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NOMENCLATURE

Genetic loci are represented with lowercase italic.lidlgesignation follows as a
superscript. The two alleles of a locus are separated tasla. §Thugbp”™“N designates
thetbp locus where both alleles lack the TBP N terminus protein coding sequence.

Protein names are capitalized. Thus TBP is the protein codingreeqier the
TATA Binding Protein encoded in thbp locus.

TBP-N is the abbreviation for the N-terminal protein coding secquesagion of

the TBP protein.
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ABSTRACT

The invertebrate/vertebrate transition and associated innovatiorseazgarded
as a major event in evolution. Recent molecular progresses inwate analysis of the
events leading to the apparition of vertebrates and the underlyibglleshment in gene
regulation. In eukaryotes, the TATA-Binding Protein (TBP) has atrak role in
transcription initiation of most genes. TBP is comprised of a highlyserved DNA
binding domain and, in vertebrates, it also contains a novel regioiN-téeminal TBP
protein coding sequence. The role of the TBP-N is largely unkniowtrprevious studies
suggest that it is important for fetal survival. Most anintad&ing the TBP-N tpp™™)
die before weaning. The goal of the present work was to estaldisépar knowledge of
the vertebrate-specific TBP-N. It was hypothesized that NB&suld be involved in
protein-protein interactions and that the high degree of similafitf BP-N protein
sequences in different species could correlate with similartitunsc To test those
hypotheses, two independent approaches were taken: (1) Protein-prodeactions
involving the TBP-N via unbiased screens were characterized. (2) The ni®ladd Was
replaced by a similar and homologous TBP-M, vivo, through homologous
recombination. The TBP-N-replacement mutation was charadetimeugh pathway
analyses, bioinformatics, and whole-animal physiology. Screens dtgims interacting
with the TBP-N of hagfish (hf), a basal vertebrate, uncovereitkAfPThe Pitx family of
transcription factors are proteins important in vertebrate developnThe mouse
paralogs of hfPitxA, Pitxl and Pitx2, were found to interadhwhe mouse TBP-N.
Moreover, the interaction appeared functional as it regulatedxjiression ofnppa, a
known target gene of Pitx2n vivo replacement of the mouse TBP-N with the similar
hfTBP-N did not affect the survival. Gene expression analysis iedicthat lipid
metabolism pathways were affected in animals lacking the NBPwhen the hfTBP-N
was present. Further analyses pointed toward a potential defestlin response and an
abnormal hepatic fat storage. The data presented here ardaesriof an important role
for TBP-N in vertebrate-specific gene regulation. More spadly, it is likely involved
in heart development and in regulation of lipid metabolism.



MOLECULAR ORIGINS OF VERTEBRATE INNOVATIONS

Introduction

It has long been thought that evolutionary changes correlate withci@ase in
complexity 1. Measures of complexity have historically been based on morphdlogica
structures (number of organs, cell types, tissues and body sepmbitesthe underlying
molecular organization has only recently become accessible.

The Cambrian explosion is the best known period of increased phenotypic
complexity*; however it does not seem to correlate either with a majorsigeonovel
genes or duplication and divergence of genomes, suggesting neglcbamsm was
involved °. Nevertheless, it is becoming widely accepted that two whole-genom
duplications (WGD), the “2R hypothesis”, occurred at or around the
invertebrate/vertebrate transiti8ri® (Fig. 1.1). Studies focused on molecular aspects of
extant specie¥ suggest that the vertebrate transition involved acquisition of mangl
structures. The studies, however, could not include early vertelreagés that are now
extinct and, for some authors, the notion of a burst of complexity maaybe as
straightforward when extinct species are considerédd Further, the
invertebrate/vertebrate transition may have been a more ¢rpdtiad of character
acquisitions rather than a single step.

Here we review the literature and mine data from recent semgeprojects on
non-vertebrate metazoans (sea urcklimna, and amphioxus) to better understand the

origins of “vertebrate novelties”. We show that a great numbe&exebrate molecular
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innovations had deep roots in non-vertebrate chordates, where partial systemsegave

discrete vertebrate organs.
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Figure 1.1: Cladogram of the major metazoan groups discussed itexhe Simplified
relationship based on molecular and morphological evidence betweergdimisms discussed in
the text is drawn. Relevant species are mentioned in it@lwyy their vernacular name. Red
arrows indicate a phyla with small genomes where a geneidodsely. WGD indicate the
position of a putative whole genome duplications. Appearance of naslyyn is indicated.
Adapted from'®*°.

The change from filter-feeding organisms (protochordates) tmra predator-
driven ecosystenf' and two successive WGD could have catalyzed the vertebrate

radiation during this period. Most of the new characters unique tdvates relate to the
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head®* and enable the predation-driven lifestyle of most vertebratesebrates have a
complex and highly regionalized brain encased in a skull, externabiseorgans, a
muscularized and specialized pharynx and an endoskeleton. Those cistéicscteay 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 replatmthtdifferent
structures. Therefore, it can be seen from the organism scake ondlecular scale.
Darwin suggested the existence of “core elements” that coutlijplecated and adapted
to different roles?, therefore suggesting modularity of organigrat the morphological
level. Analysis of modularity at a molecular level and its risledevelopment and
evolution has recently been investigatédA module may therefore refer to a group of
proteins andcis-regulatory elements (CRE). Modularity is thought to drive ewvatuti
through co-option and reduced pleiotrdfy° 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 \®etes, which are
extensively reviewed in the current literature, namely theratecrest (NC) cells, the
placodes, and the brain. Some overlooked vertebrate charactetisewilbe considered.
Finally, genetic mechanisms potentially responsible for such inoogatwill be

examined.
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Canonical Markers

Overview

Most of the vertebrate innovations are the result of two cell tyg€scells and
placodes. They are both versatile ectodermal cell populations tteseniiate into many
cell types, including neurons, glia, secretory and sensory céléy driginate near the
border of the neural plate (ectoderm) and have migratory aebilitDespite these
similarities, some specific characteristics differentiatedho® cell types. First, NC cells
originate from the head and trunk while placodes are confined tioetidk Second, NC
cells have a greater repertoire of differentiation than placodaisd, NC cells are a
homogenous delaminating and migrating cell population while placodesnare
heterogeneous and originate from thickening of the non-neuraleegstodrourth, both
have specific gene regulatory networks. In addition to NC cellsptawbdes, another
hallmark of vertebrates is the brain. The brain is a greathenant of neurons in the
anterior part of the neural tube responsible for integratimgult and mounting a

coordinated response.

Neural Crest Cells

It is widely thought that the NC cells are central to ved&binnovations and
their evolution?!. They are so fundamental that some authors even go as far as
assimilating them to a fourth germ lay&rspecific to vertebrates. The closure of the
neural tube from neural plate border generates a transient mygaarpluripotent cell
population, the NC cells, which are progenitor cells of many stestiMultiple clues

will specify their differentiation outcomes during and after ntigra They can be
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classified into two categories: neuroglial or non-ectomesanah (neurons, glia, and
pigment cells), and skeletogenic or ectomesenchymal (bone, gartitientine)?’.
Outstanding reviews about NC biology have been recently publféi&diVe will just
touch upon some of their relevant aspects for vertebrate innovations.

Recently, NC biology has been described from a gene regulatovgrReiGRN)
perspective, where multiple markers organized in modules are ausksfine NC cells,
leading to a more comprehensive approdctt Many components of the NC cell GRN
have been found in invertebrat€s® but the synergies, new genes, and interactions
appear to be only found in vertebrat&d* Nevertheless, the concept of GRN for use as a
definition for NC cells can be seen as a limitation as it do¢gsonsider the evolutionary
processes needed to build the GRN. It is conceivable that thpgtemcy observed in
NC cells gradually arose from use of ancestral signaling pathwéws could have led to
multiple temporal and spatial functions for the NC cells.

The recent re-assessment of chordate evolution (Fig>Isiijjgests that tunicates
are closer relative to vertebrates than cephalochordateshrexgghttunicates underwent
some drastic specialization leading to loss of some ancebktiedcteristics still found in
cephalochordate®™’ (Fig. 1.2). Amphioxus aniona express several homologues of
NC cells markers, including transcription factors and signatoggecules responsible for
vertebrate-like structureB IP2/4, Pax3/7, Msx, Snail) **% Co-option of novel genes
and/or gene duplication, like thoxE family ***2 by NC cells can help explain the

transcriptional changes required for the novel NC derived specializ&titis
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Amphioxus has cells representing likely evolutionary source ofe¢hnebrate NC
cells. Nevertheless, it is difficult to know if they are homologolisese cells, which
originate at the border of the neural plate, exhibit some migragapabilities and gene
expression patterns similar to NC celsrphiDIl *¢, AmphiPax3/7 **, AmphiSox1/2/3 *®,
Snail *°). The more developed GRN involving those genes found in verteBfafesre
likely the result of gene co-option and novel or modified CRE. As amgbeaof gene
co-option, both amphioxus and lamprey expiessvhich is used as a NC cell marker,
but only lamprey exhibits expression at the neural plate b&tder

Tunicates also have NC-like cells which have migratory and rdriteation
properties but no evidence of pluripotefyThis cell population could also be the result
of a convergent evolution restricted to pigmentatid@nd not be homologous to NC
cells. This is supported, in part, by the presence of NC-likis @@ltunicates. The
existence of a NC-like or NC precuror in tunicates suggestsetizdution of NC cells
was a gradual and continuous process rather than an abrupt innovation at the iterertebra
vertebrate transition. This view is supported by the fact thadxtent of NC contribution
to the head is lowest in basal vertebrates and gradually sesrea more recent
vertebrate lineage¥™>*

To explain the potential gradual appearance of NC cells, it has j@posed
that, at the base of the chordates phylum, a population of cellsdgaimeigratory
function and a skeletal fate. Some of these cells underwent anliapitiesenchymal
transition and began to delaminate from the neural plate borderigratemn vertebrates

% Therefore, the chordate common ancestor had the basic wiringCidikéN activity.
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Refinement of the underlying GRN could have been important fodélvelopment of

vertebrate NC°,

Placodes

Placodes are regions of the vertebrate head where ectodexgineres to form
distinct cell types that contribute to sensory organs and cisemabry ganglia. Extensive
reviews on placodes are available for a more throughout an&lyaf8°1 We will focus
on their relevance as generators of vertebrate characteisor$ placodes give rise to the
eyes, ears, olfactory organs and lateral lines while the neucogkatiodes differentiate
into sensory neurons and cranial gan@fliarhere are eight placodes: (1) the lens placode
for eye formation; (2) the otic placode for the inner ear;l{8)difactory placode, which
produces sensory cells, mucus or neuropeptide-secreting cells ahdefls including
Schwann cells responsible for the neuronal sh®&th(4) the lateral line placode, which
gives rise to a peripheral sensory system in &t (5) the adenohypophysal placode,
which forms the adenohypophysis (i.e. the Rathke’s pouch) through stomodeum
invagination; (6) the epibranchial and hypobranchial placodes, whicihategn a dorsal
region posterior to the pharyngeal pouches and give rise to mutigald and neck
sensory neurons; (7,8) the profundal and trigeminal placodes, which foreerkery
profundal and trigeminal nerves, respectively.

It is thought that placodes derive from a common panplacodal primorditim
Development of a mature placode requires the activities of dozerastription factors
(see below) through a modular and multilayer regulatory prdteSeveral of the key

transcription factors for placodes formation will be critically revidwere.
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Many placodes marker genes have been identified in protochordatess&tapr
of the Sx1/2, Sx4/5 andEya families is common to the panplacode primorditimrhe
Sx gene family encodes homeodomain transcription factors thatpaesent in
metazoans, not just vertebrafsAlso, theEya gene family is found in invertebratés
Eya proteins act as coactivatorsSf expression in eye development of vertebratés
Similarly, in Drosophila, Eya andSx1/2 homologs are major component of the network
responsible for the development of the compound ‘8yAmphioxus has a cluster of
sensory epithelial cells located rostrally which has somelainfunctions to the
vertebrate olfactory cell§"’® Interestingly, these cells in amphioxus express homologs
of olfactory placode markergmphiMsx "® and AmphiNeurogenin “®. In vertebratesylsx
and Neurogenin are developmental specific transcription fact§r$. Another family of
transcription factors required for most placodes is EHg family. DIXx genes are
expressed in many vertebrate structures including forebrain,| reeesa cells, placodes,
pharyngeal arches, limb buds and te@thnterestingly, amphioxus has obéx gene®®
while lamprey has fouf® and mouse has sfX. The twoDIx genes ofCiona ®' likely
result from a lineage-specific duplication evéht 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 eosydgtem may
have a pre-vertebrate origin rather than an abrupt appearance at the
invertebrate/vertebrate junctioff. Structures with comparable roles and molecular
signatures as vertebrate placodes (termed “placode-like”, plaovoa®log or proto-

placode) have been identified in protochordaté§®® For example, the colonial ascidian
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Botryllus schlosseri has an olfactory placode-like region of the neurohypophyseal duct
that delaminates and migraf€s Therefore, even though olfactory placodes are found in
vertebrates only, potentially similar functions exist in other dhi@ms. The similarity
between the vertebrate olfactory, adenohypophysal, and otic placdd¢heitunicate
ventral organ, ciliary funnel, and Langerhans placodes can be compatiblehe
unifying placodal primordium eviden& Thus, it is likely that the vertebrate placodes
arose through multiple recruiting and increased complexity ottple-like” structures
present in protochordaté%

In light of these recent developments, one may ask how relevanomicept of
placode as a characteristic of “vertebrateness” is. The pbéeplacode is therefore
probably better seen, at least from an evolutionary and parsimoniapegtre, as a
character common to all chordates as it has already been mshgisewheré®. A model
of accretion and divergence of pre-existing cell types in a el®a@bmmon ancestor has
been presented to explain the evolutionary origins of placodes in choftfates

For 25 years, placodes have been used as a characteristiebfatet but the
authors were clear on the fact that placodes may derive froaneestral “epidermal
nerve plexus” present in protochordates. Therefore, the recergrdeegerstanding of
the molecular mechanisms blurs the distinction between the \adghlacode and the
“epidermal nerve plexus” and suggests a likely homology with graddiaement. A
recent model was developed where the chordate common ancestorhawvelthad an
array of epidermal sensory cluster cells, with comparable igensdrkers to the

vertebrate placode. Early vertebrates would have recruitedithdéra anterior part of the
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body and embellishments of the GRN would have contributed to gergaabdes®®°
Alteration of the anterior signaling could have provoked this new pattet’® From
an evolutionary point of view, the term placode regroups ancestdaimame recent
innovations with a common basal GRN and additional modules in verteBfafBsis
suggests that placodes did not arise at once but that they gradppégred in
protochordates, and that highly developed sense organs were pregbat anterior

region of protochordates.

Brain

In vertebrates, the anterior segment of the neural tube idygedarged and
compartmentalized thus forming the brain. In comparison to vertepaaghioxus has a
more linear and poorly segmented brain and is more reliant on peripheraysensons
and plexuse$. The vertebrate brain is also more centralized and includes noveirkiC
placode-derived structure¥. Nevertheless, the basal regionalization (forebrain and
hindbrain) and the anteroposterior organization, reflected by comparabléedsut
segmented expression of the marker ge@s and Hox, is conserved between
protochordates and vertebrates (see below). Comparative analyg@egston patterns
of brain development genes between amphioxus and vertebrates réliabtbd anterior
nervous system of amphioxus and vertebrates share some strikifgritse®s, as
discussed below. In an anteroposterior order, the vertebrate br@mmsosed of four
regions anterior to the spinal cord: the telencephalon and diencedbatoing the

forebrain, the midbrain, and the hindbrain. The midbrain-hindbrain bounda#B )N
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considered as a major anterioposterior organizer. In addition, ttedrage hindbrain can
be subdivided in segments, or rhombomé&®ewhich are precursors of the cerebellum.

Marker genes are used to define each region (Fig. BF2).is the most anterior
marker of the telencephalon in vertebrafés An anterior cell population in the
amphioxus neural tube expressd&Fd homolog® despite the fact that the telencephalon
is considered a vertebrate innovatiori* Otx is a classical marker of the telencephalon,
diencephalon and midbrain in vertebrat@sExpression ofAmphiOtx, the amphioxus
homolog of vertebrateOtx, is regionalized to the analogous region of the poorly
segmented anterior neural tube of amphioXtsAnother marker of the vertebrate
diencephalon,Nkx2-1, has a homolog present in amphioxuamghiNk2-1) and is
similarly expressed in its cerebral vesicle suggesting & Ikamology between the two

structures®.
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Figure 1.2: Antero-posterior gene expression of CNS marker geresphioxus and a model
vertebrate (dorsal views). Diagrammed are the anterioonegf the amphioxus and a generic
vertebrate CNS. The expression of the genes discussed in xthelef) is qualitatively
represented as a black bar. A lower expression level iesemed in grey. Multiplelox genes
are expressed in fine patterns in the hindbrain and spinal cord of botlsnimdeonly a generic

expression pattern is shown. CNS: central nervous system; icegiealon; M: Midbrain; H:
Hindbrain; SC: spinal cord; T: telencephalon. See text for mfes

The MHB in vertebrates and amphioxus shares similar expressienngadf the
two marker genesGbx and Otx, nevertheless, the organizer function of the MHB,
conducted through cell fate determination, is not found in amphioxus. géhes
responsible for the organizer function are not expressed at the MHEhphioxus’.

Studies onengrailed, another marker of the MHB in vertebraf€s are conflicting in
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protochordates. In amphioxus, it is not expressed at the MHB but digheephalori’
while it is in tunicates’®. Therefore, even though the genetic material needed for a
vertebrate midbrain/hindbrain organizer is present, its role, gadrad mostly through
co-option in vertebrates, is the real vertebrate innovation.

The hindbrain is marked by comparable expression profileslef Mnx and
Shox in vertebrates and amphioxd$'®. The major vertebrate novelty is the great
segmentation of the hindbrain in rhombomeres under retinoic acid regulati
regionalizedHox genes expression, and ephrin/eph signdfifif* TheHox gene cluster
is found in all bilateria and dictates segmentation and anterojpost®is. An increasing
copy number and divergence Hbx clusters correlates with an increasing body plan
complexity. The classical example of increased brain complexitertebrates correlates
with the evolution of théax family and the cerebellum. Because there is one Pax family
member in invertebrate®#x2/5/8) 1°> and three in vertebrateBgx2, Pax5, andPax8), it
is tempting to draw a positive correlation between increasedfgemly size and brain
complexity *°, in terms of compartments. A marker of hindbrain and rhombomeres in
vertebrates i&rox-20, which has a very restricted expression patt&nin amphioxus,
Krox does not exhibit a related expression pattern, but rather issegdran the anterior
neural tubé®'%” Therefore the existence of a similarly functional MHB asddle as a
major anteroposterior organizer like the vertebrate MHB is dsecligh protochordates
105,108.»

In conclusion, vertebrates, through segmentation, added complexity bagloe

brain organization found in amphioxus. Vertebrates possess a mavealemgid brain
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with a MHB and multiple rhombomeres involved in the development of craaraes.
The “vertebrateness” of the telencephalon correlates wéi it8 role in movement,
sensory processing, communication, learning, and memory. The MHBaramplex

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 ionly
vertebrates, even though cartilage mineralization is'fare’ In the earliest vertebrates,
the mineralized endoskeleton enabled locomotion, the dermal skeleton echdous
protection, and teeth enabled predatidn The tooth is composed of enamel or
enameloid, dentin, and bon¥. The bone is formed through a deposit of hydroxyapatite
while the cartilage is composed of proteoglycans and has beenstwdyde be an
ancestral mechanoreceptor before being co-opted for support of ukeularized
pharynx and, later, the skeleton and joffits

Mineralization is regulated by extracellular matrix (EXCptoteins constituting
the heterogeneous calcium-binding phosphoprotein (SCPP) family. Thebratet
radiation and the appearance of the mineralized skeleton coincitetheduplication of
SCPP*2 Duplication of thesparc gene (also called “osteonectin”), probably after the
cyclostomes branched out from the other vertebrates, generatddC&RA(screted
protein, aidic, oysteine-rich ke 1) ' SPRCL1, through duplication and
neofunctionalization in lamprey, gave rise to the vast SCPP faMily*and SPARCA

and SPARCB''® suggesting a parallel role for SPARCA/B in cyclostomes and
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SPARCLL1 in gnathostomes. SCPPs were later co-opted for theedlggstrix in birds
and for milk casein and salivary proteins in mammilsEven though tooth structure in
teleosts and tetrapods is similar, different non-homologous SC&drdate tooth
development'*® This suggests a flexible role for SCPP in gradual evolutiorhef t
skeleton. It is thought that tooth development co-opted the alreadyipéR@l found in
the dermal skeletoh>. Limb skeletogenesis derives from the lateral plate mesotér
while the cranium is cephalic mesoderm- and NC-dertvedespite this heterogeneity,
molecular pathways in the limb and head share a common regulateryaroaund the
more ancient transcription factoBsx, Msx andDIx **2 It has been suggested that subtle
regulatory differences could explain some differences betweeb kmd cranial
skeletogenesis. Therefore, many of the GRN required for bonetformiad homologs

in non-vertebratet'®.

Ear

During ear formation, the otic placodes give rise to neurons anddhgensory
hair cells and support cells derived from a common progeffitdRhombomeres also
contribute cells to the inner e, In addition to the inner ear, the core element present
in all vertebrates, stepwise refinements led to the preseraceafter and middle (ossicle
and ear drum) ear in mammals. Hair cells act as sensorsaasducers of the external
stimuli **. The inner ear, through semi circular canals, is responsible, gimeri
vertebrates, for detection of acceleration and gravity whiledchlea is responsible for

sound perceptiort?’. The inner ear, which is absent in invertebrates, underwent a
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stepwise morphological evolution in vertebrates where hagfishesamaeemi-circular
canal, lamprey have two, and jawed vertebrates have'tiréé

The otic placodes (Fig. 1.3) or their comparable structurethameght to be
present in protochordaté&’ (see section on placodes, above). Expression of the tunicate
Pax2/5/8 and the vertebratPax2, Pax5 and Pax8 in the atrial primordium suggests a
homologous process underlying formation of the structure in protodkerdad the
vertebrate otic placod¥. Hair cells of the inner ear are functionally comparabléhéo
Drosophila external sensory organ, the mechanosensory briétl&* Vertebrates and
Drosophila express homologous genes in otic placodes and bristles respyedivalso,
comparative gene expression of tlrosophila chordotonal organ (composed of
mechanosensory receptors) and the vertebrate inner ear stemagkably conserved
GRN *?. Interestingly, in the inner ear, the vertebrate novelty ansamly from
recruitment of NC-derived glial cells. Also, mouskthl, a gene essential to hair cell
formation in the mammalian eaf° can functionally replace thBrosophila homolog,

atonal, in the nervous systeff’.
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Figure 1.3: Generic vertebrate embryo. Diagrammed isnglified generic vertebrate embryo
showing the structures discussed in the text. Arrows regrasgrating neural crest cells. AB:
arm bud; D: diencephalon; E: eye; Fb: forebrain; H: hé#st; hindbrain; L: liver; LB: leg bud;
Mb: midbrain; OP: otic placodes; P: pharynx; PA: pharyngediemrand pahryngeal pouches;
Rh: rhombomeres; T: telencephalon.

