting, injection of insulin to tbp+/+, and tbp∆N/∆N 

indicated a normal immediate insulin response at 15 min and 30 min, but a highly 

significant difference between tbp+/+ and tbp∆N/∆N starting at 90 min (p<0.01 and 

p<0.001; two-way ANOVA and Bonferroni posttest). The tbp∆N/∆N animals recovered to 

near-baseline levels within an hour, while tbp+/+ animals had roughly 50% of their 

starting glycemia at the same time, as expected 545. The comparable glucose levels 

between tbp+/+ and tbp∆N/∆N at 15 min and 30 min indicated a likely normal immediate 

insulin-induced response in the mutants. However, the rapid increased of glycemia 
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observed at 60 min and the above-baseline levels observed at later time points was 

unexpected and, to our knowledge, does not compare to any of the defined patterns of 

insulin response defects: namely insulin resistance 244,543 or insulin sensitivity 545,546. This 

suggested that the defect observed in tbp∆N/∆N might be the result of a combination of 

different pathways (see discussion). GCK mRNA, a target gene of insulin, was 2.6-fold 

less abundant in tbp∆N/∆N livers, suggesting a potential compensatory mechanism for the 

lower glycemia baseline (Fig. 5.4A).  

 
 
Figure 5.4: Glycemia, insulin tolerance tests, and blood analytical chemistry. (A) Fasting 
glycemia of tbp+/+ and tbp∆N/∆N animals (n=9-12, *p<0.01, Wilcoxon signed ranked test). Results 
are mean ± SEM. (B) Insulin tolerance tests. Fasted animals were subjected to insulin 
intraperitoneal injection (0.75U/kg) and glycemia was measured at the indicated time (n=8-12, 
**p<0.01, ***p<0.001, two-way ANOVA). Results displayed represent mean ± SEM. (C) Blood 
chemistry. Blood was extracted from fasted animals and analyzed for the indicated parameters 
(n=3-4, *p<0.05, unpaired t-test with Welsch correction, n.s., not significant). Results are mean ± 
SEM. 
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Taken together, these data point to a possible role of TBP-N in regulation of some 

lipid metabolism-specific genes. Removal or replacement of TBP-N resulted in hepatic 

steatosis. Therefore, we hypothesized that a diet rich in fat should exacerbate those 

defects. To test this, we examined 1) the pups feeding on milk, a high fat diet (see below) 

and 2) the influence of high-fat and low-fat fed adults on cd36 gene expression. 

Pre-weaning and Adult Phenotype Similarities 
 
 
Introduction 

 As tbp∆N/∆N animals seem to show accumulation of lipids due to a defect in lipid 

transport and/or uptake, we decided to look at pre-weaning animals that rely on their 

mother’s milk, which is rich in lipids (26-28% in mouse 548). We reasoned that it was 

possible that pre-weaning tbp∆N/∆N animals would exhibit some lipid-related defect given 

the high level of lipids in their diet. 

Wasting syndrome, or acute malnutrition, refers to a disease state where muscle 

and fats are consumed or “wasted”, often resulting in a runted phenotype 538. At the gene 

expression level, hallmarks of the wasting syndrome are an up-regulation of asparagine 

synthetase, a classical starvation response factor used to detect unbalance of amino acids 

or glucose levels 549 and a down-regulation of insulin-like growth factor 1. 

Cholesterol is a major intermediate compound in steroid biogenesis 550. 

Cholesterol is the main sterol synthesized in mammals 551. Cholesterol is essential for cell 

membranes and therefore growth, but is also required for bile acids synthesis. Bile acids 

are cholesterol derivatives involved in emulsifying dietary fat, thus helping lipid 
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absorption. The main sensor of sterol synthesis and uptake is the transcription factor 

sterol regulatory element binding protein (SREBP) 551. Lack of sterol in the cell results in 

translocation of SREBP to the nucleus, where it binds co-activtors, and the sterol-

response element DNA recognition motif 551. SREBP then turns on its target genes, 

especially hmg-CoA reductase and ldl receptor 551. HMG-CoA reductase 

(hydroxymethylglutaryl coenzyme A reductase) catalyzes the rate-limiting step of 

cholesterol synthesis 550. 

 
Results 

First, comparison of pre-weaning body weight between tbp+/+ and tbp∆N/∆N 

indicated a significant growth retardation around 11 days after birth (P11) (p<0.01; 

ANOVA and Bonferroni posttest, n=8-10, Fig. 5.5A). Interestingly, neither tbphfN/+ nor 

tbphfN/hfN exhibited growth retardation at P11 (data not shown, n=3-7). Livers of tbp∆N/∆N, 

tbp∆N/+, tbphfN/hfN, and tbphfN/+ animals were histologically analyzed for lipid 

accumulation. All genotypes, except tbp+/+, exhibited a marked accumulation of hepatic 

lipids with very intriguing patterns visible in heterozygous animals (Fig. 5.5B).  
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Figure 5.5. Growth retardation and steatosis of 11-day old animals. (A) Body weight of pre-
weaning animals. The body weight of pups from multiple litters at the indicated age was recorded 
(n=8-10 at 11 and 15 days old, **p<0.01, ANOVA and Bonferroni posttest). Results are mean ± 
SEM. (B) Liver sections were stained with oil red-O (red) and counterstained with hematoxylin 
(blue) for the indicated genotypes. 
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As there are many candidate genes that may explain such a dramatic steatosis to 

be tested, microarrays analyses from P11 liver and kidney were performed. 237 probe 

sets, representing 228 unique genes, yielded significantly different hybridization levels in 

between tbp∆N/∆N and wildtype, in both liver and kidney of P11 animals (see appendix E). 

None of the two mRNA markers of wasting syndrome (asparagine synthetase and insulin-

like growth factor 1) were found to be differentially abundant in tbp∆N/∆N pups when 

compared to wildtype animals. Moreover, stomachs of tbp∆N/∆N pups were full of milk, 

which suggested that the growth defect was likely not due to malnutrition but maybe 

malabsorption of dietary lipids. Thus it is unlikely that P11 pups succumb to wasting 

syndrome. 

Attention was focused towards the 228 mRNAs identified as differentially 

abundant in tbp∆N/∆N pups. Classification of the genes into functional categories, as 

previously described 552, revealed a predominant group: lipid metabolism mRNAs. 

Markers of adipogenesis (c/ebpα), lipogenesis (fatty acid synthase), peroxisome β-

oxidation (cyp4a, ppar), and insulin-dependent lipolysis (perilipin) were not affected, 

while uptake of lipoproteins through LPL might be altered as LPL mRNA was 2 fold less 

abundant in tbp∆N/∆N. Moreover, wildtype levels of apolipoprotein B mRNA and 

microsomal triglyceride transfer protein (MTTP) mRNA were observed. These two genes 

are used as markers of very low density lipoproteins (VLDL) production 538. This 

indicated that some VLDL lipoproteins, involved in serum lipid transport, may be 

synthesized and exported from the liver. Therefore, based on gene expression analysis, it 



I 
 

121

seemed that transport and uptake of lipids were likely not the cause of a smaller body 

weight. 

mRNAs encoding functions involved in steroid metabolism, a sub-category of 

lipid metabolism, showed a great reduction in abundance in P11 tbp∆N/∆N animals (Table 

5.4). The pathway leading to cholesterol synthesis from acetyl-coA was retrieved from 

the Kyoto Encyclopedia of Genes and Genomes database (KEGG) 553. For tbp∆N/∆N 

relative abundance of mRNA encoding for the corresponding enzymes are indicated in 

Fig. 5.6. Based on mRNA abundance, this pathway appeared strongly impaired in 

tbp∆N/∆N. Cholesterol can also be taken up from the blood. Uptake from the blood is 

performed through low-density lipoprotein (LDL) endocytosis by the LDL receptor, 

which showed a decreased mRNA abundance of 1.6 fold in tbp∆N/∆N animals. This 

suggested that a major defect in sterol regulation was associated with the lack of TBP-N. 

Neither hmg-CoA reductase nor LDL receptor mRNAs were more abundant and hmg-

CoA reductase mRNA was actually less abundant (see appendix E and Fig. 5.6). 

 
Table 5.4. Functional classification of the differentially abundant mRNA in P11 tbp∆N/∆N 
belonging to the lipid metabolism category. 

Ontology Number of genes 

Steroid metabolism 14 
Transport/storage 8 
Miscellaneous 6 
Arachidonic acid metabolism 5 
Fatty acids elongation 3 
Fatty acids degradation 5 
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Figure 5.6: Sterol metabolism is compromised in P11 tbp∆N/∆N animals. The sterol metabolism 
pathway obtained from KEGG (www.genome.ad.jp/kegg) was manually curated and microarrays 
values obtained for the enzymes listed in P11 animals are indicated. HMGCR: 3-hydroxy-3-
methylglutaryl-Coenzyme A reductase; MVD: mevalonate (diphospho) decarboxylase; IDI1: 
isopentenyl-diphosphate delta isomerase 1; FDPS: farnesyl diphosphate synthase; FDFT1: 
farnesyl-diphosphate farnesyltransferase 1; SQLE: squalene epoxidase; LSS: lanosterol synthase; 
EBP: emopamil binding protein or sterol isomerase; SC5D: sterol C5-desaturase; and DHCR7: 7-
dehydrocholesterol reductase. 
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The data indicated that the failure to thrive of the pre-weaning pups correlated 

with a likely defect in cholesterol biogenesis gene expression. It is thus possible that 

cholesterol levels were lower in P11 tbp∆N/∆N. Interestingly, lower circulating cholesterol 

levels were observed in tbp∆N/∆N adults (Fig. 5.4C). Nevertheless, tbp∆N/∆N adults are not 

runted like pre-weaning animals, while both share some hepatic steatosis. 

In order to find a potential age-independent role for the TBP-N, we wanted to 

determine if there was any intersection from lists of differentially abundant mRNA in the 

P11 pups and mature adults. Selecting the previously described mRNA lists and defining 

their overlap (Fig. 5.7A, grey area), the intersection was narrowed down to 10 genes that 

can be perceived as being the most influenced by the origin of TBP-N regardless of the 

age or the surveyed tissues. 
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Figure 5.7. Identification of the mRNAs affected in young and adult tbp∆N/∆N and tbphfN/hfN animals 
compared to age-matched tbp+/+ animals. Venn diagrams of probe sets, which gave significantly 
and substantially different signals in P11 and adult animals indicated that 11 were shared between 
young and adult animals lacking the TBP-N. The mRNAs are listed below and magnitude by 
which each mRNA differed from wildtype is indicated. Also, gene function and “vertebrateness” 
are indicated. The “Y/N” abbreviation designated a gene present in invertebrates but that gained a 
novel domain in vertebrates. These new domains encompassed roughly half of the resulting 
vertebrate protein (data not shown). Y: yes; N: No. 
 

Interestingly, 6 of the 11 mRNAs that were differentially abundant in both adult 

and P11 livers were vertebrate-specific, as no similar sequence could be found outside of 

the vertebrate sub-phylum (data not shown). Thus, including the two “Y/N” genes, 8 out 

of 10 genes (80%) that were the most affected by the lack of TBP-N were vertebrate-

specific. In addition, half of those mRNAs showed a significant different abundance in 
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tbphfN/hfN. This argued in favor of a likely role of the TBP-N in gene regulation of 

vertebrate-specific genes. 

To test if fat composition of the adult diet had an effect on lipid accumulation in 

tbp+/+ compared to tbp∆N/∆N livers, animals were subjected to either a low fat (4.5%) or a 

high fat (22.3%) diet. The diets were 2 day- or 38 day-long to identify immediate 

responses and potential long-term responses and/or compensation. We suspected we 

would find a correlation between a likely deficient lipid transport, based on mRNA 

expression, and the mutant phenotype (Table 5.2). Preliminary experiments showed that 

after two days on a low fat diet, CD36 mRNA abundance was not altered in tbp+/+ while 

tbp∆N/∆N had more abundant CD36 mRNA than under high fat diet (Fig. 5.8). 

Interestingly, after 38 days, there was no apparent difference in the mRNA abundance of 

CD36 between tbp+/+ and tbp∆N/∆N, regardless of the diet. This suggested that some 

potential long-term compensatory mechanisms could be involved to restore wildtype-like 

level of CD36 mRNA abundance (see below). 

Histological analyses of adult livers indicated greater hepatic steatosis in tbp∆N/+ 

and tbp∆N/∆N under high fat diet (Fig. 5.8C). After 38 days of treatment under low fat and 

high fat diets, livers of tbp∆N/+ and tbp∆N/∆N had more oil red-O positive cells than 

wildtype controls indicating an increase in lipid accumulation primarily dependent of the 

mutation, and secondarily of the diet. 
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Figure 5.8. Effect of low or high fat diet on CD36 mRNA abundance and hepatic steatosis. 
Animals were fed a low fat (4.5%) or high fat (22.3%) diet for the indicated time. (A, B) CD36 
RT-PCR for the indicated genotypes (n=1-3) after (A) 42h or (B) 38 days on low fat (L) or high 
fat (H) diet. Animals are identified with a unique letter. The lower panel indicates β-actin RT-
PCR performed on the same samples as a loading control. (C) Liver sections from aged-matched 
adult males were stained with oil red-O (red stain) and counterstained with hematoxylin for the 
indicated genotypes after 38 days on the diet, as marked. 
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Discussion 
 
 

The data presented herein indicates that removal of the TBP-N (tbp∆N/∆N) or its 

replacement with a homologous sequence (tbphfN/hfN) induced noticeable defects in 

hepatic lipid metabolism. Replacement of TBP-N by a homologous sequence did not 

generate an intermediate, but a distinct molecular signature, suggesting alteration of 

multiple pathways (Fig.5.1A, B). The identification of Pitx2 binding sites in more than 

10% of the differentially expressed genes was intriguing. In chapter 2 of this dissertation, 

Pitx2 was shown to interact with TBP-N and regulate the expression of a vertebrate-

specific gene, nppa. It is tempting to speculate that Pitx2 plays a role in regulating some 

of the mRNAs affected in tbp∆N/∆N livers, possibly through interaction between Pitx2 and 

TBP-N. Nonetheless, Pitx2 has not yet been shown to be a major player in hepatic 

biology 554. Nevertheless, the canonical role of Pitx2 as pituitary and left/right asymmetry 

transcription factor (see chapter 3 for details) has been recently extended when it was 

shown to be involved in gonad morphogenesis 473. The increased mRNA abundance 

observed from the genes with Pitx2 binding sites was observed only in tbp∆N/∆N. To 

explain this pattern, it can be hypothesized that in tbp+/+ and tbphfN/hfN the TBP-N is 

functional and involved in a protein-protein interaction with Pitx2. One explanation could 

be that all Pitx2-dependent genes are de-repressed when the TBP-N is lacking, as 

suggested for the Pitx2-TBP-N mechanism in chapter 3. 
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Steatosis, cd36, and Putative Regulatory Elements 

 Pathological lipid accumulation, also known as steatosis, was observed in the 

liver of tbp∆N/∆N and tbphfN/hfN. Most metabolic diseases are not caused by a single gene. 

Use of multiple mouse models is required to understand complex metabolic dysfunction. 

For example, fatty acids and glucose utilization are closely linked and the crosstalk 

between fatty acids transport and insulin resistance is complex and not fully understood 

542. Also of note, fat accumulation in adipose tissue and the communication between 

adipose and hepatic tissues (see below) have not been studied here and may be part of 

future studies. 

CD36 mRNA abundance was increased in tbp∆N/∆N adult livers. In tbp∆N/+, CD36 

liver mRNA levels were intermediate between tbp+/+ and tbp∆N/∆N. This suggested a 

possible role of TBP-N in regulation of cd36 expression. In one possible model, 

interaction of TBP-N with an uncharacterized factor could modulate the expression of 

cd36. In such a model, this interaction could keep the expression of cd36 at baseline, with 

TBP-N sequestering the uncharacterized factor and repressing its effects on transcription. 

Identification of augmented CD36 protein accumulation in the cell membrane through 

immunohistochemistry could be further performed. The consequence of CD36 mRNA 

up-regulation, and possibly increased CD36 protein, due to the lack of TBP-N (Fig. 5.2B) 

is interesting as known models of obesity and diabetes exhibit the same pattern of 

increased cd36 gene expression 537. Increased CD36 is usually found in cells secreting or 

storing triglycerides, like adipocytes 537. 

It has been shown that tbp∆N/∆N animals die due to a placental failure where an 

increased trophoblast-dependent hemophagocytosis has been reported 351. CD36 was 
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shown to be expressed on trophoblat cells 555. Further studies will investigate the 

abundance of CD36 in tbp∆N/∆N placental tissues and a putative correlation between 

increased abundance of CD36, a placental defect, and erythrocyte abundance. CD36 is a 

scavenger receptor found on macrophages that can clear deficient erythrocytes, especially 

when infected with Plasmodium 556. One may hypothesize that increased abundance of 

CD36 on the placental resident macrophages may increase their propensity for clearing 

aging as well as healthy red blood cells, which could correlate to the dysfunctional 

placenta reported in tbp∆N/∆N animals 351. In addition, cd36-/- mice have a reduced (50-

80%) uptake of long chain fatty acids 523. Thus, as we observe a pathological lipid 

accumulation of lipids in tbp∆N/∆N animals in conjunction with an increased CD36 mRNA 

abundance, generating cd36-/- tbp∆N/∆N animals might restore wildtype levels of hepatic 

lipid accumulation. Thus, if the increased CD36 abundance were to be a cause of tbp∆N/∆N 

lethality, tbp∆N/∆N animals on a cd36-/- background might rescue them.  

 
Insulin Signaling 

Hypoglycemia, as observed chronically in tbp∆N/∆N, is known to trigger glucagon 

secretion, which in turns restore a normal glycemia 545. Hypersinsulinemia inhibits 

glucagon secretion 547. Given the rapid and exacerbated increase in circulating glucose 

levels observed in the tbp∆N/∆N insulin tolerance tests 60 min after insulin injection, it is 

possible that compensatory levels of glucagon could be involved in the fast abnormal 

increase of glycemia in tbp∆N/∆N. Determination of insulin levels as well as measure of 

glucagon levels during the insulin tolerance test could be used to assess the precise 

physiological nature of the response observed. Moreover, ongoing glucose tolerance tests 
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and analysis of immediate insulin target genes during the insulin tolerance test will 

indicate if the animals can dispose of an increased glucose load faster, through induced 

hyperinsulinemia. 

Insulin tolerance tests are also used to assess the pituitary and adrenal functions as 

growth hormone and cortisol can antagonize insulin action 557. It is interesting to note that 

Pitx2, an interaction partner of TBP-N (see chapter 3), has been shown to be required for 

the development of the cell lineage responsible for producing growth hormone in the 

pituitary 558.  

 
Growth Retardation and Cholesterol Metabolism in P11 Pups 

Recently, in humans, low birth weight has been positively correlated to 

hypomethylation of the imprinted Igf2 locus 559. IGF2 is a growth factor only expressed 

from the paternal allele 560. Lack of Igf2 results in a dwarf phenotype 560. In P11 animals, 

which are more than 25% smaller than their wildtype littermates, Igf2 was downregulated 

2.1 fold. In adult tbp∆N/∆N, the mRNA abundance of Igf2 was similar to the tbp+/+ 

animals. Moreover, tbp∆N/∆N adults do not appear smaller than tbp+/+ (data not shown). 

Therefore, Igf2 could be an interesting gene to follow-up in further studies, especially 

through its methylation state in tbp+/+ compared to tbp∆N/∆N animals. 