Neurotrophins, which are neuron-specific growth factors, and trespters, the
Trk family of receptor tyrosine kinase, have long been thought teetiebrate-specific
and central to the formation of sensory neurons. Nevertheless} wataysis of non-
vertebrate genomes indicates the presence of at leas$tlorexeptor gene in amphioxus,
amphi-Trk, and presence of neurotrophin-like proteins and Trk proteins in thercea-
127128 |nterestingly, neurotrophin and Trk have not been found in tunicites
Duplications in the vertebrate lineage greatly diversified the dmkl neurotrophin
families™*° correlating with their diversified roles in vertebrates.

Co-option of pre-existing gene®tk, Fgf andGata, reviewed in*?}) is a hallmark

of ear evolution despite the vertebrate ear being a seemingly ohwiorghological
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innovation than can only be partially related to ancestral bilatstraictures. Therefore,
a stepwise formation of the vertebrate ear is suggestedherthyough increased co-

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

Pharyngeal Arches

Pharyngeal arches are mesoderm derived structures from bngoan pharynx
that give rise to multiple skeletal, muscular, nervous, and arsructures in the adult
neck and lower head (see below). Pharyngeal pouches are the invadiediveen two
pharyngeal arches. Ventral migration of NC cells interactiit pharyngeal endoderm
extensions around the sixth aortic arch artery initiates pharyaggadevelopment. The
pharyngeal endoderm, along with some NC contribution, further diffetestiato
cartilage rods adapted to bony, cartilaginous, or ligamentous sesiciach arch can be
thought as an endodermal pouch and an ectodermal groove that will caeve |
structures. Derivative structures of each pouch yield skeletonrajsaeries, muscles
motor nerves, and sensory nerves The endoderm component of the pharyngeal system
and its remodeling are required for normal morphogernésidhe 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 tand fourth pouches
relies on theGem-2 transcription factor, which is a homolog DBfosophila glial cells
missing_2(Gcm-2).Gem-2 has been co-opted for calcium homeostasis, a new function
found in tetrapods. Pharyngeal pouches can form without NC cellthangharyngeal
segmentation is not vertebrate-specifit Markers of pharyngeal identit@ip7, Fgfs,

Paxl, Thxl) are conserved developmental genes that have invertebrate horfiBlogs
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Pharyngeal pouches are not vertebrate-specific as theyifommphioxus*®*% The
addition of the NC component to generate the archeal support is, howeiggre to

vertebrates.

Pharynx Derived Organs

The segmentation, muscularisation, sub-specialization, and NC-dekebtdas
support of the vertebrate pharynx are vertebrate novelties. As mehtédoove, parts of

the pharynx gave rise to endocrine organs: thyroid, parathyroid, and pitléady g

Thyroid: The thyroid is an endocrine organ involved in energy metabolibe.
thyroid is under the control of the pituitary and hypothalamus. Tipethglamus is a
region of the brain that links the neural and endocrine systems thtbagpituitary
endocrine gland. The thyroid is also involved in calcium homeostasiggtiicalcitonin
secretion. It has long been recognized that there is a common twigine vertebrate
thyroid gland and the protochordates endostildn vertebrates, localized budding from
the ventral floor of the embryonic pharynx will generate thedikdygland. Also, some
enzymatic machinery and developmental processes overlap betweenylendost
thyroid **>*%8 Interestingly, lampreys exhibit an endostyle during theiralastage that
will directly convert to a thyroid gland in the adtif** The chordate endostyle has two
functions: (1) protein secreting in the filter feeding procasd **° (2) thyroid-like
activity through overlapping expression of the genes responsibléymid hormone
synthesis*!. Nkx2-1 expression in amphioxus suggests that the endostyle may be
homologous to the vertebrate thyroid gl&AdThe presence of an endostyle in the larval

stage of the lamprey, being replaced by a thyroid in the adult, $sgperhypothesis of
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gradual modification. Even though the endostyle has no described endoactiert, it
is almost certainly homologous to the vertebrate thyroid. Comparatthologous gene
expression patterns are strikingly similar Rax8, Nkx2-1 compared tcAmphiPax2/5/8
and AmphiNk@-1 °®1% FoxEl, a vertebrate thyroid marker, ammphiFoxE4, its
amphioxus homolog, are expressed adjacently to the endd&tyEhyroperoxidase, a
marker of thyroid activity, is also conserved in amphioX Nevertheless, in
vertebrates, the thyroid has both NC cells and endodermal cordnguivhereas 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, haed t
neurohypophysis (posterior pituitary), composed mainly of neurons drigjna the
hypothalamus“**'*> The anterior pituitary is of central importance for the horrhona
control of the body***'*’ The neurohypophysis is responsible for the secretion of
oxytocin and vasopressin. The pituitary was first thought to be uniguertiebrates but
over the last ten years, organs with similar development and function hravedxsribed
in tunicates and cephalochordat¥®’181*0 Evidence of a separate olfactory and

adenohypophysal organ i@ikopleura and Ciona "°%°

considerably weakens the
hypothesis of a double-duty organ in the ancestral chord&tefollowed by
subfunctionalization in distinct pituitary and olfactory organs intel@ates. In
cephalochordates, the Hatschek’s pit is regarded as an orgapitwitary-like functions
148,151

(see below). Both regions have a comparable expression of NR%ZL In

vertebrates, Pitx1 and Pitx2 homeodomain transcription factors aveedias pan-
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adenohypophyseal marker§%*3 Their non-vertebrate chordate homologs have

comparable expression patterti§149:154153

and also share the initial patterning under
BMP4 and FGF8 signalind®® 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 functiodal a
organized pituitary does not seem to be present in protochordates, pstmay

functions and underlying molecular determinants are clearly uated for in

protochordates.

Pancreas

The pancreas arises from a dorsal and ventral budding of the feretpderm. It
is composed of four endocrine cell types and an exocrine tissti Its endocrine role
is central to glycemia homeostasis through insulin secretion ftmmp-cells and
glucagon secretion from the-cells. Protostomes have no similar structure but
protochordates have functionally comparable endocrine cells. Amphexpresses an
insulin-like peptide®. Other insulin superfamily members are foundQiona and
amphioxus and show a synteny (i.e., the physical linear co-latiahizof loci on a
chromosome) similar to hum&n®® Glucagon is also found in amphioxus and tunicates
157 pdx1, a member of the ParaHox family of homeobox transcription factois
involved in the early development of the vertebrate pancf@amterestingly thePdx
family is also present in amphioxfisbut querying the sea urchin a@ibna genomes
10,161

and Ensembl foPdx1 sequence similarity did not yield any putative homologs (O.

Lucas, August , 2008 unpublished observation). Therefore, this suggestsi¢laat aart
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of the genetic machinery required for pancreas formation wag liwesent in the

common ancestor to chordates and was possibly lost in tunicates.

Eye

Photoreceptors or “eyes” are widely found in animals as they prene gateway
for environmental interaction. Repeated use of common GRN and phgsitstraints
generated eight distinct “eye” typ&¥. For examplePax6 has long been considered a
master regulator of eye development in metazo&HS> The focus, here, will be on the
chambered eye with a lens, found in cephalopods and vertebrates. Compoulikkeyes
Drosophila’s are of ectodermal origin. The vertebrate lens, a truebrati innovation,
originates in the lens placod®. The vertebrate lens is composed of transparent cells
filled with crystallins. Many of these proteins are enzynied were co-opted for a new
function in vision'®’.

Transduction of light to generate a nervous message can be acbeuahjblystwo
morphologically distinct photoreceptors: ciliary and rhabdomeric. Ehffars in its
strategy to increase the membrane surface area and thé tsagnsaluction pathway.
Rhabdomeric photoreceptors use multiple folds in their apical suride ciliary
photoreceptors modify the cilium through folding to resemble a stacldisKs.
Vertebrates rely on ciliary phototransduction while invertebratestlynuse rhabdomeric
phototransduction and both are present in protochord&@teshe transmembrane opsin
proteins of the photoreceptor cell are responsible for the transductpdrotains. Opsins
are more ancient than the eye and, in vertebrates, along with othetrgheduction-

related proteins, underwent multiple duplicatioifsFor example, six opsins are found in
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amphioxus'’® and three irCiona ™. Also of interest, phylogenetic analysis of tiena
opsinl andopsin2 genes clearly groups them with the vertebrate pigments andithot w
the invertebrate rhabdomerigpsins *’%. Arrestin blocks the downstream G-protein
coupled receptor signaling pathway linked to the ciliary obdobaeric rhodopsins.
Phylogenetic analyses suggest tltabna's arrestin is more closely related to the
vertebratearrestins than the invertebrate orfé> This suggests, in protochordates, an
intermediate stage between non-chordates metazoan and vertebrates.

In light of those recent developments, Riyahi and Shim8&fdpresent a
compelling model where the ancestral chordate would have had a pl&keo@RN
(Pax, Sx, Eya) and an eye GRNjf-crystallins). Ciona would have kept those networks
separate while their combination in vertebrates would be responsiliteefformation of
the vertebrate eye. The vertebrate innovation could therefotaebeo-option of the
already present mechanisms for lens development. Future compayatiomics studies

may unravel even more molecular intermediary steps.

Multichambered Heart

The MesH description of heart is “a hollow, muscular organ rgihtains the
circulation of the blood” (http://www.ncbi.nlm.nih.gov/mesh). The heart ntest
connected with the body circulatory system and generate an aglddpad flow for the
organism’s size and changing metabolic needs. Non-vertebrates thbas lack
chambers, septa, valves, and unidirectional flow. What are the compaerntea for a
vertebrate heart? Could a few genes account for such a strddlitgoa 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 tubulatt lbédunicates is not
lined with endocardiac cells while amphioxus has some endotheliuntiikeg its
vessels*®'* In protochordates, both poles of the heart are alternatively ase
pacemakers’®. They have been replaced by synchronous contractions in vertebrates
where the heart can be seen as a collection of “modules” (salar functional)
governed by specific GRN added to a primitive GRN found in invetiebi(gee below).
The complexity of the vertebrate heart-specific GRN wadylikehanced by genome
duplication’®,

The vertebrate heart is composed of chambers (atria and les)trigalves,
endothelium, coronary circulation, and a pacemaker-system. Cardiagdisi¢rom the
lateral mesoderm fuse to form a linear tube. The contradile form the myocardium,
the future thick-walled ventricle. The ventricle is lined with single layer of
endocardium, a non-contractile endothelial cell type. Differentfatds and expression
patterns along the linear tube predict the future chambers. Th&pedlfiow requires a
polar pacemaker and a conduction system to synchronize the contrd¢henrncoming
and outgoing chambers in a sequential, coordinated fashion. Another ehstiaatf the
vertebrate heart is its asymmetric morphology. The embryorear tube first forms a
primary myocardium that latter balloons into differentiated chast3é&'"®and loops to
form the four chambered heart of reptiles, birds, and mammals. Chdarb®ation
results in complete separation of blood flows through NC-dependentisapse€e "® for

review). Therefore, the vertebrate heart is a highly compartimsataorgan with
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multiple innovations. These innovations enable efficient, high predgslixery of blood
throughout a large body following an oxygenation step.

The main genes composing the basal heart GRN can be trackkdtdac
Drosophila *"® where the mesoderm, under BMP2/4 (DPMDimsophila) endodermal
signals, turns on heart-specific genes downstream of NKX2-5 (inmBrosophila),
NKX2-3 and GATA-4,-5 (Pannier irDrosophila) **®. The core GRN common to
Drosophila and human is composed of three geht; Gata, andHand *®%. Vertebrates
have an increase number of those genes, providing a greater redumadarianosophila.

For example, there are fidkx and threésata genes in vertebrates compared to only one
of each inDrosophila. Interestingly, the duplication of ventricles in higher vertebrates
coincides with the duplication of tHéand gene intoHand1 andHand2 *° and ventricle
development is protected against single gene mutations during teelldeermination.
Amphioxus was shown to expresdN&x2-5 homolog*®2 In addition to theNkx-GATA-

Hand core, Ciona has aMesp gene’®?

that does not appear to be involved in heart
formation in protochordate®”. Vertebrates have thredesp paralogs:Mespl, Mesp2

and pMesogenin *®*. Mespl andMesp2 are essential for heart formatid#f. Therefore,
Mesp may have been co-opted for heart development. Also, the appearandebnates

of connexin genes and gap junctions enabling rapid cell-cell communication neaded fo
synchronous contractions coincide with the increasing complexityeofertebrate heart

185 Duplication and co-option played a role in vertebrate heart evoldéspite most of

the genes being present in protochordates.
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In a nutshell, the peristaltic heart found in primitive chordates nefised to
generate a directional, high pressured compartmentalized estefiee flow.
Understanding of the basal heart GRN modules may help us link nal@esathanisms
to congenital heart diseases, which represent ~1% of live bifttiEo this endCiona is
becoming a great model to study heart development from a GRigeotive>- 81187
Ciona has a small fully sequenced genome (~16,000 géfieghd does not have as
many paralogs as vertebrates. This enables to functionallyetesr genes and fewer

redundancy problems are encountered. A major success was estabh&meDavidson

*1 linked Mesp to the coreéNkx-Gata-Hand.

Circulatory System and Endothelial Cells

The importance of a closed circulatory system was recogiigeristotle %8

(see below). Unlike vertebrates, invertebrates do not haveauea e@ndothelium, a
continuous layer of interconnected epithelial céf&™? Of note, an endothelium-like
organ exists in a few non-vertebrates and is regarded asagpegdific novelty®. The
advantage of an endothelium-lined closed regulatory system is diare&f: (1)
cooperation with the immune system (see below); (2) fine regalati the blood flow
through nitric oxide production and signaliny; and (3) cell migration far from the
visceral core of the circulatory system, especially neéede 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 invertasbaatk are functionally

similar to vertebrates (oxygen transport, blood coagulation, amadinological defense).
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In vertebrates, mesoderm-derived angioblasts differentiate into hetidbtcells, and
form blood vessels. Their growth is controlled by mitogenicofacincluding basic
fibroblast growth factor (bFGF) and vascular endothelial growthofa@/EGF). The
VEGF and its receptor (VEGF/VEGFR) are clearly present amdleast partially
functional in invertebrate§>'% even though true endothelial cells are not pre¥8nt
The apparition of endothelial lining correlates with the vertelwadefaptive immune
system, which relies on bloodstream for movement of its effector cells.

Coincidental with the vertebrate endothelial system, a complex btmmllation
system arose in jawed vertebrates with some basal componesdslyalpresent in
cyclostomes®’. This increased complexity could be due to a WGD, which is thought to
have played a great role in the blood coagulation network evolution. ehtregview
pointed to an astonishing number of genes sharebrbgophila and mammals in the
vascular systen®®. Interestingly, blood and cardiovascular cells of vertebrates and
Drosophila share the same origin in hemangioblasts that, in the last coranctestor,
gave rise to both hemocytes and vascular ¢&lls

One true vertebrate innovation is the endothelium/vascular smooth emuscl
interface through the tyrosine kinase receptors with immunogldtendnd EGF-like
domains TIE1 and TEK (formerly TIE2) and angiopoietins, their ligands
Nevertheless, using BLAST analysis we identified a unique putatiz&/ TEK homolog
in the sea urchin genome (XP_797021). This suggests that the endothieigaimay

have some deep roots in invertebrates.
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The Adaptive Immune System

Immune cells function primarily to eliminate pathogens, maintaiinea-self
recognition, and police symbiotic microbes. These functions argedathrough
recognition (MHC, TLR...), regulation/integration (Myd88, GATA), antblecular—
based responses (Ig, perforins...). Innate immunity is the firsbfigefense and can be
complemented by adaptive immunity, which involves somatic recombmaisee
below). The field of cellular immunity originated more than awsnago with studies of
the sea urchin innate immunf.

The innate immunity has very ancient roots that can be tracked to basalanstaz
(Porifera®®* and Cnidarig®*?%. A good example is thBrosophila Toll receptors®*2%
Toll-like receptors (TLR) are major components of invertebrateate immune system
(see ?® for review). The recent sequencing of the sea urchin genomealedvan
astonishing diversity of innate immune system mediators with agr @idmagnitude
(n=2222°") more TLRs in comparison to humaff§?*® An excellent review on sea
urchin innate immunity and its unsuspected relationship to vertelutapivae immunity
has been compiled recentfy

In sea urchin, phagocytic cells with varying scavenger recepeusptors that
recognize modified low-density lipoproteins, can be generated throogtbinatorial
assembly®® This suggests that diversification mechanisms arose beforelahal
expansion characteristic of the vertebrates adaptive immune systenobytes effector
cells of the adaptive immune systef. Long-lived, V(D)J recombination, clonal
expansion, and self-renewal are characteristics of T angnhocytes in jawed

vertebrates. V(D)J recombination is the vertebrate-specifmmbination mechanism of
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immune gene segments that generates the molecules involvesgnmiztog pathogens
(T cell receptor, TCR and immunoglobulins, Ig (see below)). BEliengh no adaptive
immune system is found in sea urchin, molecules involved in V(Djdaregement and
l|g domain proteins have been identiff@4?*2 Ig are proteins of the immune system that
recognize and neutralize pathogens. The adaptive immune systemeid on somatic
lymphocytes recombination of molecules recognizing non-self. Theteasevidence of
l|g-mediated pathogen recognition in invertebrat€s’ but no evidence of adaptive
immune system, which suggests vertebrates co-opted Ig for the adaptivaersystem.

The search for an adaptive immune system outside of jawed véggehes been
biased by the assumption that it would look like V(D)J recombinatiaierdstingly,
looking for function instead of structure, Pancer and colleagfed®?!® elegantly
described a new adaptive immune system in cyclostomes basediaole lymphocyte
receptors (VLR). VLR are composed of leucine rich repeat (LR&Jules, which genes
undergo somatic rearrangement. Interestingly, LRR-containiotgips are found in
plants, protostomes, and deuterostomes, where they mediate antimireepaises$®.
Also, LRRs form the modular domains of the TLR extracellular dosavhich generate
a concave binding surface reminiscent of the MHC antigen mtegmn pockef?’. It has
been suggested that the appearance of the vertebrate adaptiureeiraystem relied on
the complex innate immune system ancestral to all deuterost3Afé3 The parallel
between LRR recombination and V(D)J recombination suggests a cassargent

evolution.
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The presence of two distinct adaptive immune systems in vedsbcauld
coincide with colonization of new ecological niches and increasedtmed®oreover,
the increased complexity and body size of vertebrates may hawefdalitated by an
adaptive immune systeff®. As Pancer and colleagues sugge$i€dhe high reactivity
and autoimmunity of LRR may have been unsuitable for a burst asphmlogical
innovations in basal vertebrates and the maintenance of large faaiilenate receptors
may have been disfavored due to a lesser number of endosymbiotic coiesnimit
vertebrate animalé’. Moreover, vertebrates often show multiple paralogs where sea
urchin genome encodes for a single transcriptional regdfétdrhis increased regulatory
complexity may have helped generate adaptive immunity. In lighthef recent
discoveries gleaned from inter-phyla comparison, one may spedbk unusual but

analogous adaptive immune system could exist in non-vertebrates.

Morphological Asymmetry

Despite their usual bilateral symmetry deuterostomes are rhemdally
asymmetric. The establishment of the first two body axesr@mbsterior, A/P, and
dorsoventral, D/V) is followed by a left-right (L/R) axis, @by visible in vertebrate
organs like heart, stomach, and intestine for example. This L/R iaxialso a
characteristic of bilaterians. In vertebrates, L/IR asymmistrg four step process: (1)
breaking of the symmetry, (2) transfer of signal to therdatplate mesoderm, (3)
asymmetric expression of molecules (Mal-Lefty-Pitx2 pathway, see below), and (4)
asymmetric organ morphogenesis (for review, €8e Asymmetries in protochordates

have been found in amphioxtf§ and tunicate&””.
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Nodal is best known for its role during mesoderm and endoderm formi&tin,
A/P patterning, and D/V patterning but it is also essential/B® dsymmetry through
regulation ofLefty and Pitx2 ?*°. Recently, Nodal factors have been found in tunicates
221231232 amphioxus*? and sea urching*?** The centraNodal-Lefty-Pitx pathway is
conserved in chordaté$’?* Pitx2 is the downstream transcription factor that regulates
asymmetric organogenesis through its expression in the embrydnitateral plate
mesodernt*®. This asymmetricaPitx expression is also found in tunicafés Recently a
L/R asymmetry pathway depending dmlfty and Pitx2 homologs was shown in sea
urchin®#3%%38 syggesting 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 amphioXtisthey occupy the right side of the sea urchin
embryo®*3 This suggests the L/R asymmetry was determineBityyhomologs in the
common ancestor of echinoderms and chorddfedvlost protochordates have a single

pl tx geneBS,227,237

while vertebrates have up to three parafdgsOnly onePitx seems to
be present in cyclostomes (hagfishes and lampféyshsymmetricPitx expression is a
chordate-wide determinant of L/R asymmetfy In vertebratesSonic hedgehog (Sh)
induces asymmetricallodal expression before organogenesis while the amphioxus
Sh homolog seems to have a very limited role in that prot®ssnd tunicates do not
exhibit L/R Sh asymmetry**® This suggests that, in vertebrat8is has been co-opted to
add a layer of specificity to the asymmetric development. Thertansty over the D/V

axis inversion at the chordate common ancestor could be correldketh&inverse role

of L/R in echinoderms and chordate€?** Based on a parsimony hypothesis and a
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conserved molecular pathway, asymmetry appears as a deuterastbmet a vertebrate

novelty.

Liver

The vertebrate liver is a central organ for energy metabolmindatoxification
244 Liver's interplay with adipocytes and myocytes is central€ioergy homeostasis.
Most invertebrates are constant feeders while vertebratesyuswgdst large quantities
of food at once, which requires special metabolic mechanisms, padbmplished by
the liver.