In humans, the Optiz syndrome, a rare (1:20,000-1:70,000 infants 561; 

http://ghr.nlm.nih.gov) autosomal recessive disease manifested by mental retardation, 

morphologic abnormalities, and a smaller size 562,563 is diagnosed by a low cholesterol 

level. The low cholesterol level is the result of non-functional 7-dehydrocholesterol 

reductase 564. 7-dehydrocholesterol reductase mRNA was 1.8 time less abundant in 
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tbp∆N/∆N. Also, infants with Opitz syndrome tend to have a weak muscle tone, a difficulty 

to feed, and an overall slower growth. Infants with Optiz syndrome can be placed under 

cholesterol supplementation with relative success 561. Cholesterol synthesis is tightly 

regulated through multiple feedback mechanisms 550. Here we observed a down-regulated 

cholesterol synthesis pathway in P11 tbp∆N/∆N animals (Fig. 5.6) and a lower blood 

cholesterol level in adults tbp∆N/∆N animals (Fig. 5.4). Such an unusual phenotype will 

require measurement of circulating cholesterol in pups and mechanistic studies. In 

addition, as infants affected by the Opitz syndrome can be treated, with mixed results 565-

567, by cholesterol supplementation, tbp∆N/∆N pups might be treated by cholesterol 

supplementation through the dam’s diet or via injection. In humans, milk cholesterol 

level appears to be unaffected by the diet 568. Thus cholesterol injection to the pups could 

be more suited in order to compensate for their likely low circulating cholesterol. In 

human infants, cholesterol supplementation in the dietary milk was reflected by an 

increased circulating cholesterol 569. Therefore, expect if, in addition to an altered 

synthesis pathway, cholesterol uptake from the blood is chronically impaired, 

supplementation through oral gavage, intraveinous, intramuscular or intraperitoneal 

supplementation of cholesterol in the pups might restore their cholesterol metabolism and 

maybe rescue their failure to thrive.  The marked decrease of hmg-CoA reductase mRNA 

abundance hinted a potential defect in signaling through SREBP. Therefore, it is possible 

that cholesterol sensing through SREBP, its translocation to the nucleus, or its signaling 

to the basal transcription machinery possibly through unknown interactions with TBP-N, 

is impaired. 
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Vertebrate-Specific Genes and TBP-N 

A recent mouse genome analysis identified 24,264 genes in which 4,065 (17%) 

are present in vertebrates only 280. Here we observed that 8 out of 10 genes (80%) that 

were the most affected by the lack of TBP-N were vertebrate-specific. Such an over-

representation of vertebrate-specific genes affected by the alteration of the TBP-N was 

unlikely random (Chi2, two-tailed, p<0.0001). Interestingly, the lack of the vertebrate-

specific TBP-N seemed to affect expression of genes that appear as pure vertebrate 

innovations, suggesting a likely role for the TBP-N in vertebrate-specific gene regulation. 

 
Adipose and Hepatic Tissue Crosstalk 

Adipose and hepatic tissues are intertwined in the regulation of energy and 

especially lipid metabolism 244. Adipocytokines are adipocyte-specific hormones that 

have a major role in lipid metabolism 545,546. The adipocytokine family includes resistin, 

which mediates insulin resistance while leptin and adiponectin are involved in insulin 

sensitization 570,571. More recently, apelin, another adipocytokine, has been shown to have 

a very powerful glucose-lowering effect. Its administration brings down normal glycemia 

by 25% 572, comparable to the observed chronic 21% glycemia reduction in tbp∆N/∆N 

(median are 159mg/dL for tbp+/+ and 128.5mg/dL for tbp∆N/∆N, Fig. 5.4A). Regulation of 

apelin, which appeared to be a vertebrate-specific hormone (Ensemble and NCBI queries, 

January 2009, Lucas, data not shown), is not fully understood. Interestingly, apelin was 

first described, more than 10 years ago, as being a hormone involved in cardiovascular 

regulation, mostly through anti-hypertensive effects, food intake, and fluid homeostasis 

573 574,575. It is interesting to note that atrial natriuretic factor, which we showed its mRNA 
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is likely regulated by the TBP-N-Pitx2 interaction (see chapter 3), is also a cardiac 

hormone. 

Further studies will investigate the nature of the lipids accumulated in tbp∆N/∆N 

livers and the possible crosstalk between hepatic and adipose tissues. In order to better 

understand the non-canonical profile observed during insulin tolerance tests, 

measurement of insulin and glucagon levels and investigations of candidate gene mRNA 

levels will be performed. 

We have shown that the TBP-N is involved in lipid metabolism regulation and 

that the lack of TBP-N correlates with pup runting and a down-regulated cholesterol 

synthesis pathway. Also, adult tbp∆N/∆N animals have an alteration in lipid transport and 

uptake and exhibit hepatic steatosis. 
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SUMMARY AND CONCLUSION 
 
 
 TBP is central to nearly all transcription initiation events from all three RNA 

polymerases. Its role as an interface between DNA (promoter) and other proteins 

(transcription factors and other components of the basal transcription machinery) makes 

it a key protein for regulation of basal transcription. In mouse and yeast, inactivation of 

TBP is lethal 368,576. In addition to the conserved core domain found throughout 

eukaryotes, metazoan phyla possess unrelated N-terminal sequences of unknown 

functions. Removal of the vertebrate-specific TBP-N strongly compromises fetal 

development, likely due to defect in placenta development 351. 

 In the work presented here we hypothesized that the function of the TBP-N was 

conserved among vertebrates. To test this, the TBP-N of mouse was substituted for the 

one of hagfish. Survival of tbphfN/hfN at a wildtype level supported the hypothesis of an 

ancestral and essential function that likely appeared at the base of the vertebrate lineage 

and that was conserved ever since. Further, the partial genetic complementation of the 

tbphfN allele over the tbp∆N allele suggested that most underlying molecular pathways 

were complemented, allowing a 10 fold increase in survival of tbp∆N/hfN compared to 

tbp∆N/∆N. Investigation of the molecular mechanisms involving the TBP-N involved yeast 

two-hybrids screens, molecular pathways identification through global gene expression 

analysis, and functional assays. 

 Studies presented in chapter 3 showed that the TBP-N interacted with Pitx 

transcription factor family members. In vertebrates, Pitx proteins are essential to many 

vertebrate-specific processes during development and after birth. We showed that the 
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TBP-N-Pitx interactions likely co-evolved in vertebrates. We further showed that the 

interactions were functional and that, on a known target gene of Pitx2 (nppa), the lack of 

TBP-N correlated with an increased activity of Pitx2-dependent transcription initiation, 

suggesting that the TBP-N-Pitx2 might modulate Pitx2 activity. 

 Chapter 5 further characterized the tbphfN allele at the molecular level along with a 

refined functional analysis of the tbp∆N allele. Transcriptome analyses showed that 

different pathways were affected by the different alleles but that a common set of 

mRNAs was affected. Many of these mRNAs exhibited an intermediate abundance in 

tbphfN/hfN when compared to wildtype and tbp∆N/∆N, reinforcing the partial 

complementation data gained through genetics. In particular, abundance of mRNA for the 

cd36 gene, encoding a long chain fatty acid transporter, was affected in all allelic variants 

of tbp tested. Unexpectedly, TBP-N also appeared to modulate the expression of 

endogenous retroviruses, which are known to be involved in the appearance and 

development of the placenta. Both cd36 and endogenous retroviruses expression will 

require further studies, notably in the placenta. 

In addition, tbp∆N/∆N adult animals had low levels of circulating cholesterol. 

Juvenile tbp∆N/∆N showed a unique defect in the pathway leading to cholesterol synthesis 

and a failure to thrive. The smaller size of pre-weaning tbp∆N/∆N animals could be due to 

the defect observed in the cholesterol synthesis pathway. This hints that tbp∆N/∆N may be a 

model for the Opitz syndrome, where cholesterol synthesis is impaired. The glycemia 

response of tbp∆N/∆N to an increased insulin level exhibited a defect with a pattern not 

previously reported in the literature, which will require further investigation of the 
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immediate target genes of insulin during insulin response. Also, tbp∆N/∆N animals 

exhibited abnormal hepatic lipid storage as juveniles and as older adults, but apparently 

not as young adults, reminiscent of an age-dependent fatty liver disease. Taken together, 

the data suggested that TBP-N is involved in energy metabolism homeostasis. This raises 

the exciting possibility that tbp∆N/∆N is potentially a novel mouse model to investigate 

some aspects of the metabolic syndrome. 

 The work presented here uncovered two seemingly unrelated novel roles for the 

TBP-N. The interaction of TBP-N with Pitx2c, a major vertebrate-specific transcription 

factor with multiple developmental roles, had a functional role in gene expression. A 

whole animal perspective suggested major defects, at the transcriptional level, in lipid 

metabolism pathways. These studies expand our understanding of the TBP-N and, for the 

first time, clearly identify this domain as involved in multiple gene regulatory networks 

and as essential because of its role in embryonic development and energy metabolism in 

mouse. 
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Introduction 
 

The following protocol describes how to perform a transformation of mouse 

embryonic fibroblasts (MEF) followed by a luciferase assay in a 24-well dish format. 

Each condition should be performed in triplicate or quadruplicate and at least 4 

independent clones in each genotype should be used. Each assay requires 500 x 103 cells 

and 10 ug total of plasmid.  

Note: 

A great amount of DNA carrier (KS+ or pBS+ plasmid) is often required and adequate 

stocks should be readily available or should be prepared before staring the procedure. 

 
Equipment 

 

Nucleofector II apparatus (Amaxa, Gaithersburg, MD). 

2 mm gap cuvettes (can be reused >5 times). 

Luminometer (Lumat LB 9507, EG&G Berthold). 

Tubes for luminometer. 

Pipettes, tips, rack, tubes. 

Horizontal/orbital shaker. 

Cell culture equipment and Bradford assay reagent (includes a plate reader for 595 nm 

reading and 96-well flat bottom well plates). 

 
Major reagents 

 

D-luciferin (GoldBio, St. Louis, MO) 
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1 M DTT 

1 M glycylglycine 

Tris, EDTA, Triton X-100 

Accutase 

Bradford reagent 

 
Day 1: Set-up 

 

Split/thin out cells (optional). 

Make buffers (see below) if needed. 

Determine total number of cells needed. 

Prepare spreadsheet determining the amount of each plasmid needed for day 2 for a total 

of 10 ug/transformation. 

Prepare a sheet to write down luciferase intensity. 

 
Day 2: Electroporation 

 

1- Make sure all the needed cuvettes are lined up, plasmids thawed and electroporator is 

available. 

Warm up (37°C) 500 uL of culture medium (see below) per transformation. 

Make sure TM (see below) is at room temperature, not cold. 

Add 2 mL of media + serum in each well of 24 well plate, put at 37C. 

2- When the plates are at the desired density: 

• Wash cells with PBS twice 
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• Add 1-2 mL accutase/10cm plate 

• 37°C ~5 min 

• Add 8 mL culture medium (with serum) 

• Pipet up and down 8 times 

• Count the cells, determine what volume is needed 

=== from now on, no need to be sterile, everything is done on the bench top ==== 

• Spin in table top centrifuge (“mushroom”) setting 3 for 5-10 min 

• Set up electroporator to program A24 

• Resuspend cells at 5 x 106 cells/ml in TM media 

• Add plasmids to each cuvette 

• Add 100 uL of cells/cuvette, on top of plasmids 

• Add cap and tap twice 

• Electroporate 

• Recover ASAP with 500 uL of warm culture medium 

• Transfer cell suspension to plate preincubated at 37°C with complete medium 

• Incubate 20-24 h 

• Rinse cuvettes well with diH20 followed by 70% EtOH and overnight under UV. 

 
Day 3: Cell Harvests and Luciferase Assay 

 

1-Luciferase assay 

• Pick up the cuvettes left overnight under UV 

• Prepare buffers, luminometer (2sec reading) 
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• Wash cells with PBS twice 

• Lyse cells in 150 uL lysis buffer (see below) 

• Rotate 20 min at RT (You should see the white dead cells floating by 15 min) 

• Prepare assays tubes: add 250 uL luciferase assay buffer/tube 

• Add 20 uL of cell lysate 

• Place tube in luminometer 

• Squirt 100 uL of 125 µM D-luciferin 

• Read and write down number 

 

2-Bradford assay 

• In a 96 well plate, dispense 1,2,4,8 uL of cell lysate from a random sample 

• Add 100 uL Bradford reagent, wait 5min 

• Determine the mid-range 

• Expand the Bradford assay for each well 

• Measure the 595 nm absorbance 

• Normalize luciferase reading to total protein content 

 
Buffers 

 

Cell culture media 

1-MEF culture media 

10% heat inactivated fetal bovine serum 

1X Penicillin and streptomycin 
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Media made in Dublecco’s Modified Eagle Medium (DMEM) 

 
2-TM media 

0.5% newborn calf serum 

0.1 mM β-mercaptoethanol 

Media made in DMEM 

 
Luciferase assay 

 
1-Lysis buffer 

Reagents Conditions Stocks 

mL to 
add for 
50mL 

Triton X-100 0.20% 20% 0.5 
KH2PO4 pH 7.8 15 mM 1 M 0.75 
H20 to 50 mL - 49.5 
!!! Add DTT to 1 mM final before use  !!!  
keep at 4°C     

 

2-Luciferase Assay Buffer 

Reagents Conditions Stocks 

mL to 
add for 
50mL 

Glycylglycine pH 7.8 25mM 1M 1.25 
MgSO4 15mM 1M 0.75 

KH2PO4 pH 7.8 15mM 1M 0.75 
EGTA (add fresh!) 4mM 0.5M 0.4 
H20 to 50mL - 46.85 
!!! Add DTT to 1 mM final before use  !!!  
!!! Add ATP to 2mM final before use !!! 
keep at 4°C     

 

3-D-Luciferin  

Stock should be kept the dark at -80°C. 
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Just before use, dilute D-luciferin stock from -80°C (1000x; 125 mM in H2O) in 

luciferase assay buffer without EGTA or ATP to 1X final. 

Add DTT to 1 mM final. 
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1. Young female tbp∆N/+ were mated to tbp∆N/+ males. 

2. Pregnant dams were euthanized (E11.5-12.5). 

3. Whole pregnant uterus was dissected and placed in ice-cold phosphate-buffered saline 

(pH 7.4), transferred under laminar flow hood where the whole uterus was quickly 

dipped in 70% EtOH and back into sterile 1X PBS. Fetuses were isolated from the 

placenta and amniotic sac. A limb was used for genotyping.  

4. Embryos were individually minced and collected in 2X trypsin (Mediatech, 

Manassas, VA) supplemented with 1x penicillin-streptomycin (pen/strep, Mediatech) 

and incubated 5min at 37°C with intermittent flicking. 

5. The digestion was quenched by addition of 5mL of Dubelcco’s Modified Eagle’s 

Medium (DMEM; Mediatech, Manassas, VA), 10% fetal bovine serum (FBS, 

Hyclone, Logan, UT) supplemented with penicillin-streptomycin. 

6. The cells were then gently spun 5 min in a diagnostic centrifuge and resuspended in 

10 ml of DMEM supplemented with 10% FBS and 1x pen/strep. 

7. After two days, the media was changed. 

8. When the cells covered ~90% of the plate, cells were harvested with Accutase 

(Innovative Cell Technologies, San Diego, CA), spun and resuspended in freezing 

media (15% DMSO, 10% FBS, 1x pen/strep in DMEM) before being frozen at -80°C 

and further stored in liquid nitrogen. 
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Introduction 

 

The following protocol describes how to perform a whole mount in situ 

hybridization on a whole mouse embryo. Whole mount in situ hybridizations were 

performed as previously described 483. 

 
Probe Generation 

 

A 676 bp mouse nppa cDNA fragment (table Sx) was cloned into pBS+ plasmid. 

The plasmid was linearized with Eco R I and transcribed with T3 RNA polymerase in 

presence of 2.5 mM each NTP (0.875 mM Dig-UTP and 1.625 mM UTP) to generate an 

antisense digoxigenin-UTP labeled RNA. The residual DNA template was digested with 

10 U of RNase-free DNase I. The probe was purified on a SephadexTM G-50 5 mL 

column (GE Healthcare, Uppsala, Sweeden), the first radioactive peak was collected and 

incorporation was calculated. 

 
Embryos Harvest and Preparation 

 

For each embryonic stage, staining was done simultaneously. Fetuses at the indicated 

developmental stages were harvested and dissected in PBST (PBS + 0.1% Tween-20) 

supplemented with 1% bovine serum albumin (BSA). The number of somites was 

determined. 

1. Fix overnight in 4% paraformaldehyde (PFA) in PBST. 
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2. Dehydrate through a gradual 10 min series of MeOH/PBST (25% MeOH in PBST, 

50% MeOH/PBST, 75% MeOH/PBST followed by two 100% MeOH) incubation on 

ice 

3. Keep at -20°C for no more that 4 weeks. 

4. The day of the whole mount in situ hybridization procedure, rehydrate embryo 5-

10min through the inverse series of MeOH/PBST and wash twice in PBST, on ice. 

 
Day 1 

 

1. Incubate embryos 2 h at room temperature in 4:1 PBST:30%H2O2 

2. Wash three times 5 min with PBST. 

3. The proteinase K treatment (10 µg/ml) was performed in PBST at room temperature 

for 6 min for E9.5, 22 min for E 10.5 or 30 min for E11.5 embryos. 

4. Stop the reaction with washes of fresh 2mg/ml glycine in PBST. 

5. Wash twice in PBST. 

6. Incubate 20 min in 4% PFA/PBST, 0.2% glutaraldehyde fixation. 

7. Wash three times 5-10 min. 

8. Prehybridization: before being prehybridized for 2 h at 65C in hybridization buffer 

(50% formamide, 5X SSC, 1% SDS, 50µg/ml heparin, 50µg/ml yeast RNA and 1X 

Denhardt’s). 

9. Hybridization: Change hybridization buffer, add 400 ng of linearized digoxygenin-

UTP probe 

10. Incubate overnight at 65°C. 
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Day 2 
 

1. Wash embryos twice, 30 min in pre-warmed solution I (50% formamide, 5X SSC; 

1% SDS) at 65°C. 

2. Wash 10 min wash in 50% solution I/50% solution II (0.5 M NaCl; 10 mM Tris-HCl, 

pH7.5; 0.1% Tween-20). 

3. Wash three times 5 min in solution II at room temperature. 

4. Incubate twice 30 min with RNases A and T1 (100 ug/ml and 100 U/ml, respectively 

in solution II) at 37°C. 

5.  Wash twice at 65°C for 30 min in solution III (50% formamide; 2X SSC). 

6. Wash three times 5min in TBST (0.137 M NaCl; 2.7 mM KCl; 25 mM Tris-HCl, 

pH7.6; 0.1% Tween-20) 

7. Block for at least 2.5 h at room temperature in TBST with 10% heat inactivated sheep 

serum (HISS). 

8. Prepare the anti-digoxigenin-AP antibody (Roche Diagnostics, Indianapolis, IN). 

Incubate 1 particule for of mouse acetone powder for >1h at 4°C in TBST with 1% 

anti-digoxigenin-AP antibody and 10% HISS. Spin 5min in microfuge at maximum 

speed. 

9. Replace blocking solution with 10% HISS in TBST supplemented with 1:2,000 

dilution of the subtracted antibody (for 3 mL: 300 µL of 10X TBST, 300 µL of HISS, 

150 µL of blocked antibody from 8.) and incubate overnight at 4°C. 
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Day 3 

 

1. Wash three times 5 min in TBST, at room temperature. 

2. Wash five times for one-hour TBST, at room temperature. 

3. Equilibrate twice for 20 min in freshly made alkaline phosphate buffer (100 mM tris-

HCl, pH9.5; 50 mM MgCl2; 100 mM NaCl; 0.1% Tween-20 and 0.5 mg/mL 

levamisole). 