Searches for an invertebrate liver from a functional point ok vieveal some
unexpected recent findings. Even though a true liver with hepatoaydesoanplex GRN
governing liver functiond* is not mentioned in invertebrates, amphioxus has a hepatic
diverticulum or hepatic caecum, an asymmetric extension of tlestdig tract that has
long been considered a primitive livét®. Markers of liver function are numerous.
SREBP-1c and PPARs are widely recognized as markers ofh&atiacid metabolism
and homolog’s in GenBank are widely found outside of vertebrates (dathowh).
Antithrombin (AT) is an acute phase plasma protein used as larhaeker and is
required in the coagulation cascade. Recently, an active Abdes identified in the
amphioxus diverticulunt®’. Also, a functional fatty-acid binding protein (FABP) has
been described as being expressed in the amphioxus diverticAluphiEABP) %%
There are nine FABP in vertebrates that are mostly involvedtiyn &aid uptake and

transport?*°. Even though no clear bile salts or vitamin D has been described in

invertebrates, a vitamin D receptor/pregnane X receptor (VDR)Panhcestral to the two
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distinct VDR and PXR found in vertebrates, has been identifie@iama 2*°. 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. Fsubens of
the CYP3 subfamily, widely studied for its vast substrate diygreave recently been
reported outside of the vertebrate lineage in Giana specie$™*.

A hepatocyte-like function for thdrosophila oenocytes (a population of
secretory cells) has been recently descriBédNotably, more than 20 fat metabolizing
genes, specific to human liver, were found to be expressed Drtsephila oenocytes.
The authors also functionally characterized theCip4gl and showed that it is essential
to the fatty-acid storage composition. Oenocytes accumulateldatsy starvation and
body fat-oenocyte communication is comparable to the vertebrate adipaise-liver fat
flux. Drosophila oenocytes seem to be analogous to the vertebrate hepatocytes even
though they are not involved in glycogen storage. This suggests aanuastral origin

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

Novel Molecules

Steroid Hormones Nuclear receptors are part of a family of transcriptiaboizs

activated by ligand-binding and found in most metaZ3&fr*%>> Steroid receptors (SR)
are one of its subfamilies and are widely studied. SR are théoudig responsible for
much of the hormonal-dependent regulatory complexity unique to verteBrata8

They are responsible for a high degree of organ pleitotropy aseoeecgn have multiple

roles and effects. Cross-talk between their receptors andphausignaling pathways
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provides large regulatory potentidf®?®® Six steroid hormone receptors exist in
vertebrates: estrogen receptor (EBRnd ER), progesterone receptor (PR), androgen
receptor (AR), glucocorticoid receptor (GR), and mineralocortioeigptor (MR). They
are thought to have evolved by gene duplication followed by divergerice a¢rtebrate
transition through ligand exploitatiofr’?**?*> Invertebrates have only two steroid
hormone receptors: ER, which appears to be the oldest mehbe®® and a generic SR
in amphioxus (bfSR3®". Therefore, a major increase in complexity seems to hawenaris
at the invertebrate/vertebrate transition.

The cytochrome P450 oxidasespadSD, 1P-HSD, and B-HSD are essential
enzymes in steroid metabolistl The binding of estradiol to the ER receptor was
suggested to have evolved later, within the vertebrate lifadeecently, in amphioxus,
bfSR, a putative homolog of the vertebrate ER, was shown to betadtiva estrogens
257 Therefore, steroid signaling, which a few years ago seembe & true vertebrate

innovation, seems to have some functional roots in amphioxus.

Fibrillar Collagen Collagens are major scaffolding proteins present in all

metazoan$®® The diversity of collagens present in vertebrates (21 typesammals
268269 strikingly contrasts with the unique or few types presentnireriebrates’”®
Vertebrates heavily rely on multiple types of collagens fotes&genesis and structures
proper to vertebrates (bone, teeth, cartilage, skin, tendon, ligameod, \®gsel, and
cornea). The vertebrate molecular innovation has been elegankgdrbhack to a small

genomic insertion present only in vertebr&t@¢’* This novel domain, along with gene

duplications, was selected for different roles and evolved into the@lermertebrate-
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specific collagen family. Vertebrates use a vast number ahcligtollagens, not found in

invertebrates, which, indirectly, enables predation and locomgtion

Genome Complexity

Gene duplication has long be thought to be a likely event in genometierol
and, indirectly, generation of new traits and, sometimes, new spg&tidsumerous
recent studies exhibit data strengthening this 30-year old hymifsee below). In a
generic scenario, a copy of a duplicated gene can be co-optadchémel function while
the original copy conserves its original function. Below is an ogenof the genetic
concepts potentially leading to “gene duplication” and genetic cortypl&heir specific
contribution to the vertebrate sub-phylum is still very much a work in progress.

Most often, duplication leads to nonfunctionalization and gene fd3s
Nevertheless, duplication also provides a unique opportunity to evolve novebmahct
roles with the new genetic material, or provides a source darbmation of gene
products to generate a novel chimeric protein (accretion or siyfffit?”> The theory
goes that duplicated genes are initially equivalent and are wtefgtical constraint8™

but they subsequently diverge asymmetricAily

Evidence of New Vertebrate-Specific Domains and Proteins

New domains, and even more so new proteins, are rare. One of thantiest,
and likely least complex animal genomes, that of the sea aneiffpensists of only
15% protein domains that are specific to animals. Also, more thand®@B& genes in

chicken are shared with humans, despite 310 million years (My® siivergence from a
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common ancestof’>. Recent comparative genomic studies between vertebrates and
invertebrates show that, excluding splicing isoforms, only 22% of émeggfound in
vertebrates are vertebrate-spedifit The faster evolutionary rate could be a reason why
orthologs are hard to find in invertebrates. Interestingly, moselwatie-specific genes
do not belong to families but are stand alone genes. Thereforeyefiheor shuffling,
of pre-exiting exons appears to be widely preferredetiaovo invention of a “new” gene.
Domain shuffling is a likely means for protein architectwelation %, but does not
explain the appearance of novel genes. Four distinct mechanisms can be seeratsr ge
of truly new protein sequence: (1) duplication and divergencex@ization of intronic

sequencé®?% (3) alternate splicing®* 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 copyu@ae aaovel
role 22 It was shown more recently that duplicated genes can undetigeestep
process: duplication, divergence, and complementation (DDC model),e wiher
functions become carried by the ancestral and the novel*gemomain duplication is
common in eukaryotes, where ~90% of the domains have been duplicated iand it
therefore suggested that domains rather than proteins should be @mhsidethe
“evolutionary unit” ?®®. An increased number of proteins have been correlated with
complexity 2°28”2%% Comparing the total gene number of different organisms, one can
conclude that expansion of protein families can also be correlatadaptations to a
specific environment and not only complexity®**> These two kinds of protein

expansion are called “progressive” (increase complexity) anceoais/e” (adaptative
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complexity) %2

Interestingly, the authors show that the domain superfamily
denomination that correlates best with increased complexisydatier the generic term
“regulation”, meaning domains with signal transduction or DNA bindiiggatures’™,

This indicates an important role for duplication in the increasegilatory processes
observed in vertebrates (see above).

Regardless of the exact mechanism, more large-scale duplecatierpresent in
human than protochordat€8®?®® In humans, many loci exhibit evidence of four
paralogs, like thédox andParaHox gene cluster§®, where evidence of a single cluster
in protochordate is overwhelmirg®™ Moreover, inCiona, most gene families do not
exhibit more than a single vertebrate orthod&yAnalysis of genomic complexity using
Ciona can be treacherous &%ona is widely recognized as being largely a “regressed”
form of the chordate ancestd¥. Therefore, large-scale duplications likely coincide with
the invertebrate/vertebrate transition.

Segmental duplications represent at least 5% of the human géfibrhecal
chromosomal regions can duplicate on the same chromosome or on non-homologous
chromosomes? 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 segmentaéwaranscript®. This
mechanism potentially generates a novel gene product or may comti@rendiparts
from different loci. The resulting combination of existing domaine etnovel genetic

entity is termed shuffling. Exon shuffling is observed in 20% of eukaryotic éxons
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The addition of a new domain to an existing entity can be termed domai
accretion. Vertebrates have abundant multidomain prof&iig® Multiple examples of
segmental duplications have been reported in humans and are a sourdédoinmain
proteins®*®3% |n eukaryotes, domain accretion is most prominent in proteins involved in
transcriptional regulation and chromatin remodelfly In addition, mutation of the
novel sequence may result in lack of function, new function, incrgasigchorphism,
fusion of transcripts, (accretion), dynamic mutation, and alteration ofdysage. Small-
scale duplication is a continuous process, not limited to a few eocc@s during

n***%%* and, therefore, greatly increases the dynamic state of the

eukaryotic evolutio
genome. Segmental duplications may have had a role in vertebratécvathile their
direct correlation to a specific transition might be harder to pinpoint.

Exon shuffling or accretion may result in multidomain proteins #ilesving the
coexistence of independent functions in the same physical proteitharefpre, making

good bridges between independent GRN through a possible increased pyofmensi

protein-protein interactions (PP}

Exonization: Exonization is the process of creating a new exon from non-exonic
sequence®®=3% Thousands of exons are found only in vertebratés Different
mechanisms can lead to exonizatidff?®® Despite the theoretical potential of
exonization for the vertebrate radiation, most evidence confine eximmzto lineage-
specific functions®’ 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 suggasimajor
functional role for alternative splicind®3%® Alternative splicing can be intragenic or
intergenic®®”. Intragenic splicing is confined to a single gene and alternate usage of exons
through skipping, inclusion, alternate use of promoter, alternate pdyals and
alternate splice donor or splice acceptor site can generate dbZanctional distinct
transcripts from the same genetic locus. In intergenic splicingethdting transcript is
formed of exons from both genes (reviewed™if). An atypical splice form can then
replace or complement a predominant form. This is a likely mecahatosrapidly
generate genetic diversity, but has not, to our knowledge, been fpimallved in the

invertebrate/vertebrate transition.

Transposition Events:Transposons or transposable elements are sequences that

can move and replicate within the genome. Retrotransposons use aredigeynRNA
step before integrating into the genome. The influence of transpwsbiest evolution
has been thoroughly document&d3' It is thought that 25% of human promoters
contain transposons-derived sequentesnd such abundance is postulated to provide
raw sequences for CRE evolutidtf*'’ In addition, numerous DNA binding proteins

and transcription factors are transposons-derived (reviewed.in

Influence of Duplication on PPI Network

The effect of duplication must also be considered in terms of cavibedtighly
connected genes/proteins are more likely to increase complaexitgrms of network

connection and, therefore, increase the range of network output, thafpgaeess with
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few interactions. Moreover, proteins that interface with other medukally have
greater sequence plasticity and often evolve faster thaningatenfined to a single
module®®3° Duplication of a whole network results in a mirror image withfirat,
conservation of the previous PPI connections. The nodes are doubled amhihetions
quadrupled. Subsequent asymmetric divergence and/or inclusion of néselcting
partners results in a new PPl networR>*! In yeast, duplicated PPI increase the
likelihood of sharing an interacting partner by 1,000 fold comparedntioraly picked
protein pairs®**°. This over-simplification does not take into consideration potential
indirect interactions, involvement in complexes, homo-oligomerization, r@owkl
binding sites through localized duplication-divergeffceTherefore, 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 thecdtgaligenes leads
to subfunctionalization via independent loss or evolution of CRE in the two paralogs. The
teleost-specific WGD generated multiple examples of subfomatization®®>%24323 For
example, only ondPax6 gene is present in all vertebrates, except teleosts wiere t
copies are found?ax6a andPax6b, in zebrafish, underwent differential alteration of their
CRE resulting in tissue-specific expression of one paralog, ini@ido some partial
redundancy® In addition to this typical subfunctionalization that comprised both CRE
and the linked gene, one can postulate that duplication of the CRibuwithe linked

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

modulate the expression of an unrelated gene.
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Copy Number Variation

Copy number variants refer to different number of genetidutes in the genome
leading to more than the diploid two copies of a gene. Deep analysdivafiual human
transcriptomes revealed that 12% of the human genome has copy numidets 4.
Nevertheless, only a fraction of the total copy number variartearfined to the germ
line and therefore heritabf&>. This unsuspected inter-individual plasticity has a great
potential to explain inter-individual penetrance of complex traitsiadigidual disease

susceptibility 3%,

Even though the role of such individual-based mechanism is
undocumented in terms of effect in speciation, its results coutdetieally be selected
and influence phenotypical traits at a population level, thereforenppally affecting
speciation.

Combination of domains through the above-mentioned mechanisms may result in
multidomain proteins, which allow the coexistence of independentidmscin the same

physical protein and therefore make good bridges between indeperiRidnihéugh an

increased propensity for PPP.

MicroRNA

MicroRNAs (miRNAs) have been linked to the increase of compleseen in
vertebrates”?’?8 Vertebrates exhibit at least 41 miRNA families more t@#ona or
amphioxus®?°**® Two WGD alone likely cannot account for such incre&S8and, as
mMiRNAs are continuously added to the genome, the authors suggestgdraate for
MIiRNA in the increased complexity of vertebrate’s GRN. Atbe, duplications of the

Hox cluster and its associated miRNA that specifically t@rd#ox genes has been
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suggested to play a role in the development of vertebrate structwelties, especially
limbs 331332 Therefore, it is possible that miRNA played a role in the appea of
vertebrates.

None of the previously listed mechanisms are exclusive and mamg be
combinatory. The main factors seem to be alternative splicing, ndoehain
combinations, increased potential of protein-protein interactions, awcceased
regulationary possibilities in GRN. The influence of regulationnbiRNA is possibly

vast but hard to quantify to date.
Conclusion

Here we reviewed the recent molecular evidence charaotgrihe canonical
vertebrate innovations and other often overlooked characteristics. Releanices in the
study of protochordates diminish the idea that vertebrates have wodyeplan with
many novel structures. Most of what was considered “vertelpatgfs” a decade ago
now shows roots in other chordates. Protochordates seem to have riaiygous
genes involved in the regulation of “vertebrate-specific’ developaheprocesses.
Therefore, a blind dichotomy between vertebrates and protochorades appear
somehow artificial. Even though the basic developmental plan of vedsbeatd
protochordates are comparable, the versatility of the NC aetigplacodes significantly
increase the potential for new structures, mostly involved in peseat the animal-
environment interface. It seems that modifications of the pharyxdhrco-option of
new genes mostly were a great innovation along with shuffling ofiprdtamains. In

light of the extant species studied, molecular evidence strongly s$sip@or
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invertebrate/vertebrate transition through functional intermediateeren sequence,
structure, and function evolved as a whole, as shown for the steroid hopaibmeay
264,333,33?«

Combining duplications, domain shuffling, interaction, and differential etigul
can generate a staggering complexity without much novel genetieriahatA link
between gene number and complexity has long been thought as intuitidedsunhot
seem to exist'#1"? |n contrast, there is a good correlation between the total nuwhber
domains present in a genome and overall compleXity Therefore, the increase of
diversity could be thought more in terms of domains and their combinasinds
interactions than the total number of present proteins.

The robustness of a system is its ability to withstand mutaffSn®uplication
and redundancy are a mechanism to ensure robustness while a highbutdi
architecture, through independent modules, is another. Robustness téacilita
evolutionary innovations, like the vertebrate heart, where the coke @R paralogs and
potential redundancie¥. In vertebrates, the greater proportion of gene duplications
involved in regulatory processes could be part of the correlateshsent morphological
complexity**?®® In addition, duplication of CRE and their subfunctionalization must be
taken into consideration.

Evolution of the genome only accounts for generation of variabilitjiltéx of
natural selection must then be applied for an innovation to be retaioeéx&mple,
teleosts underwent a WGD that did not result in a doubling of “contplerven though

their plasticity to adapt and specialize to many environmental niche is ahbgh.
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The living world is a continuum of organisms, some alive and mostcext
Representation of life-forms as discrete sets of entiégp, (species) defined by binary
characteristics is central to Biology. Nevertheless, the undgriyolecular processes

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

Evolutionary Perspectives on Transcriptional Requlation

It has been hypothesized that protein sequence divergence algnéeman
insufficient determinant of speciatidff. For example, protein sequence identity is >98%
between man and chimp in spite of many highly different tf&itdhe recent availability
of numerous genome sequences and their comparisons support the idéeribatpic
complexity may be more dependent on differences in regulatioan® gxpression than
variation in protein coding sequences.

Gene expression and regulation involve complex mechanisms. They are
influenced by multiple events and factors, but generally involve titeraiction of
regulatory sequences (enhancer, promoter) and transcription fdutaisg those
sequences. Changes in regulatory sequencess-agulatory elements (CRE), can have
a major impact on evolution of gene expression and may lead to tapedia 3034
Transcription factors are proteins that function through DNA binding asteiprprotein
interactions aimed at regulating gene expression. Evolution of tiginee factors and
their binding abilities will be influenced by these interactidBene expression is also
regulated by additional mechanisms like non-coding RNA, regulaterpeats in the
untranslated regions, alternative splicing, and epigenetic gene regulation.

At the heart of the transcriptional machinery lays the TATiAdB\g Protein
(TBP) (Fig. 2.1). TBP is one of the few transcriptional componentsuitimeric protein

complex traditionally required for all three RNA polymera¥&s*’ RNA polymerase |
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is responsible for the transcription of ribosomal RNA (rRNA) wRINKA polymerase IlI
synthesizes transfer RNA (tRNA). Messenger RNA (mRNAYranscribed by pol 1l by
integrating signals relayed by the general transcriptiotofadGTF)>***3% (Fig. 2.1).
The present study focuses on gene expression and only RNA polyrieflskll) is

discussed hereafter.

TFIID

Figure 2.1: Basal transcription machinery (frdM). Depiction of a model of vertebrate basal
transcription machinery, on a mammalian promoter, where Isidran regulators (in red) are
integrated. TBP, in green, binds the TATA box recognition motif onDIN& promoter. This
induces a recruitment of the basal transcription machirsag {ext) and RNA polymerase Il in
blue. The black arrow represents the start of the coding segwd the gene exemplified here.
Mammals harbor many embellishments thought to provide novel sigtegration surfaces
active in gene regulation. We hypothesize that each of thesdlishtbents co-evolved with

specific regulators.

TBP is present in all eukaryotes and archaeabacteria. Likey raakaryotic
proteins, and especially transcription factors, TBP is modular,tiis. gomposed of
functionally independent motifs. Modular proteins have usually two or moneains
separated by linker regions rich in polar, uncharged, and small awid® (a.a.) (Ala,

Asn, GIn, Gly, Pro, Thr, Ser}®2 A protein domain is defined from experimental
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evidence showing that a specific functional region of the proteinfald independently.
Modularity of transcription factors in general, and TBP in paiGidould be involved in
tissue- or developmental stage-specific pathways contributingptphmological changes
and possibly speciatiofi*>*>*%*® TBP has a 181 a.a. C-terminal core domain FRBD
that is almost identical across phyfa®’and, in many species, an amino- (N-) terminal
phyla-specific domain of variable size (18 a.a.Amabidopsis thaliana to 172 a.a. in
Drosophila melanogaster) (see chapter 3, Fig. 3.1B).

TBP recruits the pre-initiation complex (PIC) via protein-protéiteractions
350.358 TBP in complex with TBP associated factors (TAFs), formsT#kD complex
that recruits TFIIA, thus stabilizing the binding of TBP to DNA The addition of
TFIIB promotes transcription through the recruitment of the other GTdrpalrl, which
is sufficient for basal transcriptiom vitro **° This assembly is conducted through the
TBPcore domain binding to the promoter, often at a “TATA bd®***"%*% a common
promoter motiff®>. TBP can also be recruited to promoters lacking a TATA $b32
The composition of the core promoter and its ability to recrdivarse panel of factors
helps determine how the signals will be integrated by the Bi€n leading to
transcription initiation. An extra layer of complexity in theeigtation of the signals is
channeled through gene specific co-factors and DNA-binding actvatat repressors
350.363-367 ltimately, all of the protein-protein and protein-DNA intfans result in a
finely tuned temporal and spatial pattern of gene expression whthicetl. In yeast, TBP
is essential for all transcriptioff>>®*3"° In multicellular organisms TBP paralogs are

present, all of which share the conserved d& domain and may also function to
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recruit the transcriptional machinery in some situatioi§’t These could potentially
have arisen to increase the complexity of the transcription maghbeyond that found
in unicellular organisms. The structured and highly conservedcdPdomain is

therefore central to basal transcription in eukaryotes.

Intrinsic Protein Disorder and the TBP N terminus

Highly structured and widely conserved core domains charaetemost
transcription factoré’ Nevertheless, the additional presence of unstructured domains is
fairly common and may be crucial for transcriptional and trasiatiregulation, as well
as for signal transductiofi®3"®

The occurrence of intrinsically disordered domains appears to haevelgs
correlated with organism complexit{®*’® Disordered domains are characterized by low
sequence complexity, low hydrophobic a.a. content (Val, Leu, lle, Rteg, Trp and
Tyr), and an enriched proportion of polar and charged a.a. (GIn, Ser, Brd,yGland
Gly, Ala) %938 Therefore, in some cases, it might be useful to picture a tiptise
factor as a conserved structured core associated with blélexodule poised for diverse
functional roles. This is apparently the case with $53and TBP, as discussed below.

The highly structured TBRre domain®*3#'is fused to a phylum- specific N-
terminal region that contains very few charged residfe¥° In the specific case of
TBP-N, it will be referred to as a region based on primanyino-acid sequence
inspection, not from experimental evidence indicating an independeidlyd domain.