4. Determine the anti-digoxygenin associated alkaline phosphatase activity by 

chromogenic reaction by adding 338ug/mL of nitro blue tetrazolium (NBT) and 175 

ug/ml of 5-bromo-4-chloro-3-indolyl phosphate (BCIP), at room temperature, in the 

dark, on a rocker. 

5. At the desired time, quench the reaction with 1mL PBST supplemented with 5mM 

EDTA. 

6. Fix the embryos in 4% PFA/PBST overnight at 4°C. 

7. Dehydrate through series of MeOH/PBST (25%, 50%, 75% and 100%) and rehydrate 

through the inverse series and washed twice in PBST with 5 mM EDTA for 5 min at 

room temperature. 

8. Clear the samples in 1:4 glycerol:PBST with 5 mM EDTA for 1h followed by a 1:1 

glycerol:PBST with 2 mM EDTA for 1 h and a final 4:1 glycerol:PBST with 1 mM 

EDTA. 

Photograph under dissecting microscope. 
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Gene list Ontology a Gene name 

Fold change 
Wildtype 
signal  b 

Gene 
ID c 

Genbank 
accession 
number tbp∆N/∆N tbphfN/hfN 

Common Lipid mB Cyp4a14 -49.10 -7.33 26.4 13119 AI327006 
Common Lipid mB Ehhadh -1.82 -1.82 639.6 74147 NM_023737 
Common Lipid mB St3gal5 -1.80 1.72 336.5 20454 BB829192 
Common Lipid mB Thrsp 1.75 2.30 38.0 21835 NM_009381 
Common Lipid mB Acad9 2.02 1.53 166.9 229211 AV235115 
Common Lipid mB Akr1d1 2.13 1.52 88.2 208665 BC018333 
Common Lipid mB Acad9 2.15 1.03 18.6 229211 AV235115 
Common Lipid mB Cd36 2.78 -2.00 35.4 12491 BB534670 
Common Lipid mB Cd36 3.16 -1.57 674.4 12491 BB534670 
Common Lipid mB Aldh1b1 3.17 1.72 110.9 72535 BC020001 
Common Lipid mB Cd36 3.37 -2.24 243.7 12491 BB534670 
Common Lipid mB Apoa4 3.46 3.10 2726.5 11808 AV027367 
Common Lipid mB Apoa4 4.67 4.57 275.5 11808 BC010769 
Common Retroviruses Env -3.74 2.47 44.8 67527 BG297038 
Common Retroviruses Env -2.44 3.41 54.8 67527 BG297038 
Common Retroviruses Int -1.81 2.03 30.2 320717 BB794742 
Common Retroviruses vinc -1.60 -2.71 761.8 66961 AK018202 
Common Retroviruses Il6ra -1.05 2.09 115.2 16194 X53802 
Common Retroviruses  2.72 -2.00 154.1 n/a AW763751 
Common Insulin signaling Igfbp2 -3.74 -1.83 12.5 16008 AK011784 

Common Insulin signaling Socs2 -1.59 -3.18 108.0 216233 NM_007706 

Common Antiproliferation Hspa1b -4.65 -2.63 70.0 15511 M12573 

Common Antiproliferation Hspa1b -4.35 -2.85 22.2 15511 M12573 
Common Antiproliferation Ddit4 -2.19 3.00 243.7 74747 AK017926 
Common Antiproliferation Tob2 3.36 2.18 495.2 57259 AV174616 
Common Signal transduction Mt2 -1.91 2.66 157.6 17750 AA796766 
Common Signal transduction Rgs16 -1.65 1.83 168.9 19734 U94828 
Common Signal transduction Rgs16 -1.59 1.86 20.4 19201 BB100249 
Common Signal transduction Fkbp5 -1.54 1.91 1288.6 14229 U16959 

Common Signal transduction Gna14 3.60 1.78 52.7 14675 NM_008137 
Common Transcription Hist1h1c -2.78 -2.50 39.9 50708 NM_015786 
Common Transcription Est -2.24 2.09 20.4 102538 AI467657 
Common Transcription Mbd1 -2.01 -1.62 75.7 17190 AK007371 
Common Transcription Hmgnbd2 2.43 1.51 2567.0 15331 BE553881 
Common Others  -3.05 -1.83 23.2 67442 BB775176 
Common Others Tmem98 -2.61 -1.52 217.7 103743 BC011208 
Common Others Sult5a1 1.74 2.43 38.2 57429 NM_020564 
Common Others Aldh1l1 1.78 1.57 836.8 107747 AK007822 
Common Others Slc46a3 1.87 1.66 414.6 71706 BC006902 
Common Others Reck 2.17 1.60 197.7 53614 NM_016678 
Common Others Sulf2 2.30 1.61 105.6 72043 AK008108 
Common Others  2.38 4.40 64.4 13034 BF580235 
Common Others Tpmt 2.60 2.65 42.7 22017 AK002335 
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Common Others Eg226654 2.61 1.55 119.4 432549 AW111083 
Common Others Apcs 3.47 1.83 63.2 20219 NM_011318 
Common Others Loc215866 4.27 -2.45 115.9 n/a BC002257 

tbphfN/hfN Energy mB Tsc22d3 -1.19 2.36 377.7 14605 AF201289 

tbphfN/hfN Energy mB Sds -1.07 1.83 596.3 231691 BC021950 

tbphfN/hfN Energy mB Pptc7 -1.02 1.88 2841.1 226654 AI881989 

tbphfN/hfN Energy mB Hsd3b2 1.07 1.78 77.0 15493 BC026757 

tbphfN/hfN Energy mB Hexb 1.33 2.37 1560.2 15212 AV225808 

tbphfN/hfN Energy mB Ppargc1a 1.34 2.84 122.7 19017 BB745167 

tbphfN/hfN Ion transport Scara5 -1.40 4.18 33.3 71145 BC016096 

tbphfN/hfN Ion transport Mcart1 -1.11 1.72 93.9 230125 AW212577 

tbphfN/hfN Ion transport Slco1a4 -1.05 2.61 306.4 28250 NM_030687 

tbphfN/hfN Ion transport Kcnk5 1.23 2.14 11.6 16529 AF319542 

tbphfN/hfN Ion transport Accn5 1.30 6.54 186.0 58170 NM_021370 

tbphfN/hfN Ion transport Kcnk5 1.35 2.42 512.4 16529 AF319542 

tbphfN/hfN Other Fkbp5 -1.42 2.11 16.7 14229 U16959 

tbphfN/hfN Other Tbc1d8 -1.31 1.89 18.1 54610 BC005421 

tbphfN/hfN Other Eva1 -1.10 1.78 284.3 14012 BC015076 

tbphfN/hfN Other Gtl2 1.43 1.90 61.3 17263 BB093563 

tbphfN/hfN Other N4bp2l1 1.47 2.00 1089.0 100637 NM_133898 

tbphfN/hfN Signal transduction Hspa1b -4.00 -2.33 27.5 15511 M12573 

tbphfN/hfN Signal transduction Cish 1.10 -2.36 1042.4 12700 NM_009895 

tbphfN/hfN Signal transduction Eva1 1.20 1.83 107.4 14012 BC015076 

tbphfN/hfN Signal transduction  1.39 -2.12 92.7 n/a BC021831 

tbphfN/hfN Transcription Got1 -1.31 1.93 266.5 14718 AA792094 

tbphfN/hfN Transcription Tsc22d3 -1.17 2.18 10.0 14605 NM_010286 

tbphfN/hfN Transcription Bmyc 1.14 1.78 2323.7 107771 AK012810 

tbphfN/hfN Transcription Map2k6 1.41 1.85 210.7 26399 BB261602 

tbp∆N/∆N Amino acid mB Ddc 2.06 -1.14 1366.2 13195 AF071068 

tbp∆N/∆N Amino acid mB Pdxdc1 14.27 -1.02 194.4 94184 NM_053181 

tbp∆N/∆N Carbohydrate mB Gck -2.60 -1.37 1095.4 103988 BC011139 

tbp∆N/∆N Carbohydrate mB Abhd6 -2.12 -1.39 143.4 66082 NM_025341 

tbp∆N/∆N Carbohydrate mB Pfkfb3 -2.11 1.11 423.9 170768 NM_133232 

tbp∆N/∆N Carbohydrate mB Pfkfb3 -1.98 -1.23 64.9 170768 AV282911 

tbp∆N/∆N Carbohydrate mB Insig2 1.75 1.13 37.0 72999 AV257512 

tbp∆N/∆N Carbohydrate mB Acat3 1.78 1.09 45.2 224530 AF356876 

tbp∆N/∆N Carbohydrate mB Siae 1.82 1.42 69.3 22619 NM_011734 
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tbp∆N/∆N Carbohydrate mB Akr1b3 1.85 1.30 471.3 432549 AV127085 

tbp∆N/∆N Carbohydrate mB  1.90 1.24 143.0 215929 BC018406 

tbp∆N/∆N Carbohydrate mB Inpp5a 2.11 1.02 155.6 212111 BB307136 

tbp∆N/∆N Carbohydrate mB Eg667410 2.85 1.36 135.5 19734 BB777344 

tbp∆N/∆N Carbohydrate mB Akr1b3 3.08 1.39 1344.0 11677 BB469763 

tbp∆N/∆N Cell cycle Fam-32L 1.70 -1.05 208.0 67922 AV109006 

tbp∆N/∆N Cell cycle Tusc3 1.76 -1.01 51.0 80286 NM_030254 

tbp∆N/∆N Cell cycle Fancl 1.81 1.13 627.7 67030 BB751093 

tbp∆N/∆N Cell cycle xlmmg1 1.89 -1.41 40.9 17772 BG976607 

tbp∆N/∆N Cell cycle Loc66857 1.90 1.05 61.6 66857 ` 

tbp∆N/∆N Cell cycle pebp1 2.59 1.02 47.3 23980 AV207950 

tbp∆N/∆N Cell cycle  2.70 1.26 89.0 320770 BB246700 

tbp∆N/∆N Cell cycle Pebp1 2.70 1.00 63.7 23980 NM_018858 

tbp∆N/∆N Cell cycle Drctnnb1a 3.24 1.07 176.4 84652 NM_053090 

tbp∆N/∆N Cell communication Ccnf -2.69 1.02 974.8 12449 NM_007634 

tbp∆N/∆N Cell communication Ccl9 -1.87 -1.02 136.0 20308 AF128196 

tbp∆N/∆N Cell communication Cd9 1.73 -1.17 77.8 12527 NM_007657 

tbp∆N/∆N Cell communication Tmem19 1.80 1.13 108.0 67226 AK018383 

tbp∆N/∆N Cell communication Prune 1.82 -1.19 985.6 229589 BQ176370 

tbp∆N/∆N Cell communication Habp2 1.86 1.05 90.4 226243 AI035669 

tbp∆N/∆N Cell communication Cd207 2.03 1.10 38.9 246278 AY026050 

tbp∆N/∆N Cell communication Loc192136 2.28 1.17 112.1 192136 NM_138654 

tbp∆N/∆N Cell communication Htatip2 2.30 -1.19 100.0 53415 AF061972 

tbp∆N/∆N Cell communication Asah2 2.46 1.28 109.7 54447 NM_018830 

tbp∆N/∆N Cell communication Olfm3 2.81 1.33 350.2 229759 AF442824 

tbp∆N/∆N Cell communication Cml4 3.44 -1.01 15.2 68396 NM_023455 

tbp∆N/∆N Cell communication Rbm39 4.63 1.02 13.8 96982 BB436856 

tbp∆N/∆N Detoxification Qprt -3.69 1.15 315.0 67375 AI195046 

tbp∆N/∆N Detoxification Msrb2 1.79 1.04 20.2 76467 BC021619 

tbp∆N/∆N Detoxification Aldh7a1 1.81 1.08 134.6 110695 BC012407 

tbp∆N/∆N Detoxification Cyp2a5 1.82 -1.03 31.5 13086 NM_007812 

tbp∆N/∆N Detoxification Fmo4 1.93 1.03 224.6 226564 AF461145 

tbp∆N/∆N Detoxification Sult1c2 1.96 1.21 163.8 69083 NM_026935 

tbp∆N/∆N Detoxification Pter 2.02 -1.06 358.5 19212 NM_008961 

tbp∆N/∆N Detoxification Gstm6 2.08 1.27 57.4 14867 NM_008184 

tbp∆N/∆N Detoxification Fmo1 2.13 1.02 40.2 14261 BC011229 
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tbp∆N/∆N Detoxification Cyp2dx 4.39 1.02 280.3 380997 AV372365 

tbp∆N/∆N Detoxification Gstm6 4.80 1.28 2165.2 14863 NM_008183 

tbp∆N/∆N Fatty acid mB  -2.83 -1.46 3587.6 67442 BB775176 

tbp∆N/∆N Fatty acid mB  -1.84 -1.14 288.4 234677 BC026374 

tbp∆N/∆N Fatty acid mB Elovl5 1.70 -1.22 191.3 68801 NM_134255 

tbp∆N/∆N Fatty acid mB Ces1 1.91 1.41 304.5 12623 NM_021456 

tbp∆N/∆N Fatty acid mB Ppt1 2.02 1.23 94.7 19063 AF326558 

tbp∆N/∆N Fatty acid mB Galc 2.32 -1.24 829.7 14420 AK010101 

tbp∆N/∆N Fatty acid mB Ppt1 2.42 1.04 34.9 19063 AF326558 

tbp∆N/∆N Fatty acid mB Fabp2 2.54 -1.33 442.3 14079 NM_007980 

tbp∆N/∆N Fatty acid mB Acnat1 7.07 -1.04 264.2 209186 BC010829 

tbp∆N/∆N Immunity Serpina12 -3.43 1.13 624.7 68054 AK014346 

tbp∆N/∆N Immunity C6 -1.95 1.04 241.5 12274 NM_016704 

tbp∆N/∆N Immunity Cadm4 -1.79 1.24 75.1 260299 AY059394 

tbp∆N/∆N Immunity Serpina6 1.76 1.19 105.9 12401 NM_007618 

tbp∆N/∆N Immunity Serpina3n 1.77 1.38 1459.5 20716 NM_009252 

tbp∆N/∆N Immunity Pstpip2 2.18 1.26 147.7 n/a AV229693 

tbp∆N/∆N Immunity Pstpip2 2.84 1.41 279.4 19201 BC002123 

tbp∆N/∆N Immunity Serpine2 2.85 1.00 1739.4 20720 NM_009255 

tbp∆N/∆N Immunity Lect2 2.98 1.26 69.8 16841 NM_010702 

tbp∆N/∆N Immunity Ly6a 3.56 -1.34 99.9 110454 BC002070 

tbp∆N/∆N Immunity Tinag 7.67 -1.20 1363.1 26944 BC010745 

tbp∆N/∆N Lipid mB St3gal5 -1.79 1.48 100.0 20454 BB829192 

tbp∆N/∆N Other Env -26.33 1.80 56.3 n/a BC004065 

tbp∆N/∆N Other Dio1 -3.82 1.06 23.3 13370 NM_007860 

tbp∆N/∆N Other Isoc2b -2.82 1.14 175.7 67441 NM_026158 

tbp∆N/∆N Other Sdf2l1 -2.00 -1.21 337.0 64136 NM_022324 

tbp∆N/∆N Other Ube2s -1.87 -1.25 436.1 77891 NM_133777 

tbp∆N/∆N Other  -1.87 1.08 256.6 14455 NM_013525 

tbp∆N/∆N Other Herpud1 -1.69 1.09 26.5 64209 AI835088 

tbp∆N/∆N Other Nudt2 1.71 1.19 407.4 66401 NM_025539 

tbp∆N/∆N Other D1Ertd622e 1.84 1.26 31.5 52392 NM_133825 

tbp∆N/∆N Other Mkrn1 3.17 1.37 382.1 54484 AA717142 

tbp∆N/∆N Other Snrpn 3.47 1.38 745.6 20646 NM_033174 

tbp∆N/∆N Other Col4a5 7.09 -1.02 57.1 12830 BM250666 

tbp∆N/∆N Proliferation Fars2 -3.06 1.21 146.6 69955 BB530332 
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tbp∆N/∆N Proliferation Plk3 -2.64 -1.16 127.0 12795 BM947855 

tbp∆N/∆N Proliferation Xlkd1 -2.62 1.04 28.3 114332 AV124537 

tbp∆N/∆N Proliferation Bid -2.10 1.02 2204.5 12122 NM_007544 

tbp∆N/∆N Proliferation Myd116 -1.87 1.19 19.3 17872 NM_008654 

tbp∆N/∆N Proliferation Gfer -1.72 -1.06 61.1 11692 BI901126 

tbp∆N/∆N Proliferation Gfer 1.74 -1.16 77.7 11692 BI901126 

tbp∆N/∆N Retrovirus Pim3 -2.87 -1.06 27.2 223775 BC017621 

tbp∆N/∆N Retrovirus Env 3.72 1.00 126.2 433855 BI438039 

tbp∆N/∆N Signal transduction Irs2 -1.98 1.06 9.4 384783 BE199054 

tbp∆N/∆N Signal transduction Trip12 -1.77 1.19 1487.3 14897 BG923744 

tbp∆N/∆N Signal transduction Rapgef4 -1.77 1.12 78.2 56508 AK004874 

tbp∆N/∆N Signal transduction Sri 1.74 1.12 122.4 109552 AK008404 

tbp∆N/∆N Signal transduction Traf3 1.77 -1.01 38.3 22031 U21050 

tbp∆N/∆N Signal transduction march2 1.79 1.28 61.2 381101 BE949497 

tbp∆N/∆N Signal transduction Wdfy1 1.81 1.43 57.9 69368 BM233251 

tbp∆N/∆N Signal transduction Rab32 1.86 -1.11 1254.9 67844 NM_026405 

tbp∆N/∆N Signal transduction Gbp2 1.92 1.38 553.1 14468 NM_010259 

tbp∆N/∆N Signal transduction Ssr1 2.13 1.02 390.1 107513 BG077348 

tbp∆N/∆N Signal transduction Prlr 2.20 1.16 126.7 19116 NM_008932 

tbp∆N/∆N Signal transduction Prlr 2.88 1.46 932.8 19116 NM_008932 

tbp∆N/∆N Signal transduction GPR91 3.05 -1.13 41.0 84112 NM_032400 

tbp∆N/∆N Signal transduction Blnk 3.11 1.22 38.4 17060 AF068182 

tbp∆N/∆N Signal transduction Cap1 5.11 1.01 50.2 12331 NM_007598 

tbp∆N/∆N Signal transduction Rbm39 5.18 -1.02 13.6 96982 BB436856 

tbp∆N/∆N Signal transduction Cap1 9.48 1.18 75.5 12331 NM_007598 

tbp∆N/∆N Transcription Cebpd -2.23 -1.02 32.3 12609 BB831146 

tbp∆N/∆N Transcription Gtf2a1 -2.19 1.30 301.5 108667 BI689897 

tbp∆N/∆N Transcription Hod -2.00 -1.12 856.0 74318 AK009007 

tbp∆N/∆N Transcription Hod -1.95 -1.07 198.0 74318 BC024546 

tbp∆N/∆N Transcription Hes6 -1.75 -1.15 84.5 55927 AF247040 

tbp∆N/∆N Transcription Nsbp1 1.76 1.09 2195.0 50887 NM_016710 

tbp∆N/∆N Transcription Loc231238 1.79 -1.15 988.4 231238 BC026655 

tbp∆N/∆N Transcription Prim1 1.82 -1.09 198.3 19075 J04620 

tbp∆N/∆N Transcription Myot 1.94 1.12 18.9 14489 BB124537 

tbp∆N/∆N Transcription Prva 2.06 1.01 10.1 57342 BI690209 

tbp∆N/∆N Transcription Scand1 2.23 1.08 93.9 19018 NM_020255 
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tbp∆N/∆N Transcription Ttc8 2.94 1.13 96.0 76260 BC017523 