In vertebrates, the TBP-N evolved through sequence duplic&ffofi® TBP-N is

composed of a vertebrate-specific domain (VSD; a.a. 1-118 in mouse) metizoan
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specific domain (MSD; a.a. 119-130 in mouse). The MSD is composed ake&ations
of the imperfect PXT repeat, where P stands for proline, Thfepnine, and X any other
amino-acid (see chapter 3; Fig. 3.1A, 3.1Bjosophila has some partial similarity to the
chordate PXT regior*® (see chapter 3; Fig. 3.1B). Interestingly, TRF3, one of the TB
paralogs, which is vertebrate-specific, has 2 PXT repaats N-terminal region while
the other TBP paralog, the pan-metazoan TRF2, has no PXT repedtuas,
unpublished observation). The differences in N-terminal sequences Pram@& TRF3
have recently been suggested as potentially being involved mitheg different
transcriptional regulatory complex&8. The significance of this N-terminal architecture
has been revisited recenff{}. This short low complexity (i.e., composed of few different
a.a.) region has been considered, so far, as a spacer regerhapsa hybrid between a
short linear motif (SLiMS)***%%? and a simple sequence repeat (SSR). SSRs are
microsatellite-like a.a. repeats and SLIMS are short (3-1) seguence patterns known
to carry out pivotal functions in protein-protein interaction. Theyustgally present in
structurally undefined regions, suggesting a functional needrdfieibility *°2 Linear
motifs are generally associated with transient, low affifiopv UM range) protein-
protein interactions, like those found in transcriptional regulatidi®® A particular
motif is rarely conserved across phyla, suggesting that phspeoHic specialization
enhances rapid adaptatidfi. SSRs are particularly abundant in regulatory proteins and
often have a high rate of indel (insertion, deletion) evolutidii®® as observed in the
TBP PXT repeat§®>" In chordates (see chapter 1; Fig. 1.1), a short repeat-baséd moti

bridges the TBBore to a specific N-terminal regiofi®’. Each chordate subphyla:
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cephalochordates (amphioxus), tunicates (sea s@uama sp.), and vertebrates, has its
own non-homologous N-terminal regidi. Moreover, the amino acid composition of
the amphioxus TBP N terminus is quite different (greater prapomi aromatic and
basic a.a.) from the vertebrate one and does not seem to be derived frommon
ancestor’®’, The structure of TBP-N has not been determined and is thought to be
intrinsically disordered® (Fig. 2.2). Some intrinsically disordered proteins are known to
carry out important biological functions like regulation, signalingd &ranscriptional

control “°’, Indeed, many non-enzymatic functions of proteins rely on unstructured
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Figure 2.2: TBP folding prediction. Prediction of order (sscx0.5) and disorder (scores >0.5)
were determined using the PONDR VL-XT algoritifi Above are represented the different
domains of TBP with the residues number. VSD: vertebrate-speitifnain: Q: polyglutamine
repeat’® (see chapter 3; Fig. 3.2B); MSD: metazoan-specific domaite tiie contrast between
the TBRoge predicted here, and knowl® to be highly structured, and the predicted highly
disordered TBP-N. The predicted disorder is similar across ofidise VSD and maximal for the

MSD.

One of the current theory is that intrinsic disorder enables foldirge induced

through protein-protein interactioff*. Recent studies suggest that this theory may be
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especially relevant to transcription factors binding their targedsis therefore related to
the presented study. The induced structures could then be soff%&4° For example,
more than half the sequence of human transcriptional activgttic-AMP-response-
element-inding-protein (CBP) is disordere®¥? and is nevertheless a major scaffold for
protein complex assembly. Therefore, it is thought that the regulétinction can
greatly depend on the dynamic flexibility of the protein. Antaible structured region
can add flexibility and adaptability to the proteins being bound. Additigrtak distinct
bound states can have different functidf¢"%*!! Intrinsically disordered regions can be
highly involved in protein-protein interactiofi®>. For example, in the tumor suppressor
p53, 71% of the known protein-protein interactions involve the disordered N and C
termini **2 This suggests a general role for disordered regions in mioteiein
interactions’®**#*!5n general and transcription in particutat

Adaptation to a new environment could favor a highly evolvable protein.
However, adaptive mutations leading to pleiotropic effects can béedeless and be
suppressed in the following generations through compensatory mutationbke of
interacting partner. Intrinsically unstructured domains repregenténtially viable
evolutionary alternatives to structured domains through the functionalntages
(flexibility and evolvability) they offer. Therefore, a limiderepertoire of primary
sequences could be used for multiple conformational states, tawjithe evolution of

new domains and increasing the functions of existing protgifi& 4+¢-4’
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Function of the TBP N Terminus

The low evolutionary rate of the TBP-N sequence suggests some eneirtah
constraints may be responsible for conserving the protein seqoietinz region of TBP
391418 This correlates well for the TBBre and its universal function in transcription
initiation. TBR-ore can be assimilated to a protein “hub” for its low evolutionaty &
and its ability to scaffold the PIC through multiple simultaneoustepr-protein
interaction. TBRore interacts with more than 100 distinct proteins (www.hprd.org
query).

Protein interaction candidates and roles for the TBP-N are nhose/es even
though its function has been sought for over fifteen y&ar€° Multiple biochemical
studies have demonstrated different putative roles for the T.BPB¥Y-N was first
postulated to be involved in preventing the EB&: for binding the TATA box and
possibly enhancing DNA bendirf§®*** It has also been proposed that TBP-N may
regulate pol Il and pol Ill dependent transcriptié®f, that it participates in Spl
coactivator-dependent transcriptidii*> or that it functions in TATA-less and TATA-
containing pol Ill transcriptiof?*. TBP-N was also shown to disrupt TBP dimerization
2% and is potentially required for transcriptional repression 69 £°42” NC2 is a TBP-
associated transcriptional represétt*?’ Moreover,in vitro, the removal of TBP-N
increases interaction of TBBse with TBP associated factor®® and, in RNA
polymerase lll-dependent transcription, its removal enables thd somdear RNA
activating protein (SNAP) to complex with TBP on the U6 promoteeribance U6

transcription®”. The TBP-N contains a polyglutamine repeat, the expansion of which i
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associated with neurodegenerative disoréf@%* A high mobility group protein (HMG-

1) has been shown to bind the TBP-N polyglutamine tract increasiraifihi¢y of TBP

for the TATA box by ~20 fold** The polyglutamine repeat has also been shown to
influence the intensity of huntingtin-associated protein 1- (HARDPendent cytoplasmic
TBP sequestratior’® and is associated with spinocerebellar ataxia 17 (SCAL7)
pathogenesis by influencing TBP dimerization and its interactidm W#IB “°% In spite

of many proposed roles, mostly through biochemical studies, the danofi the N

terminusin vivo is very much uncertain. Nevertheless, more recent genetiesthave

been able to exclude some of these proposed functions (see below).

Knowledge From théop”V“N Mice

Removal of TBP-N in mousebp™“N) led to ~89% lethality at midgestation due
to a placental defec®’. Mouse embryonic fibroblasts derived fraip™“N were not
affected in basal cellular function, suggesting that the abs#ntBP-N did not affect
the general cellular pathways'. This suggested that the TBP-N functions to regulate
some temporally or spatially specific genes involved in platémtation. top™“N mice
surviving after weaning were found to be fertifé Interestingly, breeding abp”N
survivors did not increase the occurrencebpf™“N pups, suggesting that a mechanism
other than heredity was involved in survival.

Numerous independent occurrences of placenta-like organs exist irermdiffiem-
mammalian vertebrate lineages, illustrating the benefisumh an organ for internal
development***3” For example, some sharks exhibit an analogous yolk sac-based

placenta, a result of convergent evolutfdh The chorioallantoic, or “true” placenta, is a
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mammal-specific organ involved in nurturing the developing fetus ins&enbther. It is
a transient organ derived from embryonic and maternal tissuesu3ioa of the fetal
chorion, an extra-embryonic membrane, and the fetal allantois, saderen-derived
structure, with the uterine epithelium forms the true placenta.pldcenta is involved in
transport of oxygen, carbon dioxide, nutrients, and wastes; it foteranaternal
tolerance to non-self and is a potent endocrine organ f8éf° Defects in placental
development can induce intra-uterine growth retardation of the fetus or evef\*4&4th

TBP-N is conserved in all vertebrates, but most vertebr@desot exhibit a
placenta. Therefore it is possible that TBP-N is involved in aenb@sal function
common to all vertebrates. The above-mentioned potential functions faBPeN are
not satisfactory to explain the phylogenetic distributions ofraisffBP N termini. It has
long been suggested that TBP-N could be involved (and co-evolved) witiificspe
transcriptional regulators responsible for species-specific functoris:391422:423.443.444

To test this, two approaches were taken. In chapter 3, we designacbiased
screening process, using yeast two-hybrid, to find proteingriteaict with the hagfish
TBP-N. We identified several candidates for such a role and shinaethouse paralogs
of one of these proteins also interacted with the mouse TBP-N.ovEnethe mouse
TBP-N modulated the activity of one of these paralagsyivo. In chapter 4, we
described and characterized the survival of a line of mice wherendogenous TBP-N
was replaced by the homologous, yet diverged, hagfish TBBEN". In chapter 5, we
further characterized thtop™ and tbphf'\' alleles through transcriptome and pathway

analyses, lipid metabolism analyses, and measurements of phigsibfmgyameters. The
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results presented herein suggest that the TBP-N may havelmutiies in vertebrate-
specific gene regulation, notably during development and in mamgaitipid

homeostasis.
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CO-EVOLUTION OF PITX TRANSCRIPTION FACTORS
WITH TBP IN METAZOANS

Introduction

Comparative analyses of genomes from closely related spgpaiesally show few
differences in protein-coding sequené&s*® Instead, most species-specific differences
in genomes lie within non-coding sequené®sincluding sequences that participate in
regulating genes (e.g.cisregulatory elements*’**° The implication, as proposed
decades agd® is that speciation and evolution are likely driven more by dfasine
changes in the expression of genes than by qualitative chiantesprotein products of
genes™#8431453 considerable recent attention has been given to the role of changes
cis-regulatory elements in mediating speciafioi>04°34>4

Noteworthy examples of protein-coding changes correlating witblutionary
transitions have been documented in some transcription regulatorinprdthe genes
encoding many transcription factors have undergone duplication and diverge
generate paralogous gene families during evoldti8#?3°4>>4>*|In domestic dogs, subtle
breed-specific differences in repetitive protein-coding sequendisn transcription
factors have been suggested to cause morphological and perhaps raél#féoences
between breed®®**” In another example, TBP, a component of the basal transcription
machinery, has a large region that underwent dramatic changestaih phylogenetic

transitions (Fig. 3.2§2°14%° Interestingly, in all of these examples, it is expected that the

result of these evolutionary changes in protein-coding capacity, hkeckvolutionary
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changes ircis-regulatory elements, will be to quantitatively affect expies of other
genes.

The core of the basal transcription machinery has changledditring evolution of
eukaryotes 830383 parhaps most dramatic among the components is the 181-amino
acid TBR.ore domain, whose primary sequence and crystal structure are atimostal
among all eukaryotes and archaeabactéffa®34°%4° However, upstream of the
TBPcors Metazoans have a more variable region that can constitute dverf iize
entire protein. The amino- (N-) terminal portion of this regionegally differs between
major metazoan clades, with most distinctions being between subphyis, within the
chordate phyla, all vertebrates share a homologous region thateiatedrto those in
either tunicates or cephalochordates (Fig. 3.1B). Within insedktsdipterans and
hymenopterans share a related N terminus, which differs both fienctordate N
termini and from that in lepidopterans (Fig. 3.1A; Table 35)Thus, this region of the
protein appears to have been “switched-out” at various major evolytitvaasitions, yet

to have been subjected to strong purifying selection following these trandifions
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A TBP molecular phylogeny Sub-phyla Phyla
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Figure 3.1: TBP metazoan phylogerfA) Maximum likelihood tree obtained after MUSCLE
sequence alignment of full length TBP protein sequeffeSpecies are indicated before gene
name (see table 3.5 for accession numbers and full species nblonebers between brackets
are indicative of the ratios of non-synonymous/synonymous mutationdgjiNfetermined using
START2 ***, (B) Amino-acid (a.a.) sequences of TBP proteins from bilateriadeinspecies.
Domains of the vertebrate N terminus are highlighted. VSDebete-specific domain; MSD:
metazoan-specific domain. “.” Represents a.a. identical to mouse, sspduie represents a gap.

Between this subphylum-specific region and the J&k2 domain lies a semi-
repetitive motif that is common to all metazoans, but not found lmaeg; plants, fungi,
or protozoans, designated the metazoan-specific domain (MSD; H&). Jhis region is
typically about 15- to 25 amino acids long, including three to seven repeats efRXbr

sequence, where X is typically A, M, I, o'8. Based on the ubiquity of this domain, it
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has been suggested that MSD is simply a connector that fusesrithes \@ubphylum-
specific N-termini of TBP to the TBgge 24°°* Here we show that the TBP MSD has a
conserved function that goes beyond serving as a connector between twon&linc
domains. The MSD participates in the interaction between TBP amd family
transcription factors.

Pitx transcription factors are found in most or all metazoans,enti@y typically
participate in processes such as patterning and morphogenesislatioagf endocrine
function 8149239462463 \n/hereas most non-chordate metazoans have a sitglgene,
scattered phyla have had independent ancestral gene duplications anende/elending
to the presence of multiple distinct Pitx proteins (Fig. 3.2kanmprey, a basal vertebrate,
a singlepitx gene pitxa, has been identifietf®. Higher vertebrates have thrgiéx genes,
pitx1, pitx2, andpitx3, with distinct functions. In mammalpitx1 participates in pituitary
development, pituitary function, and hind-limb morphogen®si€? pitx2 is involved in
left-right asymmetry, pituitary, cardiac, and craniofacidevelopment, gonad

€973 hitx3 has been implicated in

morphogenesis, and cardiac endocrine functfdh
eye and midbrain developmélit*’® Added complexity exists in that tp&x2 gene uses
alternative promoters and alternative splicing to issue sevetaknhNnally distinct

protein isoforms, including Pitx2a, Pitx2b, and Pitx2c, each of which eppedave a

different tissue distribution and pathway specifiéty
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Pitx molecular phylogeny Pitx members Sub-phyla Phyla
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Figure 3.2: Pitx phylogeny. Maximum likelihood tree obtained raMJSCLE sequence
alignment of full length protein sequenc®$ Similar topologies were obtained with neighbor
joining (BioNJ) and Bayesian inference (MrBayes, v.2.1.2) meth8d®tstrap proportions
obtained after 100 (ML) and 1,000 (NJ) replicates and Bayesiarriposprobability are
indicated, respectively: 1 (34, 88, 1.0), 2 (40, 65, 0.8), 3 (9, 68, 0.6) and 4 (35, 73p&dckes
abbreviations are indicated before gene name (see tablerJatckssion numbers and species
names).

In this chapter, we show that TBP and Pitx proteins likely co-evolved. ThuEBthe
Pitx interaction for different mouse (m) Pitx proteins wasedéhtly affected by removal
of the TBP vertebrate-specific domain (VSD), MSD, or €B& domain. Removal of
the TBP MSD disrupted the interaction of TBP with the Pitx2aisof and cells or mice
lacking the TBP VSD and MSD exhibited increased expression d&?itk2c target gene
nppa. Moreover, whereas hagfish (hf) PitxA protein interacted witheeithfTBP or

mouse (m) TBP, mPitx2c interacted with mTBP but not with hfTBiese observations
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suggest that the TBP-Pitx interaction has undergone intricateemadint and selection
during vertebrate evolution. This process might have participatedoiation of various

Pitx-regulated functions.

Materials and Methods

Yeast Two-Hybrid

The MP34 bait vector (a gift from R. Brazas, Mirus Bio Corp.) andDRG7>" prey
vector were used for yeast two-hybrid scre€fisMP34 places the GAL4 DNA binding
domain downstream of the bait (Fig. 3.3A), which may be a favoeabdéamgement for
assessing interactions with bait sequences from found at or nddfténminus of their
endogenous proteif$®. cDNA fragments encoding the hagfish TBP full-length (hfTBP-
FL) and TBP N terminus (hfTBP-N, amino acids 1-143) were g&ttilay PCR from a
plasmid containing the hfTBP-FL cDNA" 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.

Name Sequence®
TBP-N (F) 5-TATGTCGAGTTGACCATGGAATCCTCCA-3'
TBP-N (R) 5-ATAGCGGCCGGAACTCTCAGATGCTGGAGCAAC-3'
TBP-C (R) 5-TATGCGGCCGGTGGTCTTCCTGAATCCCTTYAA-3'¢
TBP-N (F) 5-TATGTCGA@®GGTATGGACGGGACAC-3'
TBP-N (R) 5-ATAGCGGCCGBCAATCCCAGACCCCTCTGCT-3'
TBP-C (R) 5-TATGCGGCCGCTAGATGTCTTCCTGAAGC-3'
TBP-N (F) 5-TATGTCGAGATGGACTCGTCGGGCAGCATG-3'
TBP-N (R) 5-ATAGCGGCCGGTGCTCTCAGAGGCCGGCGTGAT-3'
TBP-C (R) 5-ATAGCGGCCGGTTGTTTTTCGAAAGCCCTTC-3'
TBP-N (F) 5-ATCGTCGATATGGACCAGAACAACAGCCTTCCA-3'
TBP-N (R) 5-TATGCGGCCGCCAGAGCTCTCAGAAGCTGGTGT-3'
TBP-C (F) 5-TATGTCGACACCATGGGGAGCTCTGGAATTGTACCGAG-3'
TBP-C (R) 5-TATGCGGCCGGTGGTCTTCCTGAATCCCTTTAA-3'
TBP-Nyysp (R) 5-ATAGTCGAQGGGGTGGTGCCTGGCAATGGTGCA-3'
TBP-MSD (F) 5-TATGTCGACCCTTCACCAATGACTCCTATGAC-3'
TBP-Gye: (R) 5-TATGCGGCCGTCTGGCTCATAGCTACTGAACT-3'
PitxA-C (R) 5-ATAGCGGCCE&GAAGCCGTTCTTACACAGTTC-3'
Pitx2c-N (F) 5-TATGTCGAOCCCTCGTC@ATGAACTGCATG-3'
Pitx2c-C (R) 5-ATAGCGGCCGBCCGGCCGGTCGACTGCATACTG-3'
Pitx2a-N (F) 5-TATGTCGABATGGAGACCAATTGTCGCAAACTAGT-3'

TCFL57657-N (F)
TCFL55:57:-N (F)
TCFL55:27:-C (R)

5-TATGTCGACCTTCCAGGAGCTGCGTATGATGC-3
5-TATGTCGACTTCAGAGTCCTCACAGTCAAACCTG-3'

5-ATAGCGGCCGCTTGATCTCCATGGCAGGGCTGCTCTGCA-3

Pitx1 (F) 5-TATGTCGACATGGACGCCTTCAAGGGAGGCATGAG-3'
Pitx1 (R) 5-ATAGCGGCCGCTGTTGTACTGGCAAGCGTTGAGC-3'
U2AF2 (F) 5-TATGTCGACATGTCGGACTTCGACGAGTTCGAG-3'
U2AF2 (R) 5-TATGCGGCCGCGGTGGTAGGAATCAGGGTCA-3'
Nppasas (F) 5-TATAGATCTGAATTCTTTAGAGCCTGTATCATG-3'

Nppa. (R) 5-TATCCATGGCGTGGGTCGGGGCACGATCTG-3'

Nppa (F1) 5-TATGAATT@AGAGACAGCAAACATCAGATCGTGC-3'
Nppa (F2) 5-TATGAA TCTGCTTGAGCAGATCGCAAAAGATC-3'
Nppa (R) 5-ATAGGATCGACCACTCATCTACATTTAACATCGATCG-3'
p-actin (F) 5-GCTGTCTGGTGGTACCACCATGTA-3'

p-actin (R) 5-CTCACTGTCCACCTTCCAGCAGAT-3'

pGADT7 (R) 5'-GAAAGAAATTGAGATGGTGCAC-3'

MP34 (F) 5'-CTGCACAATATTTCAAGCTATACC-3'

MP34 (R) 5-TGTTCTTCAGACACTTGGCGC-3'

% Species (Sp): hf, hagfish; a, amphioxus; |, lamprey; m, mouse)at/applicable
®: Orientation in between brackets, F: forward; R: reverse
¢ Endogenous protein-coding sequences are in bold and engineered restragiaresitnderlined
d
Y=CorT
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Oligo-(dT)-primed cDNA prey libraries were constructed anderted into the
pGADT7N %8 as follows. Total RNA was isolated from adult hagfish tissuies (
hagfish were generously provided by J. Seaborne and D. Headlee, Oeguaminiznt of
Fish and Wildlife) or various stage lamprey embryos (50 embrgolk at eleven 2-day
intervals from 2- to 22-days after fertilization) as indidatetable 3.2. Poly(A+) mMRNA
was purified using Oligo-(dt3 Dynabeads (Invitrogen, Carlsbad, CA) following the
manufacturer's recommendations. Each cDNA library was constriicied 2.5 ug of
poly(A+) mMRNA using the Superscript plasmid system for cDNAtisgsis and cloning
(Invitrogen, Carlsbad, CA), which yields cDNAs containing &l | and 3’ Not |

overhangs. cDNAs were cloned in pGADT7

Table 3.2. Yeast two-hybrid cDNA libraries characteristics.

Screen Species Bait Prey library Clones screened
1 hagfish hfTBP-FL 1 3.7x %0
2 hagfish hfTBP-N 1 5.3 x f0
3 hagfish hfTBP-FL 2 3.7x %0
4 hagfish hfTBP-N 2 3.2x %o
5 lamprey ITBP-FL 3 2.2xfo
6 lamprey ITBP-N 3 3.8x fo

Two-hybrid screens and assays were performedantharomyces cerevisiae
(strain AH109), which contains the Ade2, His3, and LacZ reporters wfifferent
promoters. Library transformations were performed as describetbpsty *’® Single
and two-component transformations were performed using a standard protbcol

modified to include 10% DMSO.
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Two-hybrid screens were performed on sterile complete (SE&dium lacking
leucine, tryptophan, and histidine (SC-L-W-H). Primary transformardre transferred
after 7 to 14 days on a new SC-L-W-H and tested for His3 an@ Adgvity on plates
lacking histidine (SC-L-W-H) or adenine (SC-L-W-A). Prey pladsifor the clones that
grew were extracted from yeast by the glass beads pysiedure*®®. Prey plasmids
were electroporated intigscherichia coli (strain DH10B) and colonies were screened by
PCR. Isolated prey plasmids were then tested for autoactivaticgthansformation into
AH109 with “empty” (no bait insert) MP34 bait plasmid. Non-autoactianes were
retested in AH109 for interaction with hfTBP-FL or hfTBP-N to donf each
interaction. Interacting clones were sequenced and the in-franrdeldiding domain-
fused predicted protein sequence was analyzed with BLASTP throughCiae server

481 for identification.

Isolation of Orthologous cDNAs and Interaction Mapping Tests

A mPitx1 cDNA was isolated by RT-PCR from embryonic day 18B)(5) pregnant
mouse uterus RNA; mPitx2c and mPitx2a cDNAs were isolate@TPCR from adult
mouse pituitary RNA; an mTCFL5 cDNA was isolated by RT-Pi@®n adult mouse
testis RNA; mTCFL5s,-273 was amplified from the mTCFL5 cDNA using primers
indicated in table 3.1. To identify hfPitxA mRNA variants, a 5ACE (rapid
amplification of MNA ends) was performed using the hagfish libraries described above
as templates. PCR reactions used a vector primer (T7) aedeese primer designed
downstream of the homeodomain that would amplify all hagfish Pitxgpbte variants

(Table 3.1).
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Mouse Embryonic Fibroblast Isolation and Transfection

Mouse embryo primary fibroblast (MEF) cultures were estaldisistng E11.5-12.5
fetuses fromtbp™* X tbp™* matings, as described previoudly. Transfections were
performed using 0.5xf0cells and plasmid conditions indicated in figure 3.7 under
conditions that typically gave greater than 50% transfectionigfity (data not shown).
Luciferase assays were performed by standard proceduresaibee elsewheré®?
Each condition was performed in triplicate (three independenttr@becations).
Luciferase activity was normalized to total protein contenttaral positive control, and

the maximal value was set as 100%.