tbp∆N/∆N Transcription Rwdd3 3.15 1.27 163.6 73170 AF439556 

tbp∆N/∆N Transport Slc7a2 -1.90 1.24 100.2 11988 BF533509 

tbp∆N/∆N Transport Slco2a1 -1.79 -1.04 137.9 24059 NM_033314 

tbp∆N/∆N Transport  1.70 1.02 16.5 215015 BG060641 

tbp∆N/∆N Transport Ccdc91 1.71 1.12 315.2 67015 AA067702 

tbp∆N/∆N Transport Slc17a3 1.73 1.00 189.8 105355 NM_134069 

tbp∆N/∆N Transport slc47a1 1.86 1.27 501.4 67473 NM_026183 

tbp∆N/∆N Transport Ap3m1 1.89 1.49 135.6 55946 AF242857 

tbp∆N/∆N Transport Slc44a3 2.20 1.06 202.8 213603 BC025548 

tbp∆N/∆N Transport Abcb1a 2.21 1.14 527.9 18671 M30697 

tbp∆N/∆N Transport Slc3a1 2.24 1.10 25.9 20532 NM_009205 

tbp∆N/∆N Transport Abca3 3.23 -1.02 38.6 27410 AK007703 

tbp∆N/∆N Transport Abca3 3.34 -1.01 103.0 27410 AK007703 

tbp∆N/∆N Transport Aqp4 3.74 -1.02 1438.2 11829 U48399 

tbp∆N/∆N Transport Aqp8 3.92 1.35 31.1 11833 NM_007474 

tbp∆N/∆N Transport Slc22a20 4.46 -1.25 70.9 236293 AB056443 

tbp∆N/∆N Transport Aqp4 7.59 -1.03 216.5 11829 BB193413 

tbp∆N/∆N Transport Slc22a20 10.89 -1.15 28.1 319800 AB056443 

tbp∆N/∆N Ubiquitin pathway Wwtr1 1.90 1.21 38.2 97064 BC014727 

tbp∆N/∆N Ubiquitin pathway Wwtr1 1.91 1.01 28.9 97064 BG066193 
a: see material and methods, Chapter 5 
b: Average signal from all three replicates of wildtype animals in liver given; only 
mRNAs in which the average signal was ≥ 50 units were included 
c: Gene IDs were retrieved from NCBI (http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene) 
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Liver Kidney 