RT-PCR and RNase Protection Assays

RT-PCR were performed as previously descrifédmRNA relative abundance was
performed for NPPA and normalized using gene specific prietsr($able 3.1). RNase
protection was performed as described eardtér For nppa, a probe hybridizing to
sequences between positions 575 and 725 (Table 3.1) of mouse nppa cDNBar(ken
accession number NM_008725) was transcribed from a clone isolate@-B{R using

mouse adult heart RNA.

Whole Mount In Situ Hybridization

Whole mount in situ hybridizations were performed as desciiffed 676-bp
mouse Nppa cDNA fragment was isolated by RT-PCR using mouseRMArand 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 éetivese of the

common “molecular clocks”, histone H2B aaeactin 3!

, indicating this region has been
subjected to relatively stringent purifying selection. Removahisf region from mouse
(m) TBP does not disrupt general TBP functioi§ but results in high fetal- and
neonatal-lethality”®>. To gain insights into the functions of the phyla-specific regibn
TBP, we performed two-hybrid screens for cyclostome proteinscdrabind to it. The
cyclostome clade, which includes hagfishes (hf) and lampreyar@)basal vertebrates.
They share with higher vertebrates only the most anciergbrate ancestor and they are
thought to have lower genomic redundancies than higher vertebfat&¥ 42
Cyclostomes have a TBP-N homologous and similar to mammialgFig. 3.1B).
Interactions between hfTBP and the mouse orthologs of the knowgokBiRteracting

proteins TFIIA39459487488 g1 459487490 pIag]  and PIAS3™® 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 contrgls) Yeast two-hybrid bait
constructs. TBP-FL and TBP-N were expressed from the MP34 plaaiich fused the GAL4
DNA binding domain downstream of TBP. N designates the vertegpetfic N terminus,
encompassing VSD and MSD. TBP-FL and TBP-N baits from both ha@ffs and lamprey (1)
were generatedB) hfTBP was functionally expressed in yeast. Yeasts were tramsflowith the
indicated controls. Black wedges represent 10-fold serial alilsitiGrowth on +ADE indicates
that yeasts contained both prey and bait plasmids. Growth on -ADEteslinteraction between
bait and prey constructs. ADE: adenirf€) hfTBP-FL interacted with the PIAS homologs
hfPIAS-L1 and hfPIAS-L2, identified in the yeast two-hybrid screses (able 3.4).

cDNA libraries were prepared from mixtures of adult hagfisbuies or from lamprey
embryos ranging from 2- to 22-days after fertilization (T&boB) and were screened with
either the full length (TBP-FL) or the phyla-specific (T-BIp region of hfTBP or ITBP,
respectively (Fig. 3.3A; Table 3.3). Two clones of PIAS-liketgins (termed hfPIAS-L1
and hfPIAS-L2), which are known TBBxeinteractors'’®, were isolated in screens using
hfTBP-FL as bait (Table 3.3) and were verified as also iniagagvith 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 3.7x %0
2 hagfish hfTBP-N 1 5.3x f0
3 hagfish hfTBP-FL 2 3.7x %0
4 hagfish hfTBP-N 2 3.2x %o
5 lamprey ITBP-FL 3 2.2xfo
6 lamprey ITBP-N 3 3.8x fo

Three proteins were identified that interacted with the hagfsta-specific region: a
Pitx (paired-like homeodomain transcription factor) family membar TCFL5
(transcription factor-like 5) homolog, and a clone unrelated to known pso{éable
3.4). The later protein had several short regions similar to sequenc&SF1 (cleavage
and polyadenylation specificity factor 1), which has been shown ésdmriated with the
TBP-containing TFIID complex at pre-initiatiof?>. However, since no orthologous
proteins were found in mammals, this protein was not pursued. TCFBR5pizorly
characterized basic helix-loop-helix transcription faéttr No orthologues of TCLF5
were found in searches of the sea urchiilmna, or amphioxus genomes and queries in
GenBank did not yield any orthologues outside of the vertebrate subplighian not
shown). Hence, TCFL5 may be a vertebrate-specific transcripsictorf The hfPitx
protein isolated in our screen was an N-terminally truncated algheclose similarity to
the previously reported lamprey “PitxA” protefff® and was therefore designated

hfPitxA.
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Table 3.4. TBP-interacting proteins identified by yeast two-lysereens.

Genbank Gene ontology °
accession

Bait | dentity Clones Known TBP

(n=) interaction number 2 molecular function
hfTBP-FL hfPIAS-L1 2 Yes transcription factor
hfTBP-FL hfPIAS-L2 1 Ye$ transcription factor
hfTBP-N hfPitxA 1 No transcription factor
hfTBP-N hfTCFL5 1 No transcription factor
hfTBP-N unknown 1 No n/a

#Sequences have been submitted to Genbank. Ficedsion numbers will be available before
publication.

® Gene ontology term associations were compiled fnttpt//amigo.geneontology.org and NCBI Gene.
c 478

To obtain the missing N-terminal hfPitxA sequences, we performé&jRACE
analysis and recovered 16 hfPitx clones. Two alternative spli@pgndent isoforms of
hfPitxA protein were identified, designated hfPitxAl and hfPitxARNAs for the
isoforms exhibited alternative 5’ sequences, including the untrashskegen and first 20
(hfPitxAl) or 15 (hfPitxA2) predicted amino acids. This suggestsgémee contains
alternative promoters and 5’ exons, and it issues at least t@miaally distinct protein
products. These results are consistent with cyclostatia representing the ancestral
vertebratepitx gene, which was present at the pre-vertebrate/vertebratatiba, and
with expansion of the gene family having occurred 14t&rCyclostome PitxA is most
similar to mammalian Pitx2 (77% identity versus 65% for mPaxInPitx3) (Fig. 3.4

and data not shown).
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Figure 3.4: Identification of hfPitxA as a TBP-N-interactpigtein.(A) hfPitxA interaction with
hfTBP. Bait and prey identities are tabulated at left. nhgi were a 10-fold series and were
identical for both conditions. Growth on +ADE indicates yeasttainad both prey and bait
plasmids. Growth on -ADE indicates an interaction between dval prey constructs. ADE,
adenine (B) Nucleotide sequences alignment of the hagfish (hf) Pitx homoithgmaouse (m)
Pitx2a, lamprey (I) PitxA, and hfPitxA 5 RACE clones. Bold undedineepresent the
homeodomain, perfectly conserved in all species. Underlined sequgresergs the OAR
domain, characteristic of Pitx family members. * indicates partial clone identified during the
yeast two-hybrid screen. Sixteen hfPitxA clones were idedtifboy 5’RACE. MUSCLE
alignment*®® revealed two distinct isoforms, hfPitxA1 and hfPitxA2 as indicated. Eenrtlones
of hfPitxAl and two of hfPitxA2 were identified and aligned sepdyaflranslation is indicated
for the putative coding sequence.
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Table 3.5. Amino acid sequences used for phylogenetic analyses.

TBP Pitx
Taxonomy Species accession Name Accession
number number
. Pitx2a NP_700476
Mammal Homo sapiens Hsa CAG33057.1 Pitx2c EAX06264
Mammal Mus musculus Mmu BAA00840.1 Pitx2a,b,c EDL12244,5,6
Marsupial Monodelphis Mdo ENSMODP0000 n/a
P domestica 0006780
Bird Gallus gallus Gga BAA20298.1 Pitx2 NP_990341
Reptile T. flavoviridis THl BAA06555.1 n/a
Amphibian Xenopus laevi Xla AAI06645.1 Pitx2a,b CAA06696,7
. . . Pitx2a AAD34391
Fish Daniorerio Dre NP_956390.1 Pitx2c AAD34390
Fish Oncorhynchusmykiss Omy  n/a Pitx2 AAS92266
Fish G. cirratum Gei AAO34522.1 n/a
Cyclostome L. japonicum Lja n/a Pitx BAD12778
Cyclostome Lethenteron reissneri  Lre BAB78513 n/a
Cyclostome Petromyzon marinus Pma  AA034515.1 PitxA CAD30206
H b
Cyclostome Eptatretus stoutii Est AAO34521.1 g::ﬁﬁ; b
Cephalochordate B. floridae Bfl AA0O34516.1 Pitx CAD2748%
Cephalochordate B. belcheri Bbe n/a Pitx AAF03901
. . L ENSCSAVT000 . c
Tunicate Ciona savignyi Csa 00012298 Pitx
. . . o : ENSCINPOOO00 Pitxa/b AAU93886.1
Tunicate Ciona intestinalis Cin 005464 Pitx CAD27490
Pitx AAW23072
. : - . Pitx_v1 AAZ23132
Tunicate Oikopleura dioica Odi n/a Pitx_v2 AA723137
Pitx_v4 AAZ23135
Echinoderm Paracentrotuslividus Pl n/a Pitx2 AAW51825
: Pitx2 XP_001176640
Echinoderm S purpuratus Spu AAB47272.1 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 018400
Insect Anopheles gambiae Aga EAA45305.2 n/a
Insect C. quinquefasciatus Cqu EDS30877.1 n/a
Insect Aedes aegypti Aae 2§E1L012330' 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

& Partial clone
® Sequences have been submitted and will be available at publication
“ SINCSAVT00000011282
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mPitx2 is a TBP-Binding Protein

To determine whether the interactions between TBP and thekxstoyse proteins
were conserved in higher vertebrates, mouse orthologs of Pitk@HRIdS proteins were
tested for interaction with mTBP. cDNA clones of mPitx1, mPatx mPitx2c, and
MTCFL5 were isolated. Prey plasmids containing full-length FOSCwere strongly
auto-active and could not be used in two-hybrid assays (data noh)shwowever a
partial clone containing only the region homologous with hfTCFL5 (mMBzdh..79 was
not auto-active. Both mPitx2c and mTChbb,73interacted with mTBP-FL (Fig. 3.5A,
B, and data not shown). mPitx2c also interacted with mTBP-N; howeV&FrL5s;.273
did not (Fig. 3.5B). Therefore, attention was focused on Pitx proteins.

During vertebrate evolution, the phyla-specific domain of TBP diverlgedys such
that cyclostomes and mammals share ~60% amino acid identityisinreigion 3%,
Concomitantly, theitx gene family expanded to contain three gefiesand the proteins
diverged such that, in mice, they share ~ 70% identity with ettedr, and each shares
65% to 77% identity with hfPitxA (Figs 2.2, 2.4B).

To investigate whether the interaction between Pitx proteins BRdnTight have co-
evolved in vertebrates, inter-specific protein-protein interacissays were performed.
MTBP-N interacted with hfPitxA (Fig. 3.5C) whereas hfTBP-N dmt interact with
mPitx2c (Fig. 3.5C). This suggested that amino acid differehebseen mPitx2c and
hfPitxA that prevent the former from binding to hfTBP-N are comgleted by amino
acid differences in mTBP-N. Besides interacting with hfPiasd mPitx2c, mTBP-FL
interacted with mPitx1 (Fig. 3.5A), suggesting that the Pitx-Ti@Eraction involved a

domain shared between Pitx1 and Pitx2 proteins.
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Figure 3.5: Identification of mouse orthologs TBP-binding partng$. TBP-Pitx1, Pitx2c
interaction. mTFIIA, mouse general transcription factor 11Aa inown TBRogeinteractor>>4%
that was used as a positive control. Dilutions were a 10-foldssand were identical for both
conditions. Growth on +ADE indicates yeast contained both prey anglésihids. Growth on -
ADE indicates an interaction between bait and prey constructs. aAfi#fine (B) TBP-TCFL5
interaction. A mTCFL5 clone, encoding for a domain similar tohffe€€FL5 clone identified in
the screen, interacted with mTBP-FL but not with the MSD ob¥8SD. Sector numbers on
plate corresponds to sector number in the tglle Testing interactions of hfTBP with mPitx2c
and of mTBP with hfPitxA. mTFIIA specificity control shows TEJRe=dependent species-
independent interaction.
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The TBP-Pitx Interaction Involves the Metazoan-Specific Domain ¢ TB

It was curious that Pitx proteins, which are found throughout metgzogda, would
interact with the phyla-specific region of vertebrate TBRkhough a portion of this
region, the metazoan-specific domain (MSD), is shared with ethzoans, this proline-
rich domain is relatively small and simple (Fig. 3.1B). Indeelda# been speculated that
the MSD likely served only as common “linker” to join differenindtional phyla-
specific N-terminal sequences to the universal &P 3**. However, outside of the
MSD, the phyla-specific region of TBPs from vertebrates, algghordates, tunicates,
insects, and nematodes show no evidence of homology with each otherl(&)3**3As
a first test of whether the Pitx-TBP interaction was truly common to atb&azoans, and
not vertebrate-specific, we tested whether hfPitxA would iotewith TBP from
amphioxus (a), a cephalochordate. aTBP shares a very similaravi® TBRore region
with vertebrate TBPs, but it has an extended cephalochordateksplecifain having no
sequence identity with vertebrate TBPs (Fig. 3.28) Results showed that aTBP
interacted with hfPitxA (Fig. 3.6A, B), verifying that the RIEBP interaction was not

restricted to vertebrates.
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Figure 3.6: The TBP-Pitx interaction involves the M®B) Schematic of relevant regions of bait
constructs used in this figurB) Amphioxus (a) TBP-FL interaction with hfPitxA. Designations
and dilutions as in figure 3.5C) Role of VSD in mTBP-mPitx2c interaction. mBRF1, mouse B’-
related factor 1, a known TBBxeinteractor’*®*"®used as a specificity control for an interaction
requiring intact TBRore (D) Roles of MSD and TBfe in mTBP-mPitx2c and mTBP-mPitx1
interactions. Numerals on plates correspond to sector designationseinaiw.

The results above suggested that the Pitx-TBP interaction imvthleeTBP MSD. To
test this, mTBP bait constructs containing the MSD but lackiny 82 (mMSD-CORE)
or lacking the VSD and the last 45 amino acids of thecBBP(MMSD-COREs3; Fig.
3.6C) were used. Due to removal of part of the d&2 domain, mMSD-COR3 would
not interact with Brfl, but both mMSD-CORE and mMSD-CQREetained the
interaction with mPitx2c (Fig. 3.6C). We also fused either tHEBR phyla-specific

region (VSD + MSD) or only the VSD to an unrelated and irrelevant nuclearrpfois
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the splicing machinery, U2AF2* and tested whether either of these would interact with
mPitx2c (Fig. 3.6D). The bait containing the TBP MSD interacted mPitx2c whereas
the bait lacking the MSD did not interact (Fig 2.6D). This ingidathat the MSD was
required for the Pitx-TBP interaction, the VSD was not, and TB&core Was
dispensable in the context of either the mN+U2AF2 or the mTBP#\tbastruct. Taken
together, these data hint that TBP MSD interacts with multiptedate Pitx proteins. It

is therefore likely that this ancestral interaction has been retained anbolyspscialized

in more recent animals.

TBP-N Attenuates Pitx2-Dependent Transcription Activation

Next, we wanted to know if the TBP-Pitx2 interaction was funetian vivo.
Whether mPitx2c could functionally interact with mTBP was tkstereporter assays.
Pitx2 is a DNA-binding transcription factor that has been shown to dirextiisate genes
including nppa *"% plod1 *°°, dix2 **°, prl *°’, and several pituitary-specific gern&§*%
nppa encodes the 35 amino acids atrial natriuretic factor A precuresm which the 14
amino acids atrial naturitic factor (ANF), a vertebratecdmecardiac hormone involved
in electrolyte and fluid homeostasis of the cardiovascular sysgerteaved®>% Pitx2
has been shown to bind and activate the promoter afppeegene®’>°%3°% Sequences
from -638 to +1 of the mousgpa gene were cloned upstream of the firdflgiferase
gene and this reporter was co-transfected with expressgsettas encoding either
mTBP-FL or mTBP lacking the central metazoan-specific donfamBPysp) into

COS7 cells, which lack endogenous Pitx family proteins but contadogenous full-

length TBP (Fig. 3.7A, B). Consistent with published d&fa expression of Pitx2c
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increased the activity of thappa reporter by ~10-fold (white bars). Overexpression of
either mTBP-FL or mTBRusp in the absence of Pitx2 expression also increased activity
of the nppa promoter several-fold (compare white with gray or black bartefat
respectively). However, whereas co-expression of mPitx2c andPafrIBhad no effect
beyond that of mPitx2c alone (gray bar at right), co-expressiomPitx2c and
MTBPawsp further augmented the activity of thppa promoter (black bar at right). This
unexpected result suggested that the MSD may attenuate theg abilihPitx2c to
activate thenppa promoter. Nevertheless, interpretation of the data was coeigdi both
by uncertainties of the effects of overexpression of TBP owrdhg and by the presence
of endogenous TBP-FL in the COS7 cells. Therefore, we wanted tthéestfects of
mPitx2c on thenppa 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 onripga promoter.(A) Schematic of
TBP proteins expressed in the cells analyzed in this figure. NBRRhe protein expressed from
the tbp®" allele, lacks the MSD and all except the first 24 aminasacf the VSD*". (B)
Functional interaction of TBP-MSD and Pitx2c on tippa promoter. A mousappa promoter-
(-664 to +90 from the cap sif&) drivenluciferase reporter gene was co-transfected into COS7
cells with an expression vector for the indicated mTBP proteimdhdor without an expression
vector for mPitx2c protein. Transfection efficiencies weremadized to a transfected positive
control plasmid; assays represent equivalents amounts diysaié based on protein content.
COS7 cells express endogenous TBP-FL in addition to the traes$fEBP proteingC) mPitx2c
differentially activates transcription from timppa promoter in cells containing only endogenous
TBP-FL versus cells containing only endogenous PBP-ndividual primary mouse fibroblasts
from four wildtype tbp*") or four mutanttbp®¥*") fetuses™®” were transfected in triplicate with
the nppa promoter-driveriuciferase reporter gene and increasing amounts of plasmid expressing
mPitx2c, as indicated. Results represent the average normalizedfvainégree transfections of
all four wildtype and all four mutant fibroblast lines. Na@lmation was as in panéB), above
andtbp®“" with 10 pug of Pitx2 was set as 100%. Displayed are means plus enof3EM);
asterisks, significantly different (*, P < 0.05; **, P < 0.01), Student’s unpéitest.

Primary fibroblast cultures were explanted from four wild-tfgteses and from four
fetuses homozygous for a targeted mutation that removed amino aei@5 25 the
endogenous TBP protein, including the entire MSD (amino acids 114-135; centitle

tbp**N. mTBPAN in Fig. 3.7A)*****" Using a protocol that gave ~50% transfection
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efficiency, thenppa promoter-based luciferase reporter was co-transfected intoogac
these cell lines with varying amounts of the mPitx2c expressi@mpda Results showed
that, whereas increased amounts of Pitx2c expression plasmidsactriee 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 caatent activated the
nppa promoter over a ~20-fold range in ttim*V*" fibroblast cultures (Fig. 3.7C, black
bars). These results suggest Pitx2c activatesngipa promoter in a manner that is

attenuated or modulated by the TBP phyla-specific region.

The TBP Phyla-Specific Region is involvedNippa Requlatiomn vivo

If the TBP-MSD restricted Pitx2-dependent transcripiimvivo, one might predict
that mPitx2-regulated genes would show expanded levels or domainpret®gn in
tbp™“N mice. Althoughtbp™“N mice exhibit a combined 95-99% lethality in mid-
gestation and the early post-natal period, the few surviving adeltewertly normal,
including apparently normal heart developmé&Ht(data not shown). Levels of Nppa
mRNA were compared in whole hearts from wild-typa{™) andtbp”™“N adults. Semi-
quantitative RT-PCR showed that Nppa mRNA was more abundabpiN hearts
than in wild-type hearts (Fig. 3.8A). Quantitative analysesetbaon real-time RT-PCR
(data not shown) and RNase protection assays (Fig. 3.8B) indicateékishacrease was

3- to 4-fold in magnitude.
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Figure 3.8: Cardiac Nppa mRNA expression in wildtype topd™“N mice. (A) Relative Nppa
and p-actin mRNA levels in adult heart determined by semi-quan&aRT-PCR. Oligo (dT)-
primed cDNAs were prepared from 2 ug of total RNA from achdte hearts of the indicated
genotype and 0.2% of the total was used in each PCR reaction.t3lo¢ feeir vertically stacked
panels represent increasing PCR cycles, as indicated byevatdeft (28, 30, 32, and 34 cycles
for Nppa; 24, 26, 28, and 30 cycles fbactin). (B) Quantitative measure of the difference in
cardiac Nppa mRNA levels between wildtype abg*”“Y mice by RNase protection. Non-
digested “probe (1:500)” sample (left lane) contained 10 amolaifepand 10 pg of yeast RNA,
and was not RNase-digested. All other hybridizations contained Srédilabeled nppa probe
and a total of 50 pg of RNA, including indicated amounts of adult male heart AahRd yeast
RNA, and were RNase-digested following hybridization. In the fourslaneight, 4.0 pg of total
heart RNA from adult male mice “A”, “B”, “C”, and “D”", resptvely, was used. To the left,
samples contained two-fold dilutions of mouse “A” heart RXAn left to right: 0.25, 0.5, 1.0,
and 2.0 pg, as indicated by wedge above, with the difference beitg ap with yeast RNA).
The negative “control” sample contained 5 fmol of probe and 50 pg of yeast RNAo(rse m
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Figure 3.8 - continued
heart RNA). Results indicated Nppa mRNA levels were 6-fogher intbp*”“" hearts than in
wildtype hearts.(C) Developmental cardiac Nppa mRNA expression. Whole-mdunditu
hybridizations were performed using a complementary digoxygebéidd Nppa RNA probe on
fetuses harvested at embryonic day (E) 9.5, E10.5 and E11.5, aseddiGa&notypes were
determined by PCR. Four to six fetuses of each genotype astamghwere included except at
E11.5, when, due to large lossestlgf*V*" fetuses by this stagg’, only three mutant fetuses
were recovered. Representative data are shown. Nppa mRN@éssixpr is visualized as purple
staining. Red arrows point to regions of expanded Nppa mRNA abundartbg™“N as
compared to wildtype fetuses. OFT, outflow tract; IC, innevaturre; LV, left ventricle; RA,
right atrium; RV, right ventricle

The multi-chambered heart is a vertebrate-specific innovatiatategl by a complex
gene regulatory network (see chapter 2), where morphological epityptorrelates with
phylogeny'’®°% Nppa mRNA has been used as a marker of myocardium chamber
formation'’"*% where it preferentially accumulates in a defined pattern in thsidif of
the developing heart. Heart asymmetry is regulated by Nogialgig, which activates
Pitx2c, while other Pitx isoforms are not involved in cardiogerm88/®’ Sincenppa is
regulated by Pitx2¢® Nppa mRNA expression was assessedbpi’N fetuses by
whole-mountin situ hybridization. In E9.5 and E10.5 wild-type fetuses, Nppa mRNA
abundance was primarily in the left ventricle and atrium, with norsler expression in
the right ventricle (Fig. 3.8C), as previously report€dBy contrast, irtbp™“N fetuses,
there was an increased spatial distribution into the inner curwafttine heart and greater
Nppa mMRNA accumulation in the left atrium and ventricle at E11ié. @8C). Also,
although wild-type hearts showed diminishing Nppa level in the rightricle 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 suggestRhat likBly

interactsjn vivo, with Pitx2c to regulate the expressiomppa.
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Discussion

Summary

To investigate why the phyla-specific region of TBP gw®that, or very near to,
the pre-vertebrate/vertebrate transition, but has subsequently beearvednswe
performed screens for proteins from basal vertebrates that wowdntwith this
domain. We reasoned that basal vertebrates, likely having lower gecomplexity*®>,
and thus possibly lower genetic redundancy, might more efficieiglg the “ancestral”
interacting proteins than would similar investigations in moreneeertebrates. Despite
that yeast two-hybrid screens do not allow exhaustive screew@gdentified three
proteins that interacted with the phyla-specific region of TBFthose 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, andPibx&) (had
mouse homologs that interacted with mTBP-N.

Here, we show that TBP-N is a functional domain involved in prgistein
interactions. The interaction between hfTBP-N and hfTCFL5 was netteet between
the mTBP-N and mTCFL5. Either we could not detect the interactioriadsensitivity
issues or the interaction present in hagfish was not present in .midwesenteraction
between hfTBP-N and hfPitxA was conserved between the motisdays: TBP and
Pitx2c. Also, TBP interacted with Pitx1, a likely recent pagadb Pitx2. The interaction
domain was refined to the TBP MSD, which was until then consideliettex *°* and

possibly not thought as a functional domdm.vivo, it is likely that TBP-N acts as a

repressor of Pitx2c activity on its target gemppa, as lack of TBP-N (TBRAN)
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increased the Pitx2c-dependent gene expression. Therefore, the bindingofdTBP-

N may “tune down” the activity of Pitx2c.

Implications

The Unstructured TBP-N is a Functional Protein-Protein IntemdDomain:

The TBP variable region (VSD+MSD) has been described asughsied (see chapter
2). The presence of an unstructured domain is fairly common andoised in crucial
roles for transcriptional and translational regulation as webigsal transductiori’>
377401 This suggests a role for disordered regions to be involved in proteigin
interactions in generdf?**2*'®> and TBP-N in particular. Natively unstructured proteins
or polypeptide regions, like TBP-N, have been shown to often be partotdimr
complexes that present different interfaces for differentepm-protein interactiofi'”>%
Therefore, the function of the vertebrate specific TBP-N mayobassemble protein
complexes or bridge multiple partners in a tissue- or developmental staifez$pshion

and not only to be involved in a binary protein-protein interaction as shmothie present

chapter.

TBP-Pitx Co-evolution in Relation to Heart Developmer@o-evolution is the

genetic change in one entity constraining a compensatory chratige other entity. The
TBPcore has been shown to have co-evolved with MBF1, a transcriptional ivatact
through compensatory point mutatiolia Protein-protein co-evolution has been shown
to use interfaces located at functionally important sites llikeers or active sites™

Interestingly, the MSD has been thought as such a linker rédfioh is of interest to
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note that the interaction hfTBP-mPitx2c was not detected whildBRHATPitxA
interaction was present. While there are likely multiple expiang, this could be due to
a more general PitxA binding interface. Indeed, only @it gene is known in
cyclostomes®® while three exist in mammal$®*’”" One may extrapolate that the
increasing number opitx genes in more recent vertebrates may be involved in more
specialized mechanisms and potentially more selective proteigipioteractions, while
the unique cyclostome gene fills in all those roles. Also, it issipte that the
mechanisms requiring the oth@tx genes found only in jawed vertebrates do not exist in
cyclostomes. It is thus possible that TBP-N and PitxA/PiixdZE co-evolved and that
the interaction became more refined in more recent vertebrates.

The cyclostome heart has only one atrium and one ventriclée ™o of each
are present in mousé®®! The cyclostome heart also potentially requires a simple gene
regulatory network to develop. The identification of an increasguession ofnppa
correlating with a lack of TBP-N, in the left heart, may ha@me downstream
implications as minute alteration of heart development can resubngenital heart

defects!’®

. which are present in ~1% of live birth in humaffs Heart development and
evolution is governed by gene regulatory networks and the often edsemwrease in
genes redundancy, respectivéfy The heart is formed of two distinct organs, the left
heart, derived from the first heart field (FHF), and the rigbart, derived from the

second heart field (SHF), fusing together during development togir@rgart’®. Both

heart fields share the same core transcription factgf3 Interestingly, we showed that,
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in top™“N, pitx2-dependent transcription pppa is increased four fold in the FHF but

little in the SHF.

Consequences for thiep™“N Mice: The present study focused on potential gene

regulatory events that would be TBP-N-dependent. Future studiemeasure the level
of ANF, the nppa-encoded circulating hormone. One may speculate that the ANF
circulating level will be increased like the mRNA, and etate with physiological

parameters unique tbp™V“N animals.

Changes in the Basal Transcription Machinery: a Novel Mechanifmn

Evolution? Current evidence shows that alteration of oigeregulatory element can
influence gene expression of the one target locus and is, sometmaeb/ed in
speciation®’ 44841953 Therefore, one change (i.e., mutation, duplication,...) will affect
expression of one locus. Mutations at multiple loci may be reqtoreadthieve a multi-
trait phenotype leading to an evolutionary transition like speciaionversely, change

in the basal transcription machinery could affect all géfesAlteration of TBP have
been rare and most correlate with major evolutionary transifioi” (Fig. 3.1). It is
therefore possible that alteration of the basal machinerynargke and TBP in particular,
and their potential widespread effects could be another mechanmoived 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 igiedrthrough its C
terminal domain (TBBore and has been extensively characteriZ&4¢3°° All
vertebrate lineages possess a homologous TBP N-terminal redBNJ fused to
TBPcore **%. The vertebrate-specific TBP-N is highly conserved in allisgestudied to
date (see chapter 3; Fig. 3.1B). Unlike the highly structured:-d&Pthe TBP-N lacks a
defined structure or functiorf>**” Based largely on its conservation, the vertebrate
TBP-N has been postulated to play a role in vertebrate-spaaifiscriptional regulation
391 Homozygous mice lacking all but the first 24 amino acids of HBE-N protein
coding sequence usually do not survive past mid-gestation (embryonicidgyE14.5)
due to a placental defedt’. In addition to its role in placental regulation, which is
restricted to mammals, the sequence conservation suggests tleabktme biological
functions of TBP-N may be conserved and comparable among adbxate¢ species.
TBP-N is composed of a vertebrate-specific domain (VSD) andetazoan-specific
domain (MSD) (see chapters 2 and 3; Fig. 3.1). We previously shoeedaligpter 3)
that TBP-N is involved in protein-protein interactions and that the interactiondretive
TBP-MSD and Pitx proteins, a multigene family of transamiptfactors 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 modukxte granscription.
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The following study aims to further characterize the biologicé¢ of TBP-N during
mouse development.

One of the hypotheses that we have been exploring is that iNTB&ssesses a
conserved vertebrate-specific functionvivo, expression of the most different vertebrate
TBP-N protein-coding sequence may rescue the fetal loss obsetbpdV“N animals®™*

(see chapter 2). The vertebrate TBP-N protein-coding sequbatestmost different
from that in mouse is from hagfish (hf) (see chapter 3; Fig.)3*B Hagfish, a
cyclostome, is a living representative of a lineage that hasltlest common ancestor
with mammals (see chapter 3; Fig. 3.1). Hagfishes and micegdivdrom a common
ancestor ~500 Myr agd®. We hypothesized that if the placental roles of the mouse TBP-
N were, indeed, functions shared by all vertebrates and not isp&zifplacental
mammals, the hfTBP-N could allow mouse embryonic development, inasoritr the
fetal loss observed with the lack of TBP N terminustbip™“N animals. To test this

hypothesis, the endogenous mouse TBP-N was replaced with thehh&Bf-N through

homologous recombination (Fig. 4.1, 4.2).
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Figure 4.1: Schematic representation of tiye alleles. Representation thigp genomic loci of
TBP-N encoded on exon 2 and 3. Grey represents DNA sequences frenvede mouse TBP-

N and black represents TBfke sequence. The wildtype allele is displayed on the top diagram
with TBP-N being encoded between the ATG &ad | nucleotide regions, both represented as
vertical bars. The second diagram represents the genauggrémt thetbp™ mutant allele where
the N-terminal coding sequence of exon 3 has been deletedpdackrbwith two FLAG epitope
tags (not shown}>™. The last schematic represents the constructs engineetdd @tudy where
the TBP-N sequence was replaced with the hagfish TBP-N &pseiduence (in blue). The
arrowheads denote species-specific introns that have been removese Mtron 2 has been
inserted in this construct at the nucleotide position where anogtarally occurring intron is
located in the hagfistbp locus. The mouse splice donor and acceptor sites on each sitt®mf in
2 have been retained to insure correct splicing in mice.

Materials and Methods

Hadfish Targeting Vector

The protein coding sequence of mouse TBP-N was replaced withoftitae
hagfish TBP. Hagfish exon 3 exhibited an additional inffonthat was removed using a
hagfish cDNA template for PCR amplification as follows: Silentitations were
introduced to generateNar | restriction site at the 5’ end of hagfish exon 35a& | site
was engineered at the N/C junction in hagfish exon 3 (Fig. 4.2D). Tassetion sites

were used to insert the hagfish N terminus into the mthgsgene. The protein-coding
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sequence of the mouse N terminus was perfectly replaced wjitlersees 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 splicimgvivo (Fig. 4.2). To this end, the restriction enzyme
independent method of Tvrdik et a® which was generously communicated to us prior
publication, was used (Fig. 4.2B and Table 4.1, hfTV2-7). Briefly, overlappang of
PCR products are generated, mixed, boiled, and re-annealed. A portioa stfands
anneals into hetero-hybrids having unique complementary ends. This strategyavias use
precisely insert hagfish TBP N terminus-coding exons into the enibpsgene while

precisely retaining mouse intron 2 in tp™

allele, respectively (Fig. 4.2). All coding
sequences and junctions required for the final assembly of thetingrgrector were
sequenced.

The targeting vector was linearized using the restrictioryraazNot |, and
resulting DNA was electroporated into embryonic stem cells. Gedogriowing in media
containing G418 were analyzed for targeted gene replacement by RCR.2&).

A Southern blot strategy was designed to assess the correcttimegsf the
construct in the genomitbp locus. The upstream probe hybridized a 2765 bp fragment
when wildtype genomic DNA was digested wifpe | and Bam HI. The downstream
probe hybridized to a 4998 bp fragment when wildtype genomic DNAdwgasted with
Nde | andBam HI. Southern blot fragment sizes for the replaced allelestaon (Fig.

4.2A); 5023 bp for the upstream probe following digestion W |, Bam HI, andXho |

and 3473 bp for the downstream probe following digestion Matnl andBam HI.
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For selection, an expressed neomycin resistance cassettesemsd in thdBam
HI site. The neomycin resistance was driven by a ubiquitougbtyessed synthetic
promoter composed of the polyoma enhancer fused to the basal profmtterherpes
simplex virusthymidine kinase gene (MC1py*%. One correctly targeted embryonic stem
cell clone was injected into blastocysts (strain C57/BI6) andetiese implanted in
pseudo-pregnant surrogate mothers by standard procetfire#/eaned pups were
analyzed for targeted genomic integration by PCR reaction 42§ and accompanying

figure legend).
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Figure 4.2: Outline of the design strategy that was uspdotiuce thebp™ allele.(A) Wildtype
and mutant TBP mRNAs and TBP proteins. The wildtype TBP mRNA isgepted in grey. The
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Figure 4.2 - continued

blue in the replaced allele represents the hagfish proteingsdguence. Translation initiates in
the second exon (see figure 4.1A, “ATG”) and ends in exon 8 generaBi§ amino-acids
protein. The m/hf mutant protein is 324 amino-acids I¢BYy.Strategy for insertion of a desired
sequence into a target site lacking restriction enzyme sites. Thadpsits insert a desired DNA
sequence (in green) in a restriction-independent manner iget tquence (red and blue) are
shown. For clarity, only the desired target is represented in3st@®) Schematic of the gene
targeting strategy and targeting vector design. The 5’ ertieoimouse wildtypdbp gene is
diagrammed (fine black line, wildtype allele) with exons repréed as black boxes. Selected
restrictions sites are indicated asBam HI; (b): Bam HI/Bgl 1I; e: Eco RI; h: Hind III; n: Nde I,
s:Sac I; sp: Spe |; and x:Xho I. Diagnostic PCR primers (arrows) and PCR products are indicated
(line between arrows, length indicated). Diagnostic Southernpbtdies are drawn in grey and
expected fragment and sizes for wildtype allele are showreyn Below is shown the targeted
vector design. The second schematic from the last showsrtetetd allele still containing the
loxP flanked MC1p neomycin-expressed cassette with the diagnostic fRGRthe primers
shown above on the wildtype allele. The bottom schematic repsedentargeted allele after
Cre-dependent removal of thexP-flanked Neo cassettéD) Conservation of the murine splicing
sites of intron 2. The hybrid m/hf exon 2 was generated by syntlditionucleotides
complementary to PCR primer tails specific for the murine sequenceaipsdf the transcription
start site and for the murine intron 2. Mouse-derived exonicentides are shown in black,
hagfish-derived exonic nucleotides are in blue, and introniteatides (mouse or hagfish) are
grey. The 5’ end of hagfish intron 2 has not been sequenced and thaexfoences are denoted
as question markgE) Conservation of the murine splicing sites in the targdie@xon2/exon3
junction by splicing assay in h293 cells. The hybrid region forttth&" targeting vector was
inserted into a yellow fluorescent protein (YFP) expressiortoveunder the control of the
cytomegalovirus promoter (CMVp) as depicted. The blue rectamgfgesent the hagfish exonic
sequence. The black squares represent the mousgrdénslated égion (UTR) exon 2 sequences
upstream of the ATG. An oligo(dT)-primed RTase reaction followed B\CR reaction with the
primers indicated on the figure generated a 293 bp fragment after coh@ngsyf intron 2 from
the chimeric minigene (lane RT). As a control, plasmid wad ase template in a PCR reaction
yielding a 1437 bp (unspliced) PCR product (lane PI), which would mimic the expectedeahspli
pre-mRNA. Molecular size markers are shown in lane M.

Splicing Analysis

Assessment of the construct splicing pattern was conducted as/SolThe
targeting vector was digested wBigl Il and Sac | restriction enzymes to generate a 1437
bp fragment encompassing the coding region of exon 2 and the TBjfteN e:coded in
exons 2 and 3 (Fig. 4.2E). The resulting fragment was insertedBghtdl/ Sac I-cut
peYFP-C1 plasmids (Clontech; eYFP: enhanced yellow fluorescentinpr@®Vp:

Cytomegalovirus promoter shown as open arrow in Fig. 4R2Enan embryonic kidney
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carcinoma cells (h293) at 50% confluence were transfected witp & the resulting
plasmid. Total RNA was harvested 21 h later as described preyitist> Random-
primed (9-mer) and oligo-(dT)-primed reverse transcriptg®€ase) reactions were
performed using 2.hg of total RNA. Half a percent of the RT reaction was usdRQR
reaction with the primers indicated on Fig. 4.2E. The PCR reactions spamaisigiting
region generated a 293 bp fragment following correct splicingntobn 2 from the
chimeric minigene. As a control, 1 ng of untranslated plasmid we$ as template in a
PCR reaction yielding a PCR product of the size expected foricedpbre-mRNA

(1437 bp).

Genotyping

Fetuses were genotyped as previously descfiiedails from weaned pups were
collected and DNA was extracted as previously describe®pecific primers used for
DNA amplification are listed in Table 4.1. For the presence otb]tﬂéN allele, primers
G2 (reverse primer; mouse intron 2/exon 3), G3 (forward primer; matrea 2), and
G4 (reverse primer; hagfish exon 3) were used. A 0.7kb band was inelioaithetbp™

allele. A 0.4 kb band was indicative of the wildtype allele. Surwva$ 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 @reraiibn of the
tbp™ allele.

Name Sequence
G1 ATAGAGCTCTCTGCTGGGGTTGCAGGGGTC
G2 ATACTCGAGGATCCGTAAGGCATCATTGGACTAAAG
G3 TATTTGCCTCTGCCTCCAGAGCTAG
G4 ATAGAGCTCTCAGATGCTGGAGCAAC
hfTVv1 TATGGCGCCCTTACACCTGGGATTCAAATG
hfTv2 CGGGAGGCCACTGGAGGATTCCATGATTCTCCCTTTCTTC
hfTV3 TCCATGATTCTCCCTTTCTTCAGTAC
hfTV4 CAGGTAATAGAGCAAGAGGGAGGGGCA
hfTV5 AGGGGCAGAGAGGGCTCATATC
hfTV6 CCCTCTTGCTCTATTACCTGCTGGTTCGTCAATCCAGGAGAGAATC
hfTVv7 ATCCTCCAGTGGCCTCCCGGGATTCTCTCCTGGATTGACGAACGA
Results

Using the strategies described above, a mouse line that exjpriBBeprotein
containing a TBP-N domain originating from hagfish (hf) coding secgiewas
generated. No visible defect in intron 2 splicing of the TBPéwognic locus was
detected in thebp™ 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: Asalfysurvival at
weaning (21 days after birth, P21) indicated tm™" and tbp™"™ mice showed
wildtype-like survival (Table 4.2), health, and fertility. Thelfsurvival compared
advantageously to the ~3% survival observed in mice lacking mtst GiBP-N domain
(tbp™M35L Our data indicate that whereas removal of the mouse TEPiblseverely
detrimental to fetal survival, replacement of the mouse TBP#N that of hagfish is not.

Therefore, the functions of the TBP-N, whose disruption causesfitgs VN fetuses at
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mid-gestation, appear to have been conserved during the evolution of theséstant
vertebrate lineages. Thus, it is likely that this pre-exispngcess was co-opted for

eutherian-specific functions and not developed specifically for this @oces

Table 4.2. Effect ofop™ allele on survival at weaning.

Age (in days)
Genotype o1
100%
tbpth/+
n=119
94% n.s.
thph™NhiN
n=119
N/hiN 27% ***
thp’ n=243

Percentage of animals surviving to weaning based on Mendelianofdtrtilized eggs
and 100% survival for wildtype animals. Under each is indicated therotaber of
animals (n=) genotyped by PCR reaction (Fig. 4.2A, 4.3E). Chi-sqeste were
performed to determine if ratios were different from Mendeli@tios (n.s., not
significant, *** p<0.001).

As a more sensitive test to determintbif™ was truly equivalent to the wildtype
allele, crosses abp™* mice withtbp™™* animals were performed. Our expectation was
that if thetbp™ allele is equivalent to wildtype, the survivaltop™™ animals should
be comparable to that tp™* animals. Therefore, we would expect ~70% survival of
tbp™"™ at P21%% In contrast to this expectation, we observed a ~3 fold lower survival
of tbp™"™ animals at P21, which was highly significant (27%; Table 4.2).sCineival

"N allele in conjunction with #bp™ allele was

rate observed by introduction of tkigp

therefore intermediate to the one seenttipf’™ andtbp™“N alleles. Intbp™"™ animals,
hfN - N -

one copy of thebp™ allele did not rescue the effect of tip™™ allele when comparing

survival rates otbp™"™ to tbp™“N litters. This observation has allowed us to rule out
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the hypothesis that trtbphﬂ\' allele restored wildtype-like survival. This suggests more
subtle specializations have been imparted on TBP-N since hagfismausk diverged

from their common ancestor ~500 Myr ago

Discussion

In this chapter we have presented data that support the notiotheh@BP-N
participates in a fundamental function likely shared by all ebedtes. Given the
homology and similarity between the hagfish and mouse TBP: N was hypothesized
that TBP proteins from all vertebrates have retained some corumciions®®%. To test
for such a conserved function, we swapped the mouse TBP-N protkimgcsequence
with the hfTBP-N one. The full survival abp™"™ animals (Table 4.2) argues in favor
of a conserved role of TBP-N common to all vertebrates. Moreovsrstigigests that its
functions are present in the primary amino-acids sequence \aleasknt in hagfish, a
living representative that diverged from the main vertebrate &89 Myrs ago®.
Contrastingly, lack of TBP-N did not allow full embryonic developnéhtThus, we can
extrapolate that hfTBP-N likely performs a function not fountbpi™“N animals where
most (82%) of the TBP-N is absent. In addition, the partial complati@mt(as assessed
by percentage of embryo survival) observetbpf™™ (Table 4.2) supported the idea of
a common fundamental role of TBP-N in vertebrates. Indeedtbfi&' allele could
partially rescue the survival (3% survival tiopp™V“N ! compared to 27% itbp™'™).
The partial complementation suggests that most of the defects theeabsence of TBP-
N are fulfilled by the hfTBP-N but that more refined functionsyrhave arisen after

divergence of cyclostomes and jawed vertebrates. These embefiishnvere not
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accounted for in the lineage leading to modern hagfish and could not ipéenmented
by thetbp™ allele. Therefore, this suggests that even though most defecesened by

tbp™, one would expect some residttap™

-specific defects.

Our study suggests that vertebrates evolved a highly conservemrdigP-N.
This new function is shared between the most diverged vertelmategés, those of
cyclostomes and mammals. Our findings suggest that the pladeféat observed in
tbp™ animals is possibly the result of the co-option of an earistem, as defined by
use of a gene product predating a novel functfomvertebrate chordates do not possess
a TBP-N homologous to the vertebrate TBP-N. The most strikingrelifite between
protochordates (see chapter 1; Fig. 1.1) and vertebrates is dhathmrdates are filter
feeders while most vertebrates are predatbr®ifferent selection pressures may have
resulted in the need for invertebrate chordates TBP-N to functioarehtfy than
vertebrate TBP-N, perhaps modulating distinct protein-protein interadtiottisating the
vertebrate radiation.