Lipid mB idi1 -10.86 -1.4 0.017 1541 319554 
Lipid mB sc4mol -6.4 -1.85 0.013 2243 66234 
Lipid mB fdps -5.12 -1.48 0.005 1913 110196 
Lipid mB pnliprp1 -4.43 -1.02 0.047 474 18946 
Lipid mB sqle -4.4 -1.25 0.013 1116 20775 
Lipid mB ces1 -4.26 -1.04 0.047 2257 12623 
Lipid mB abca1 -4.03 -1.33 0.012 404 11303 
Lipid mB hmgcs1 -3.86 -1.16 0.013 3532 208715 
Lipid mB cyp3a16 -3.48 -1 0.045 1557 13114 
Lipid mB rnf14 -3.16 -1.84 0.011 138 56736 
Lipid mB ak3 -2.95 -1.48 0.005 579 56248 
Lipid mB dnajb6 -2.64 -1.39 0.039 427 23950 
Lipid mB nfia -2.55 -1.26 0.013 107 18027 
Lipid mB mapk14 -2.35 -1.21 0.008 323 26416 
Lipid mB cybb -2.3 -1.04 0.036 188 13058 
Lipid mB srr -2.13 -1.07 0.045 276 27364 
Lipid mB hsd17b7 -2 -1.15 0.011 411 15490 
Lipid mB acaa2 -1.89 -1.05 0.047 7158 52538 
Lipid mB acsm3 -1.86 -1.24 0.048 747 20216 
Lipid mB rnf14 -1.84 -1.21 0.034 310 56736 
Lipid mB lin7c -1.75 -1.68 0.036 138 22343 
Lipid mB sar1a -1.73 -1.44 0.006 1070 20224 
Lipid mB hdlbp -1.66 -1.54 0.043 138 110611 
Lipid mB dnaja1 -1.59 -1.17 0.030 4622 15502 
Lipid mB scamp4 -1.5 -1.21 0.005 327 56214 
Lipid mB dci 1.2 1.96 0.049 3216 13177 
Lipid mB c1qtnf4 1.36 1.57 0.044 99 67445 
Lipid mB ptges2 1.51 1.18 0.012 407 96979 
Lipid mB pitpnm1 1.54 1.28 0.018 169 18739 
Lipid mB pnpla2 1.62 1.72 0.037 516 66853 
Lipid mB pou6f1 1.62 1.26 0.013 233 19009 
Lipid mB c1qtnf1 1.63 1.65 0.018 311 56745 
Lipid mB abca7 1.86 1.4 0.049 129 27403 
Lipid mB mgst3 1.91 1.33 0.026 768 66447 
Lipid mB prpf19 1.93 1.13 0.020 1418 28000 
Lipid mB elovl6 2.15 -0.92 0.039 190 170439 
Lipid mB pitpnm1 2.19 1.31 0.013 143 18739 
Lipid mB lepr 2.23 -1.12 0.038 188 16847 
Lipid mB klf4 2.61 1.61 0.015 108 16600 
Lipid mB apoa4 8.48 -0.94 0.046 2224 11808 
Lipid mB apoa4 14.94 -0.97 0.048 1041 11808 
Carbohydrate mB clec2h -9.03 -2.85 0.038 176 94071 
Carbohydrate mB clec2h -5.42 -1.81 0.025 346 94071 
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Carbohydrate mB pmm2 -3.3 -1.36 0.047 192 54128 
Carbohydrate mB sord -3.01 -1.7 0.032 8086 20322 
Carbohydrate mB clec2h -2.47 -1.61 0.038 296 94071 
Carbohydrate mB galns 1.63 -0.92 0.012 217 50917 
Carbohydrate mB angptl4 1.92 3.86 0.049 1071 57875 
Carbohydrate mB h6pd 1.95 1.61 0.030 2333 100198 
Carbohydrate mB hk1 2.13 -0.95 0.011 76 15275 
Amino acid mB rbbp4 -2.65 -1.66 0.011 649 19646 
Amino acid mB mccc2 -2.39 -1.79 0.010 409 78038 
Amino acid mB etnk1 -2.23 -2.06 0.034 69 75320 
Amino acid mB ywhag -1.92 -1.43 0.017 105 22628 
Amino acid mB tpmt -1.88 -1.18 0.017 288 22017 
Amino acid mB rabl3 -1.86 -1.25 0.038 375 67657 
Amino acid mB sec63 -1.7 -1.06 0.048 506 140740 
Amino acid mB hdc 1.08 -2.81 0.012 147 15186 
Amino acid mB hdc 1.32 -3.54 0.038 69 15186 
Amino acid mB eng 1.52 1.23 0.036 1180 13805 
Amino acid mB tnnt1 1.74 -0.93 0.044 109 21955 
Amino acid mB rps11 1.81 1.32 0.048 4620 27207 
Transport aqp9 -5.7 -1.15 0.031 2449 64008 
Transport slc19a2 -3.66 -1.11 0.047 264 116914 
Transport slco1b2 -3.58 -1 0.048 2496 28253 
Transport ap3m1 -2.91 -1.52 0.030 823 55946 
Transport slc40a1 -2.69 -1.53 0.043 2303 53945 
Transport kdelr2 -1.59 -1.37 0.020 1703 66913 
Transport atp4a -1.36 -1.64 0.016 146 11944 
Transport kctd17 1.88 1.2 0.025 161 72844 
Cell communication cldn2 -4 -1.37 0.006 447 12738 
Cell communication ptplad1 -3.99 -1.5 0.039 1554 57874 
Cell communication mpzl2 -3.06 -1.39 0.019 622 14012 
Cell communication met -2.88 -1.55 0.012 170 17295 
Cell communication habp2 -2.82 -1.4 0.034 1976 226243 
Cell communication cmah -2.68 -1.21 0.031 337 12763 
Cell communication arhgap9 -2.27 -1.13 0.047 1050 216445 
Cell communication cxadr -2.23 -1.52 0.037 494 13052 
Cell communication ceacam1 -2.08 -1.58 0.015 980 26365 
Cell communication stambp -1.96 -1.27 0.030 172 70527 
Cell communication gna12 -1.77 -1.09 0.036 227 14673 
Cell communication prkacb -1.67 -1.44 0.043 63 18749 
Cell communication synj2bp -1.64 -1.48 0.029 844 24071 
Cell communication stk3 -1.54 -1.24 0.031 137 56274 
Cell communication mlx -1.53 -1.27 0.011 330 21428 
Cell communication rpl28 1.52 1.25 0.036 8409 19943 
Cell communication pxn 1.55 1.3 0.017 386 19303 
Cell communication arhgdia 1.56 1.22 0.017 1400 192662 
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Cell communication plekhg2 1.58 1.3 0.048 350 101497 
Cell communication parva 1.65 1.33 0.013 599 57342 
Cell communication zyx 1.7 1.46 0.034 479 22793 
Cell communication mlxip 1.73 1.37 0.017 209 208104 
Cell communication dlgap4 1.8 1.26 0.018 251 228836 
Cell communication nlgn2 1.82 1.36 0.044 181 216856 
Cell communication edg2 2.19 1.29 0.044 126 14745 
Cell communication col6a1 2.3 1.56 0.042 975 12833 
Cell communication lgals4 2.41 2.65 0.047 367 16855 
Cell cycle anapc5 -2.05 -1.45 0.005 727 59008 
Cell cycle son -1.89 -1.47 0.020 258 20658 
Cell cycle smc4 -1.65 -1.7 0.026 192 70099 
Cell cycle cdc5l -1.55 -1.39 0.006 430 71702 
Cell cycle gfer 1.4 1.64 0.048 460 11692 
Cell cycle dab2ip 1.52 1.24 0.011 208 69601 
Cell cycle centg3 1.57 1.16 0.042 142 213990 
Cell cycle cdc25a 1.64 1.24 0.020 215 12530 
Cell cycle park2 1.71 1.73 0.035 104 50873 
Cell cycle mapre3 1.78 1.61 0.024 200 100732 
Immune h2-d1 -23.2 -5.08 0.000 1791 14964 
Immune h2-d1 -11.32 -2.87 0.005 1598 14964 
Immune h2-d1 -10.68 -3.31 0.005 2807 14964 
Immune h2-ea -4.96 -3.54 0.005 224 14968 
Immune twsg1 -2.42 -1.76 0.013 329 65960 
Immune pbef1 -2.23 -1.02 0.006 229 59027 
Immune tapbp -2.08 -1.24 0.017 679 21356 
Immune cab39l -2.05 -1.19 0.017 818 69008 
Immune ccl27 -1.88 -1.15 0.036 238 20301 
Immune abcf1 1.3 1.64 0.038 800 224742 
Insulin mB ide -4.83 -1.48 0.005 241 15925 
Insulin mB igf1 -2.65 -1.61 0.049 2879 16000 
Insulin mB igf1r 1.5 1.52 0.045 125 16001 
IP pathway pi4k2b -5.64 -2.17 0.019 413 67073 
IP pathway pi4k2b -5.4 -1.57 0.005 523 67073 
IP pathway 2610529c04rik -3.07 -1.14 0.048 1068 67075 
IP pathway pitpnb -3 -1.4 0.026 614 56305 
IP pathway ahcyl1 -2.51 -1.37 0.036 314 229709 
IP pathway pik3r1 -2.17 -1.2 0.013 603 18708 
IP pathway bpnt1 -2.13 -1.39 0.042 782 23827 
IP pathway rad21 -1.71 -1.75 0.038 296 19357 
IP pathway pmpca -1.54 -1.12 0.036 1025 64436 
Receptor ghr -4.28 -1.2 0.006 907 14600 
Receptor tfrc -2.03 -1.38 0.026 322 22042 
Receptor ogfr -1.74 -1.09 0.020 346 72075 
Receptor ap2b1 1.53 1.26 0.014 644 71770 
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Receptor gabbr1 1.61 1.27 0.047 270 54393 
Receptor il17rb 1.8 1.22 0.008 377 50905 
Receptor nrbp2 2.62 1.74 0.034 261 223649 
Signal transduction gdi2 -4.32 -1.74 0.045 1732 14569 
Signal transduction aplp2 -3.12 -1.92 0.005 316 11804 
Signal transduction shmt1 -2.92 -1.19 0.045 1699 20425 
Signal transduction caprin1 -2.54 -1.78 0.012 471 53872 
Signal transduction hbs1l -2.32 -1.27 0.013 296 56422 
Signal transduction rnf4 -2.2 -1.25 0.006 859 19822 
Signal transduction lancl2 -1.85 -1.45 0.045 59 71835 
Signal transduction supt16h -1.65 -1.27 0.048 76 114741 
Signal transduction sirpa -1.6 -1.12 0.018 567 19261 
Signal transduction hmg20b 1.52 1.15 0.030 221 15353 
Signal transduction capn5 1.54 1.46 0.024 112 12337 
Signal transduction sema3f 1.6 1.35 0.048 143 20350 
Signal transduction cd9 2.39 1.54 0.032 808 12527 
Trafficking tmed2 -2.78 -1.47 0.020 1483 56334 
Trafficking arcn1 -2.32 -1.36 0.005 1020 213827 
Trafficking golph3 -2.22 -1.34 0.013 433 66629 
Trafficking spg20 -2 -1.2 0.029 170 229285 
Trafficking gorasp2 -1.77 -1.28 0.012 609 70231 
Trafficking mrpl9 -1.76 -1.2 0.017 630 78523 
Trafficking vps25 -1.7 -1.02 0.035 1280 28084 
Trafficking ykt6 -1.7 -1.33 0.030 376 56418 
Trafficking snx9 -1.55 -1.14 0.012 657 66616 
Trafficking trim3 1.54 1.23 0.048 238 55992 
Transcription trim34 -4.28 -1.48 0.031 193 434218 
Transcription hbp1 -2.89 -1.65 0.028 698 73389 
Transcription zdhhc14 -2.29 -2.09 0.005 370 224454 
Transcription slu7 -2.2 -1.09 0.020 149 193116 
Transcription pcaf -2.12 -1.18 0.026 130 18519 
Transcription cxxc1 -2.12 -1.56 0.042 129 74322 
Transcription sf3a3 -2.05 -1.4 0.030 407 75062 
Transcription zdhhc14 -2.02 -2.08 0.009 338 224454 
Transcription top2b -1.86 -1.64 0.006 141 21974 
Transcription zc3h11a -1.86 -1.22 0.016 511 70579 
Transcription fbxl3 -1.71 -1.63 0.048 89 50789 
Transcription spop -1.68 -1.09 0.014 1152 20747 
Transcription prpf40a -1.62 -1.4 0.047 189 56194 
Transcription tsc22d4 1.5 1.25 0.011 420 78829 
Transcription med28 1.56 -0.98 0.048 892 66999 
Transcription scand1 1.7 1.26 0.034 1109 19018 
Other fmo3 -8.8 1.24 0.039 1367 14262 
Other thrsp -5.54 1.58 0.040 846 21835 
Other abhd1 -5.23 -3.34 0.006 545 57742 
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Other cp -4.22 -0.94 0.038 1972 12870 
Other tug1 -3.18 -1.43 0.006 277 544752 
Other rrm1 -3.1 -1.77 0.011 582 20133 
Other ai506816 -2.85 -5.12 0.006 179 433855 
Other ab056442 -2.72 -1.23 0.038 1803 171405 
Other 4833439l19rik -2.66 -1.41 0.012 325 97820 
Other bzw1 -2.65 -1.5 0.039 1188 66882 
Other dio1 -2.57 -2.89 0.040 3475 13370 
Other ttc3 -2.52 -1.41 0.012 319 22129 
Other 2010305c02rik -2.45 -1.39 0.017 3600 380712 
Other hnrnpr -2.45 -1.66 0.020 342 74326 
Other d4wsu53e -2.4 -1.11 0.019 1470 27981 
Other immt -2.33 -1.81 0.005 479 76614 
Other msh5 -2.23 -1.93 0.025 281 17687 
Other glo1 -2.21 -1.54 0.009 6872 109801 
Other fmo2 -2.1 -1.01 0.042 468 55990 
Other sgpl1 -2.04 -1.19 0.005 202 20397 
Other 2410002o22rik -2 -1.5 0.021 447 66975 
Other faf1 -1.95 -1.33 0.005 465 14084 
Other acly -1.93 -1.25 0.049 640 104112 
Other mobkl1b -1.89 -1.29 0.042 213 232157 
Other rsad2 -1.87 -2.46 0.048 163 58185 
Other aldh8a1 -1.85 -1.36 0.036 2555 237320 
Other 4931406c07rik -1.8 -0.93 0.032 2350 70984 
Other cpd -1.76 -1.35 0.011 454 12874 
Other wrn -1.75 -1.16 0.048 124 22427 
Other reep3 -1.74 -1.13 0.040 958 28193 
Other pdxdc1 -1.73 -1.13 0.049 284 94184 
Other cct3 -1.64 -1.25 0.035 721 12462 
Other wdr77 -1.62 -1.28 0.014 225 70465 
Other ssr1 -1.59 -1.25 0.015 1670 107513 
Other sri -1.58 -1.3 0.034 379 109552 
Other psmd7 -1.55 -1.1 0.012 665 17463 
Other ak3 -1.54 -1.07 0.034 1964 56248 
Other pelo 1.53 1.18 0.047 197 105083 
Other 2310066e14rik 1.54 1.23 0.021 253 75687 
Other ccdc95 1.55 1.42 0.036 64 233875 
Other lsm14b 1.55 1.33 0.032 403 241846 
Other wwc1 1.57 1.5 0.048 1504 211652 
Other kifc3 1.62 1.23 0.012 233 16582 
Other rpl23a 1.65 1.3 0.041 6650 268449 
Other vasp 1.67 1.15 0.019 692 22323 
Other phc2 1.68 1.2 0.035 526 54383 
Other st3gal5 1.7 1.23 0.036 1942 20454 
Other unc119b 1.74 1.29 0.017 472 106840 
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Other pim1 1.79 1.53 0.034 407 18712 
Other mkl1 1.86 1.25 0.031 183 223701 
Other podxl 1.86 1.2 0.049 270 27205 
Other 2700099c18rik 1.86 1.37 0.044 42 77022 
Other gal3st1 1.89 -0.94 0.042 181 53897 
Other d19wsu162e 1.9 1.4 0.031 1793 226178 
Other loc624295 1.93 1.74 0.048 58 624295 
Other plod1 1.99 1.44 0.034 801 18822 
Other hba-a1 2.02 2.23 0.001 6544 15122 
Other 4933426m11rik 2.02 1.15 0.017 410 217684 
Other bcl6 2.15 1.48 0.048 121 12053 
Other specc1 2.3 1.37 0.016 95 432572 
Other evc 2.54 -0.98 0.048 110 59056 
Other susd4 2.58 -1.07 0.036 75 96935 
Other spink3 18.79 1.18 0.005 80 20730 

a: see material and methods, Chapter 5 
b: Average signal from all three replicates of wildtype animals in liver given; only 
mRNAs in which the average signal was ≥ 50 units were included 
c: Gene IDs were retrieved from NCBI (http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene) 