TBP-N appears to be switch-out at different evolutionary transition (egeer 3;
Fig. 3.1 and®*®). Our functional data presented here argues in favor of a wedser
function that can be tracked back to the base of the vertebrapdgluon. Such a system
is reminiscent of a “frozen accident®. In the context of the frozen accident theory, a
trait (i.e. TBP-N), which might not have any special propersiedirst, is fixed in a
common ancestor, and the subsequent different lineages whereezatiadtof that trait

becomes deleterious, like in the case of the genetict®ddgo-evolution of a vertebrate-

specific protein interacting with the N-terminal region of TBRolved in embryonic



98

development is, in the frozen accident context, one possible hypotbesxplain the
data presented above. Such interactions could be, perhaps, mediatingefiasighaling
pathways through control of gene-specific transcription, for examéke.realize that
such possibility is one among many that could explain why absgn@&P-N is so
deleterious. Therefore, the appearance and retention of TBP-Keabnrates may suggest
it has a key and conserved role in vertebrate’s biology.

As the swapping and partial complementation assays showedyadkederved
role of TBP-N in vertebrates, we sought to identify the undeglymolecular mechanisms
common totbp™“N andtbp™"™ . 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 “AN” AND “HFN” ALLELES

Background and Summary

In metazoans, TBP is a modular transcription factor composed ohsemwed
domain (TBRore) and a more variable N-terminal regiéi The function of TBRBorein
transcription initiation has been well studi&éd and is conserved among all eukaryotes
345 Within the N-terminal region and adjacent to the T&R all metazoans share a
related metazoan-specific domain (MSD), which is not found in athkaryotes®*.
Non-homologous N-terminal regions (TBP-N) are found in other matalmoeages (see
chapter 3; Fig. 3.2) with no evidence of homology between subpHyiBhe function of
these TBP-N remains largely uncertdil Within the vertebrate subphyla, all species
share a homologous subphyla-specific domain, hereafter telmedettebrate specific
domain (VSD, see chapter 3; Fig. 3.2).

In order to gain insights into the function of the TBP-N, trapsame analyses
were performed on livers from wildtypeop™*), tbp™“N, andtbp™"™ mice (se€®* and
chapter 4) as well as for mice bearing combinations of the three dtfedleles.

Liver was chosen as a target tissue for its cell type honeitye(hepatocytes
make up more than 90% of the liver mas¥ its active metabolic role, and its large size.
The liver is an organ central to energy homeostasis through gdratds, proteins, and
lipids metabolism. Animals tend to preferentially burn carbohydriegenerate energy
when requiring fast replenishment of energy supplies, and surghegjigently stored as

triglycerides (a combination of three fatty acids esteriieca molecule of glycerol)
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245518 Most dietary lipids are long-chain triglycerides that absorbed by the gut and
transported, via the blood stream, to different tissues, includingvtre Where they are
metabolized*>>*® The liver is also the major organ producing and clearing lipoproteins
the soluble vehicle for plasma lipid transport. This briefly tHates the central role of
the liver in energy metabolism.

The results presented in this chapter showed that liver mRNA abnohahueced
by the differenttbp alleles revealed alterations in energy metabolism-relatdavpgs.
The main gene expression differences, based on functional groupingferkerdifl
MRNA abundance, were as follows: (mpf‘N"'N had an altered abundance of endogenous

retroviruses mRNAs; (2jop™"™

was not, overall, an intermediate phenotype between
tbp** and tbp™“N, but rather revealed specific alterations in mRNA abundance; (3)
tbp™“N andtbp™"™ exhibited a large set of differentially abundant mRNAs in common
that were involved in lipid-metabolism. Attention was further fodusetbp”™”N, where
histological analysis and serum analytical chemistry indicad defect in lipid
metabolism. Alsotbp”V“N has an impaired insulin response. Finally, juveniles and adults

tbp™“N mice fed a high fat diet, presented an increased accumulatitypidsf in the

liver.

Materials and Methods

Microarrays and RT-PCR

Male mice aged of 2 to 8 months were singly-housed at the MoiStaia
University Animal Resources Center for 10 days before livdARarvest, at 2 pm.

Unless otherwise noted, animals were &dibitum with a diet containing 9% of fat by
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weight. For pre-weaning animals, pups of each genotype aged 11 da&ysaesficed.
Three animals of each genotype were harvested and RNA wastestand purified.
Biotinylated complementary RNA (cRNA) probe synthesis and itdyation to
Affymetrix chips (MOEA_2.0) were performed, as previously déscti*®’. Reverse

transcription was performed as previously descriBetf*

Glycemia, Insulin Tolerance Tests, and Blood Analytical Chemistry

For glycemia determination, following overnight (13h) fasting, odlowas
collected from the sapheinous vein and glucose levels were determising a
TrueTrack glucometer (CVS pharmacy). Insulin tolerance tests wemgmed following
overnight fasting by administration of bovine insulin (0.75U/kg, intiémeally; Sigma)
and blood glucose was measured at specific time points followingnnejédction. For
blood chemistry, animals (n=3-4 per genotype) were fasted overhifbte blood
collection. Resulting serum samples were sent for blood chenasiajysis at the

Marshfield clinic (Marshfield, WI).

Histology

For preparation of paraffin sections, tissues were fixed in alebuffered
formalin (10%), dehydrated through an alcohol gradient, clear¢d xylene, and
embedded with paraffin. Microtome sectionsyf®) were cut, dried, and stained with
hematoxylin and eosin (H&E)”.

For preparation of oil red-O stained samples, fresh biopsies emgbedded in
OCT (Optimal Cutting Temperature; Sakura Finetek, CA) embeddiedium and

frozen. A cryotome was used to cutubn-thick sections that were fixed overnight in
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neutral buffered formalin (10%). Slides were stained with oil@ednd counterstained

with hematoxylin (E. Suvorova, personal communication).

Bioinformatics

Computational analyses of microarray data were performed th@n@eneSpring
7.2 software package (Agilent) and the DAVID webttf8I A 1.5 fold differential signal
cut-off and a maximal t-test value (p<0.05) were defined as thre$bioldatasets that
reliably represented differentially abundant mRNAs. Benjamand Hochberg post-hoc
was used to indentify patterns not expected prior to analysig. idéetifying redundant
probe sets, genes encoding differentially abundant mRNAs weheificharacterized. A
probe set represents the collection of 11 different probes used to urcadjyivdentify a
specific mMRNA. (Some genes are represented by multiple pset®e) Genes were
classified into functional categories based on the gene ontologgifickson

(www.geneontology.ong ldentification of potential transcription factor binding sites on

522
e

genomic sequence was performed using the rVI&tand DiRe**? algorithms.

Liver Transcriptome Analysis

Introduction

Transcriptome analyses performed in this chapter revealed sigfefettty acids
metabolism and in regulation of endogenous retroviruses. Fatty aodddgya source of
energy that needs to be absorbed from the diet, transported, and d»odipee use
518523324 Fatty acids can also be synthesized de md%oln the liver, fatty acids are

metabolized mostly througp-oxidation in mitochondria. Partigl-oxidation leads to
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production of ketone bodies (a condensation of acetyl-CoA molecules), whach a
exported as energy source for other tissues. froklidation occurs when acetyl-CoA
molecules enter the tricarboxylic acid cycle for in site gpgroduction, releasing GO
and HO as final products'®

About 10% of the mouse genome is made of endogenous retroviruses (ERV)
sequences™. An increased number of ERV correlates with the appearance of
placentatior’?>. In their normal infectious cycle, some ERV can mediate theéton of
syncytium®>?°°?” HERV-W, a protein family expressed in human placenta inclutes t
highly fusogenic glycoprotein, syncitirf®>*®> HERV-W has been shown to induce
syncitium formation in syncitiotrophoblasts through interaction witle sodium-
dependent amino acid transporter (SLC1A5) in human cell 1i&&° In addition, many
ERV protein-coding sequences were reported as being under contingetiveel
pressure, suggesting they maintain important functional rdleRecently, it was shown
that knocking down expression of a sheep-specific ERV through the userpiiolino
anti-sense oligonucleotides could inhibit placental growth and diffatiemt *°. ERVs
have the capacity to evade immune surveillance and it has theloefamepostulated that

the non-rejection of the embryo could be induced by activation of ERV

Results

In order to gain a better understanding of the underlying malepeirturbations
imparted by the lack of the native TBP-N tinp"N"’N mice or its replacement by the
homologous hfTBP-N itbp™"™ mice, whole transcriptome analyses were performed on

liver RNA samples from three adult homozygous male mice of eautygee. A total of
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209 probe sets, representing 184 different mMRNAs exhibited diffdrérytmidization

signals (appendix D). Of these 184 mRNAs, 127 (69%) genes weke abandant in
tbp™“N (Fig. 5.1A, B, and appendix D). Similar analysis fraop™'"™ animals revealed
that 71 mRNAs were differentially abundant, including 52 (73%) thate more
abundant. As a qualitative verification of the data obtained from tloeoanrays

experiment, RT-PCR analyses were performed on 19 mRNAs (FiQ. &dl data not
shown). Genes encoding those mMRNAs were classified into categsmgsthe publicly
available gene ontology classificatiois (Fig. 5.1B; see Materials and Methods).

In tbp”™“N animals, 11 mRNAs were classified under the “immunity” categsr
defined by gene ontology classification, including 8 (72%) mRNA$ wWere more
abundant in mutants. The list included mRNAs from two potentiallyasteg genes:
lyéa, which is involved in CD4+ T cell proliferation and cytokine productioh and
pstpip2, which encodes a signaling protein that regulates macrophagetymdtil
Histological examination oftbp™™, thp™“N, and tbp"™"™ livers (n=3) revealed
infiltration of lymphocytes and some rare neutrophils in the Id)fetbp"N"’N (Fig. 5.1C;
A. Harmsen, personal communication). Infiltration of immune calldivier tissue of
tbp™“N animals could be one explanation for the increased abundance ofirfitgtn
related mRNAs irtbp™“N. Therefore, the differential MRNA abundance may be due to
the presence of a different cell population, specifitod™¥“N, and not of an increased

expression of “immunity” genes from the hepatocytes.
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Figure 5.1: Transcriptome analyses of livers friopi”*, tbp™“N, andtbp™"™ mice.(A) Liver
RNA was harvested from the indicated genotypes and submittedctoarray hybridization
followed by expression-based clusteri() MRNAs deemed significant, as defined in Materials
and Methods, were classified based on their functions. Analysis of mRN#sishdoth lists (in
grey) revealed a common set of 46 mRNAs that were diffafntibundant intbp™”N and
tbp™"™ livers. (C) Differential cell composition ofbp™“" livers. Lymphocyte and neutrophil
infiltration was observed itbp™“" animals.(D) Representative RT-PCR of two endogenous
retroviruses qualitatively confirmed data obtained in the aaicays. A matchefl-actin control
was included. N.T.: no template.
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To gain insights into the functions of TBP-N, the biological importaote
mRNAs that were differentially abundant in batp™“N and tbp™"™ animals was
further examined. Interestingly, many of these mRNAs changed in abenidamsponse
to one or the other mutation, but not to both (Fig. 5.1B). Analysis of bashinidicated
that only 46 out of 106 probe sets were differentially abundant in thpt“N and
tbp™"™ Jivers (Fig. 5.1B). Interestingly, 6 probe sets for mRNAisiag from ERV
revealed differential mMRNAs abundance betwdtpi’*, tbp™“N and tbp™"™ livers
(Table 5.1). Further analyses indicated that most differentidiim@ant ERV mRNAs
were related to mouse leukemia viruses genes, which are vestspeaific ERV>?>.
RT-PCR analysis of some of these representatives ERV wmdfithe different mRNA
levels observed in the microarray data (Fig. 5.1D). These observigibas to conclude
that TBP-N may be involved in modulating expression of some endogesinogiral

genes.

Table 5.1. List of differentially abundant endogenous retroviral mRNAs.
Relative expression level

Number of Encoded

Genbank tbp*’* tprN/AN tbpth’th geﬂic;;mc protein Annotation

a opb Mxv2 endogenous
AF070719 1.0 -26.3 1.8 53% 36 LTR .

retrovirus, LTR

AY140896 1.0 3.7 25 16 69° Pol./env. DEfeCt"\’/ﬁlﬁ“kem'a
BB794742 1.0 -1.8 2.3 >10 Integrase Leukemia virus-related
AW763751 1.0 2.7 -2.0 745 Polymerase none
B1438039 1.0 3.7 1.0 9 Envelope Leukemia virus-related
BC002257 1.0 4.3 2.4 923 Envelope Leukemia virus-related

& highly conserved (BLASTN>80)
b somewhat conserved (BLASTN<80)

In the group of mRNAs that were differentially abundant and commaspttf™

andtbp™" many encoded lipid metabolism enzymes (n=13, 28% of the total}.d¥los
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these genes (85% or 11/13) were related to fatty acids metabdbsiuarther explore the
roles of TBP-N in fatty acids metabolism, the abundance of diignosrker mRNAs
for the major relevant pathways were extracted from the abewtioned microarray
data. Results indicated that uptake and transport of fatty acidbenape of the most
affected processes fthp™N andtbp™"™ animals (Table 5.2).

Table 5.2. Representative events and associated genes in fatty acid nmetabdlibeir
abundance itbp™“N andtbp™"™,

T+

Fold change compared to thp

Event mMRNA Genbank tbp‘”\”"“ tbpth/th
Uptake CD36 BB534670 3.1 -1.9
Transport ApoA-IV AV027367 4.1 3.8
FABP2 NM_007980 25 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 Al255831 n.s. n.s.
Synthesis/elongation ELOVL5 NM_134255 1.7 2.1
Triglycerides DGAT1,2 EDL29576, n.s. n.s.
Q9DCV3
Storage FIT1,2 NP_081084, n.s. n.s.
NP_775573

n.s: fold change was less than |1.5]

cd36 and Putative Requlatory Mechanisms

Introduction
The CD36 cell surface receptor is encoded byti36 locus®** CD36 is a major
lipid receptor involved in uptake of long-chain fatty acids (C>$#)>3*°% and

lipoproteins, following their hydrolysis by lipoprotein lipase (LP}>*¢ which is
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encoded by thépl locus.cd36 is a vertebrate-specific gene, but a similar gene thks lac

most of the N terminus region is present @mona intestinalis (www.ensembl.org

accession number: ENSCINP00000010908), a tunicate (see chapter 1, Fig.h#.1).
CD36 protein has been shown to have a complex role, influencing both guzbspid
metabolism. Thus, both a CD36 deficiency and a defect in celipidruptake correlate

with insulin resistanc&* (see below).

Results

CD36 mRNA displayed an interesting pattern in our analyses bmioge
abundant irtbp™“N, but less abundant tbp"™"™ livers, as compared to wildtype livers
(Fig. 5.2B). Interestinglylpl was not differentially abundant, suggesting that the lipid
metabolism defect is potentially specific to the uptake of ldmgn fatty acids. Because
of its connection to carbohydrate and lipid metabolisii36 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 mutatbooamay
analyses were performed on livers fraosp™* andtbp™"* animals (Fig. 5.2). Of the 60
mRNAs that were differentially abundant betwetep*’* and tbp™" livers, only 11
mRNAs were also different betweénp™“N andtbp™*, includingcd36. Also, the only
overlap betweetbp™ "™ andtbp™* wascd36 (Fig. 5.2A, B). Microarrays and RT-PCR
verifications indicated that cd36 liver mRNA Ievelstlim)‘“\"+ were intermediate between

those intbp*’* andtbp™“N livers (Fig. 5.2B). The mRNA abundance pattern observed

hfN/hfN hfN/+

between tbp and tbp was more complex (Fig. 5.2B). CD36 mRNA was
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strikingly less abundant inbp™"™ when compared tdabp*’*, tbp™“N, tbp™*, or
tbp"™" . Further RT-PCR analysis tip"™"™ heterozygotes indicated that CD36 mRNA
abundance was increased when compared to wildtype (Fig. 5.2B). ecedasmdance
of CD36 mRNA observed ithp™" was not observed itbp™"™ suggesting a likely

"N allele compared to thep™ allele incd36 gene expression.

distinct role of thebp
Taken together, these observations and possible correlations sugbestduet
tbp™ and thetbp™ alleles each have distinct effectsa36 gene expression. This might
result from an indirect effect of the mutation. Indeed, one posgibibuld be that some
uncharacterized endogenous sensor can detect abnormal blood levpidso&nd, in
response, alter expression of tb@36 gene. This response could be context and/or

environment dependent, providing a rationale for why distinct mutati@mergte

differentcd36 gene expression responses (Fig. 5.1A, B).
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Figure 5.2: CD36 is the only mRNA whose abundance is affectedh®r eemoval of TBP-N or
replacement by hfTBP-NA) Venn diagrams of the significant differentially abundant mRNAs
in the indicated genotypes. The common mRNA to both intersediiensto both lists depicted
in grey) is CD36.B) RT-PCR analysis of cd36 mRNA abundance in the indicttedllelic
combinations compared to the observed relative abundance valuethé&anicroarray analysis.
A RT-PCR forp-actin was performed as a control. N.T.: no template.

We hypothesized that alterations of the TBP-N primary sequeoocéd be
involved in the regulation of the genes encoding these mRNAs theoaglhmon set of
DNA-binding transcription factors. Bioinformatics-based exanmmatof regulatory
elements for the 184 above-mentioned mRNAs was performed with BfRERE is an
algorithm that identifies enrichment of putative proximal and distagulatory elements
over-represented in a user-defined set of genes when compared tcah@@®ly picked
genes (“background”). Unexpectedly, among the ten most represented bindifgusites
in genes encoding the mMRNAs showing differential abundanctp’™™ was the

binding site for Pitx2 (found in 10.57%, or 12/184, of the genes). No Pitx2 bindeng sit
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hfN/hfN or the

was identified in the genes exhibiting differential mMRNA abundandép
intersection or the gene lists fraip™V“N andtbp™"™. Of note, all 12 genes showed an
increased mRNA abundancetbp™“N,

Table 5.3. List of MRNAs differentially abundanttbp’™“N versusbp*’* livers that are
transcribed from genes having associated Pitx2 binding sites.

Genbank Fold changein  Location of Pitx2
: Genename N .

accession number tpNAN binding sites
AF461145 Flavin-containing monooxygenase 4 1.9 réyemic
NM_026405 RAB32 (Ras family) 1.9 Intergenic
AF071068 DOPA decarboxylase 2.1 Intron
NM_138654 Endogenous retrovirus, envelope 2.3 intro
NM_134069 Solute carrier 17, 3 (sodium phosphate) 71 Intergenic
NM_010702 Leukocyte cell-derived chemotaxin 2 3.0 ntetdgenic
BC021619 Methionine sulfoxide reductase B2 1.8 riyeaic
NM_020255 Sca domain-containing 1 2.2 Intergenic
AAT717142 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 SourceFatty acids catabolism is a major source of energy

for the heart and adipose tissti&®” Adipose and hepatic tissues are intertwined in the
regulation of this highly complex mechanisif. Most dietary lipids are long-chain
triglycerides that are absorbed by gut enterocytes. Hydsabydriglycerides is mediated
by liver-produced bile and the resulting fatty acids are packaged anceteiedbe blood
stream as chylomicrons. Chylomicrons are molecular compl@tesriglycerides,

cholesterol, phospholipids, and apoliporoteins A-1V, B, and’E* Chylomicrons are
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then taken up by the liver, heart, muscle, and adipose tissue, \whgraré dissociated
by lipoprotein lipases (LPL, see abov&)

The structural unit of the liver is the hepatic acinus, which l&ection of
hepatocytes centered around a portal tract composed of a portalrvéiepatic artery,
and a bile ductilé*. Blood flows from the portal tract to the hepatic veinule at#mer
of the acinus and a gradient of oxygen and metabolites forms thmes.zoone 1 is
closest to the portal tract and receives the most oxygen, wtile 3, nearest to the
veinule, is poorly oxygenated!®. The liver is also the major organ producing and
clearing lipoproteins, the soluble vehicle for plasma lipid transjorergy homeostasis

is a complex, highly intertwined process.

Fatty Liver Disease and Lipid Transporathological accumulation of fat in the

liver results in intracellular formation of lipid droplets, which ynamduce hepatic
steatosis, mostly observed in cases of obé8itySteatosis can be minor, a hallmark of
fatty liver disease (FLD), but often leads to cirrho&i$>****! FLD is not a well
understood disease. It can be manifested by microvesicular (mshnalk lipid droplets

in an hepatocyte) or macrovesicular (a unique lipid droplet displacegucleus to the
periphery of the hepatocyte) form&. It is most frequently associated with excessive
alcohol or caloric consumption, imbalance of lipid uptake, oxidation, exposynthesis,

or altered signaling pathways regulating these evéfitsincreased CD36 mRNA
expression has been correlated with FLD in response to long chiiraéads levels
°24%42 £ D is the most common chronic liver condition, affecting almdhbird of adults

in the USA>*. In addition, FLD is often associated with insulin resistaftg®



113

Insulin Resistance: Another hallmark of FLD is insulin resistané¥. Insulin

resistance is the condition where a normal level of serum ingails to clear an
increased glycemia. Often, this, in turn, induces an impaired giycegnthesis in the
liver and an increased hydrolysis of triglycerides in the ayiigs resulting in elevated
blood glucose. Insulin resistance is defined by increased cirgylatisulin and a
decreased systemic action of insulfi The increased level of circulating insulin may
lead to metabolic syndrome and type 2 diabet¥s*® Metabolic syndrome, a
combination of medical symptoms usually associated with obesity,affiegt 25% of
American peoplé*. Type 2 diabetes is now considered as an epidemic by the @enter

Disease Controlhftp://cdc.gov/diabetes/ Symptoms of insulin resistance include low

blood glucose, weight gain, elevated triglycerides levels, and imctdalsod pressure

>3 Injection of insulin and examination of the glycemia over a few héursften
performed to detect insulin tolerance (insulin tolerance tAsteduced intensity of the
hypoglycemia and a shorter time needed to recover to baseliaks lare preliminary
indicators of insulin resistanc&***>* |nsulin modulates transcription of the
glucokinase gene through sterol response element-binding protein 1c (SREBP1c)
signaling. The glucokinase protein (GCK) then phosphorylates glucosgucose-6-
phosphate and is therefore a major step in the cellular corentitim glycolysis. Another
factor involved in glycemic regulation is glucagon. The hormone glut#s synthesized

in the pancreas and induces hepatic glycogenolysis and glucasgiosecthereby

increasing the serum glucose le¥V¥|
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Results

Histological assessment for lipid accumulation in livers wasopeed because
differential regulation of genes involved in lipid transport, 1dd86 (Fig.5.1B), could
correlate with accumulation of lipids in the liver (see beld®8taining with oil-red-O
(PubChem 5841742), a fat soluble dye specific for neutral trigte=rlipids, and some
lipoproteins, was performed. This revealed an increased hepatacdamulation in

MNPN mice were also affected (Fig.

tbp™“N compared tabp*’* and, to a lower extentp
5.3). This further suggested alteration of hepatic lipid metabadisch potentially that
tbp™“N may develop FLD.

To examine whether there was a defect in blood lipid homeostasigp’VN
mice, serum lipid levels and composition were assessed througm seetabolomic
analysis and blood analytical chemistry. Preliminary metabolomaysis did not
indicate major differences in serum composition betvibeH" andtbp™“N animals. No
major lipid enrichment was detected, indicating that circuldipid levels may not be

+/+

dramatically altered (data not shown). Analytical chemistrygerum fromtbp™™ and

tbp™“N indicated comparable profiles on 15 out of 17 common blood markers (Fig

5.4A, C). Only the fasting glycemia and the total cholesterol lef/ébp”~“N animals

+ [+

were statistically different frontbp™™ 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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tbp+/+ tbpﬂN/AN

Figure 5.3: Differential fat accumulation ibp*"*, tbp™“", andtbp™"™ livers. Liver sections of
age matched adult males under standard care conditions wiees stath oil red-O (red) and
counterstained with hematoxylin (blue) for the indicated genotypes.

Blood chemistry analyses showed no difference in serum trigiigcdevels
betweentbp™* and tbp™“N animals (Fig. 5.4C). Also, glycemia of overnight-fasted

+/+

animals was lower itbp™“N compared tabp*’* mice (Fig. 5.4A). Given the number of
symptoms pointing towards an insulin associated defect, we exangiyedmic
regulation. Following overnight fasting, injection of insulin tiop**, and top™/™
indicated a normal immediate insulin response at 15 min and 30 min, highlg
significant difference betweetbp™™ and tbp™“N starting at 90 min (p<0.01 and
p<0.001; two-way ANOVA and Bonferroni posttest). Tthg"V“N animals recovered to

+/+

near-baseline levels within an hour, whilep™™ animals had roughly 50% of their
starting glycemia at the same time, as expecf@dThe comparable glucose levels
betweentbp*’* andtbp™“N at 15 min and 30 min indicated a likely normal immediate

insulin-induced response in the mutants. However, the rapid increaselgcemm
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observed at 60 min and the above-baseline levels observed at ri@gepdints was
unexpected and, to our knowledge, does not compare to any of the defineads patte
insulin response defects: namely insulin resistaffc&or insulin sensitivity’*>>*® This
suggested that the defect observedbjpf™“N might be the result of a combination of
different pathways (see discussion). GCK mRNA, a target gemeswalin, was 2.6-fold
less abundant itbp™“N livers, suggesting a potential compensatory mechanism for the

lower glycemia baseline (Fig. 5.4A).
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Figure 5.4: Glycemia, insulin tolerance tests, and blood acalychemistry. (A) Fasting
glycemia oftbp™ andtbp™“N animals (n=9-12, *p<0.01, Wilcoxon signed ranked test). Results
are mean * SEM(B) Insulin tolerance tests. Fasted animals were subjectedstdin
intraperitoneal injection (0.75U/kg) and glycemia was measatdtie indicated time (n=8-12,
**p<0.01, **p<0.001, two-way ANOVA). Results displayed represent me&EM. (C) Blood
chemistry. Blood was extracted from fasted animals and/zedhlfor the indicated parameters
(n=3-4, *p<0.05, unpaired t-test with Welsch correction, n.s., not signifid@esults are mean +
SEM.
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Taken together, these data point to a possible role of TBP-Nguhaten of some
lipid metabolism-specific genes. Removal or replacement ¢¥-WBresulted in hepatic
steatosis. Therefore, we hypothesized that a diet rich in fatdslexacerbate those
defects. To test this, we examined 1) the pups feeding on nhilghdat diet (see below)

and 2) the influence of high-fat and low-fat fed adult€d36 gene expression.

Pre-weaning and Adult Phenotype Similarities

Introduction

As tbp™“N animals seem to show accumulation of lipids due to a defegtiéh i
transport and/or uptake, we decided to look at pre-weaning animalsethain their
mother’s milk, which is rich in lipids (26-28% in moud®). We reasoned that it was
possible that pre-weanirtgp”™“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 diseasevstare muscle
and fats are consumed or “wasted”, often resulting in a rypitedotype>® At the gene
expression level, hallmarks of the wasting syndrome are an ufatieg of asparagine
synthetase, a classical starvation response factor used to detect unbalaaoénofacids
or glucose leveld* and a down-regulation arfisulin-like growth factor 1.

Cholesterol is a major intermediate compound in steroid bioger&dis
Cholesterol is the main sterol synthesized in mammal€holesterol is essential for cell
membranes and therefore growth, but is also required for bile aaitteesis. Bile acids

are cholesterol derivatives involved in emulsifying dietary fayst helping lipid
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absorption. The main sensor of sterol synthesis and uptake is therip@ms factor
sterol regulatory element binding protein (SREB®P)Lack of sterol in the cell results in
translocation of SREBP to the nucleus, where it binds co-activam, the sterol-
response element DNA recognition maotif. SREBP then turns on its target genes,
especially hmg-CoA reductase and Idl receptor >*. HMG-CoA reductase
(hydroxymethylglutaryl coenzyme A reductase) catalyZes tate-limiting step of

cholesterol synthes?s’.

Results

First, comparison of pre-weaning body weight betwelep’* and tbp™N
indicated a significant growth retardation around 11 days aftén (i11l) (p<0.01;
ANOVA and Bonferroni posttest, n=8-10, Fig. 5.5A). Interestingly, neitbg?™* nor
tbp"™"™ exhibited growth retardation at P11 (data not shown, n=3-7). Livetp8f™™,
tbp™*, tbp™" and tbp™* animals were histologically analyzed for lipid

+/+

accumulation. All genotypes, excdpp ", 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 ani(#glsBody weight of pre-
weaning animals. The body weight of pups from multiple litters at theateti age was recorded
(n=8-10 at 11 and 15 days old, **p<0.01, ANOVA and Bonferroni posttest). Resalthean +
SEM. (B) Liver sections were stained with oil red-O (red) and coatdigred with hematoxylin
(blue) for the indicated genotypes.
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As there are many candidate genes that may explain such aidrat@atosis to
be tested, microarrays analyses from P11 liver and kidney wei@rped. 237 probe
sets, representing 228 unique genes, yielded significantly diffeyridization levels in
betweertbp™“N and wildtype, in both liver and kidney of P11 animals (see appendix E)
None of the two mMRNA markers of wasting syndrome (asparagine synthetaseudind ins
like growth factor 1) were found to be differentially abundantbip?™“N pups when
compared to wildtype animals. Moreover, stomachtopfVN pups were full of milk,
which suggested that the growth defect was likely not due to mdaloutbut maybe
malabsorption of dietary lipids. Thus it is unlikely that P11 pups sobcto wasting
syndrome.

Attention was focused towards the 228 mMRNAs identified as diftiauiby
abundant intbop™“N pups. Classification of the genes into functional categories, as
previously described®, revealed a predominant group: lipid metabolism mRNAs.
Markers of adipogenesisc/éopa), lipogenesis fétty acid synthase), peroxisomep-
oxidation €ypda, ppar), and insulin-dependent lipolysipefilipin) were not affected,
while uptake of lipoproteins through LPL might be altered as LIRN# was 2 fold less
abundant intbp™“N. Moreover, wildtype levels of apolipoprotein B mRNA and
microsomal triglyceride transfer protein (MTTP) mRNA webserved. These two genes
are used as markers of very low density lipoproteins (VLDL) prootuct®. This
indicated that some VLDL lipoproteins, involved in serum lipid transpoidy be

synthesized and exported from the liver. Therefore, based on genssexpranalysis, it
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seemed that transport and uptake of lipids were likely not theecaf a smaller body
weight.

MRNAs encoding functions involved in steroid metabolism, a sub-catexjory
lipid metabolism, showed a great reduction in abundance irtdpi{*N animals (Table
5.4). The pathway leading to cholesterol synthesis from acetyiasretrieved from
the Kyoto Encyclopedia of Genes and Genomes database (KE®&@or thp™N
relative abundance of mRNA encoding for the corresponding enzymeasdicated in
Fig. 5.6. Based on mRNA abundance, this pathway appeared stronglyeinpai
tbp™“N, Cholesterol can also be taken up from the blood. Uptake from the tslood
performed through low-density lipoprotein (LDL) endocytosis by thd. Lieceptor,
which showed a decreased mRNA abundance of 1.6 folthfl“N animals. This
suggested that a major defect in sterol regulation wasiassbevith the lack of TBP-N.
Neither hmg-CoA reductase nor LDL receptor mRNAs were morademnt 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 inttsg YN
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 BN animals. The sterol metabolism
pathway obtained from KEGG (www.genome.ad.jp/kegg) was manuakyecland microarrays
values obtained for the enzymes listed in P11 animals are tedicelMGCR: 3-hydroxy-3-
methylglutaryl-Coenzyme A reductase; MVD: mevalonéd@hospho) decarboxylase; IDI1:
isopentenyl-diphosphate delta isomerase 1; FDPS: farnesyl dipt®spyrthase; FDFT1:
farnesyl-diphosphate farnesyltransferase 1; SQLE: squapengdase; LSS: lanostersynthase;
EBP: emopamil binding protein or sterol isomerase; SC5D: dBralesaturase; and DHCR7: 7-
dehydrocholesterol reductase.
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The data indicated that the failure to thrive of the pre-weapups correlated
with a likely defect in cholesterol biogenesis gene expressios. thus possible that
cholesterol levels were lower in Piip™“N. Interestingly, lower circulating cholesterol
levels were observed thp™V“N adults (Fig. 5.4C). Neverthelesbp™“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-Nwated to
determine if there was any intersection from lists of déffeially abundant mRNA in the
P11 pups and mature adults. Selecting the previously described m&slArd defining
their overlap (Fig. 5.7A, grey area), the intersection was nadaeen to 10 genes that
can be perceived as being the most influenced by the origin ofNTEfgardless of the

age or the surveyed tissues.
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A Adult P11
tprN/AN tprN/ﬂN

B

Fold change, relative to matched thp

controls in:
Adult liver P11
o™ gt
4.67 4.57 20.37 -0.97 Apolipoprotein A-1V Lipid transport Y
3.46 3.10 8.89 -0.94  Apolipoprotein A-IV Lipid transport Y
223 1.08 1.75 1.26  Scan domain-containing 1 Lipid transport Y
1.75 2.30 -5.10 1.55  Thyroid hormone responsive spot14  Lipid synthesis Y
1.91 1.41 -3.80 -1.04 Carboxylesterase 1 Lipid catabolism Y/N
1.74 -1.16 1.60 1.64  Growth factor, ERV1 Liver regeneration Y/N
-3.82 1.06 -2.88 -2.94 Deiodinase, iodothyronine, type 1 T3 homeostasis Y
3.72 1.00 -2.65 -5.00 Endogenous retrovirus, envelope Y
2.06 1.01 1.64 1.33  Parvin alpha Cell adhesion N
1.73 =117 2.62 1.54  CD9 antigen Cell adhesion N
213 1.02 -1.59 -1.25 Signal sequence receptor, alpha Protein transport N

Figure 5.7. Identification of the mRNAs affected in young and abpt™ andtbp™"™ animals
compared to age-matchétsp™* animals. Venn diagrams of probe sets, which gave significan
and substantially different signals in P11 and adult animaisatedl that 11 were shared between
young and adult animals lacking the TBP-N. The mRNAs aredliselow and magnitude by
which each mRNA differed from wildtype is indicated. Alseng function and “vertebrateness”
are indicated. The “Y/N” abbreviation designated a gene prasé@ntartebrates but that gained a
novel domain in vertebrates. These new domains encompassed roughdf taf resulting
vertebrate protein (data not shown). Y: yes; N: No.

Interestingly, 6 of the 11 mRNAs that were differentialbuadant in both adult
and P11 livers were vertebrate-specific, as no similar sequenttelze found outside of
the vertebrate sub-phylum (data not shown). Thus, including the twd' ‘9€hes, 8 out
of 10 genes (80%) that were the most affected by the laclBBEN were vertebrate-

specific. In addition, half of those mMRNAs showed a significant rdiffeabundance in
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tbp™"™ This argued in favor of a likely role of the TBP-N in gengutation of
vertebrate-specific genes.

To test if fat composition of the adult diet had an effect on Egicumulation in
tbp** compared tabp™“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 identifpediate
responses and potential long-term responses and/or compensation. Weedusg@ect
would find a correlation between a likely deficient lipid transpbdsed on mRNA
expression, and the mutant phenotype (Table 5.2). Preliminary expershemed that

+/+

after two days on a low fat diet, CD36 mRNA abundance was notdlietbp ™ while
tbp™“N had more abundant CD36 mRNA than under high fat diet (Fig. 5.8).
Interestingly, after 38 days, there was no apparent differenite imRNA abundance of
CD36 betweentbp™™ and tbp™“N, regardless of the diet. This suggested that some
potential long-term compensatory mechanisms could be involved toeegtdtype-like
level of CD36 mMRNA abundance (see below).

Histological analyses of adult livers indicated greater tiegteatosis irtbp™*
andtbp™“N under high fat diet (Fig. 5.8C). After 38 days of treatment undefdoand
high fat diets, livers oftbp™* and tbp™“N had more oil red-O positive cells than

wildtype controls indicating an increase in lipid accumulation piigndependent of the

mutation, and secondarily of the diet.



126

A B .
tbp**  thpANVAN tbp* thpanaN
L H L H diet L H L H diet

a b ¢ danmal e f h i | k | m animal
R e sl = e oo o g — — PR
e -actin N 3 - 2 Ctin

2d 38d 2d 38d

%)

AR T T

Figure 5.8. Effect of low or high fat diet on CD36 mRNA abundance apdtit steatosis.
Animals were fed a low fat (4.5%) or high fat (22.3%) datthe indicated timgA, B) CD36
RT-PCR for the indicated genotypes (n=1-3) after42h or(B) 38 days on low fat (L) or high
fat (H) diet. Animals are identified with a unique letter. Tower panel indicatef-actin RT-
PCR performed on the same samples as a loading cq@ydliver sections from aged-matched
adult males were stained with oil red-O (red stain) and cmiateed 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 TBBRIM{") or its

replacement with a homologous sequentap"{""™

) induced noticeable defects in
hepatic lipid metabolism. Replacement of TBP-N by a homologous seguwkd not
generate an intermediate, but a distinct molecular signature, ssunggelteration of
multiple pathways (Fig.5.1A, B). The identification of Pitx2 bindintgsin more than
10% of the differentially expressed genes was intriguing. In eh@pof this dissertation,
Pitx2 was shown to interact with TBP-N and regulate the expresd a vertebrate-
specific genenppa. It is tempting to speculate that Pitx2 plays a role in régpgaome
of the mRNAs affected itbp”™“N livers, possibly through interaction between Pitx2 and
TBP-N. Nonetheless, Pitx2 has not yet been shown to be a majar payepatic
biology °**. Nevertheless, the canonical role of Pitx2 as pituitary anddgitiasymmetry
transcription factor (see chapter 3 for details) has beamtigcextended when it was
shown to be involved in gonad morphogenédis The increased mRNA abundance
observed from the genes with Pitx2 binding sites was observed onbp™. To
explain this pattern, it can be hypothesized thatbpi’”* and top™"™ the TBP-N is
functional and involved in a protein-protein interaction with Pitx2. Oneaggpion could

be that all Pitx2-dependent genes are de-repressed when th&l T8Racking, as

suggested for the Pitx2-TBP-N mechanism in chapter 3.
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Steatosiscd36, and Putative Reqgulatory Elements

Pathological lipid accumulation, also known as steatosis, was obtsentbe
liver of tbp™“N andtbp™"™. Most metabolic diseases are not caused by a single gene.
Use of multiple mouse models is required to understand complex metdpsfunction.
For example, fatty acids and glucose utilization are cloieked and the crosstalk
between fatty acids transport and insulin resistance is compterat fully understood
*42 Also of note, fat accumulation in adipose tissue and the communicatieeepe
adipose and hepatic tissues (see below) have not been studieahtiareay be part of
future studies.

CD36 mRNA abundance was increasedbipi™“" adult livers. Intbp™*, CD36
liver mRNA levels were intermediate betwethp™* and tbp™“N. This suggested a
possible role of TBP-N in regulation afd36 expression. In one possible model,
interaction of TBP-N with an uncharacterized factor could moduteeexpression of
cd36. In such a model, this interaction could keep the expressiciB6fat baseline, with
TBP-N sequestering the uncharacterized factor and repressifgeccts on transcription.
Identification of augmented CD36 protein accumulation in the melnbrane through
immunohistochemistry could be further performed. The consequence of GRBB
up-regulation, and possibly increased CD36 protein, due to the lack eNTBF. 5.2B)
is interesting as known models of obesity and diabetes exhibitatine pattern of
increasectd36 gene expressioti’. Increased CD36 is usually found in cells secreting or
storing triglycerides, like adipocyté¥.

It has been shown thap”™“N animals die due to a placental failure where an

increased trophoblast-dependent hemophagocytosis has been répbr@®36 was
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shown to be expressed on trophoblat céifs Further studies will investigate the
abundance of CD36 itbp"V“N placental tissues and a putative correlation between
increased abundance of CD36, a placental defect, and erythrocyte abu@iaBées a
scavenger receptor found on macrophages that can clear dedigigmbcytes, especially
when infected withPlasmodium *°°. One may hypothesize that increased abundance of
CD36 on the placental resident macrophages may increase thgénpity for clearing
aging as well as healthy red blood cells, which could corretatéha dysfunctional
placenta reported itbp™“N animals®*™. In addition,cd36” mice have a reduced (50-
80%) uptake of long chain fatty acid§® Thus, as we observe a pathological lipid
accumulation of lipids i|1|bp‘”\""N animals in conjunction with an increased CD36 mRNA
abundance, generatingl36” tbp™“N animals might restore wildtype levels of hepatic
lipid accumulation. Thus, if the increased CD36 abundance were to beeaftop™N

lethality, top™™“N animals on &d36" background might rescue them.

Insulin Signaling

Hypoglycemia, as observed chronicallytbp“N, is known to trigger glucagon
secretion, which in turns restore a normal glycefifa Hypersinsulinemia inhibits
glucagon secretio”’. Given the rapid and exacerbated increase in circulating glucose
levels observed in thisp™™V“N insulin tolerance tests 60 min after insulin injection, it is
possible that compensatory levels of glucagon could be involved ifash@bnormal
increase of glycemia itbp™“N. Determination of insulin levels as well as measure of
glucagon levels during the insulin tolerance test could be used e¢gsai®e precise

physiological nature of the response observed. Moreover, ongoirasgltmerance tests
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and analysis of immediate insulin target genes during the inselenahce test will
indicate if the animals can dispose of an increased glucosddsiad, through induced
hyperinsulinemia.

Insulin tolerance tests are also used to assess the pin@d@gdrenal functions as
growth hormone and cortisol can antagonize insulin actiott is interesting to note that
Pitx2, an interaction partner of TBP-N (see chapter 3), has beem sbdog required for
the development of the cell lineage responsible for producing growthohermn the

pituitary >>%,

Growth Retardation and Cholesterol Metabolism in P11 Pups

Recently, in humans, low birth weight has been positively corcklate
hypomethylation of the imprinteldyf2 locus®>°. IGF2 is a growth factor only expressed
from the paternal allel®’. Lack ofIgf2 results in a dwarf phenotyp&”. In P11 animals,
which are more than 25% smaller than their wildtype littéesidgf2 was downregulated
2.1 fold. In adulttbp™“N, the mRNA abundance of Igfas similar to thetbp™

+/+

animals. Moreovertbp™“N adults do not appear smaller thip™™* (data not shown).
Therefore, ¢§f2 could be an interesting gene to follow-up in further studies, esdlyeci
through its methylation state fhp** compared tabp”™“N animals.

In humans, the Optiz syndrome, a rare (1:20,000-1:70,000 infatts

http://ghr.nIm.nih.goy autosomal recessive disease manifested by mental resardat

morphologic abnormalities, and a smaller si%®is diagnosed by a low cholesterol
level. The low cholesterol level is the result of non-functional Mydeocholesterol

reductase®®. 7-dehydrocholesterol reductase mRNA was 1.8 time less abundant in
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tbp™“N, Also, infants with Opitz syndrome tend to have a weak muscle aati€ficulty
to feed, and an overall slower growth. Infants with Optiz syndroamebe placed under
cholesterol supplementation with relative succ®ss Cholesterol synthesis is tightly
regulated through multiple feedback mechanisthsHere we observed a down-regulated
cholesterol synthesis pathway in Ptp™“N animals (Fig. 5.6) and a lower blood
cholesterol level in adultbp™“N animals (Fig. 5.4). Such an unusual phenotype will
require measurement of circulating cholesterol in pups and metibasiisdies. In
addition, as infants affected by the Opitz syndrome can be tregitadmixed results®>
%7 by cholesterol supplementatiothp”™“N pups might be treated by cholesterol
supplementation through the dam’s diet or via injection. In humans, indlesterol
level appears to be unaffected by the #i&tThus cholesterol injection to the pups could
be more suited in order to compensate for their likely low citicigacholesterol. In
human infants, cholesterol supplementation in the dietary milk wéesctet by an
increased circulating cholesterdl®. Therefore, expect if, in addition to an altered
synthesis pathway, cholesterol uptake from the blood is chronicallyaiied,
supplementation through oral gavage, intraveinous, intramuscular or riitapal
supplementation of cholesterol in the pups might restore their cholastetabolism and
maybe rescue their failure to thrive. The marked decreds@a@{CoA reductase mRNA
abundance hinted a potential defect in signaling through SREBP. ditegngfis possible
that cholesterol sensing through SREBP, its translocation to theusudr its signaling
to the basal transcription machinery possibly through unknown intemactiith 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 4,06% (17%
are present in vertebrates oAfy. Here we observed that 8 out of 10 genes (80%) that
were the most affected by the lack of TBP-N were vertekspecific. Such an over-
representation of vertebrate-specific genes affected bglthation of the TBP-N was
unlikely random (CHj two-tailed, p<0.0001). Interestingly, the lack of the vertebrate-
specific TBP-N seemed to affect expression of genes that rapgepure vertebrate

innovations, suggesting a likely role for the TBP-N in vertebrate-speciiie ggulation.

Adipose and Hepatic Tissue Crosstalk

Adipose and hepatic tissues are intertwined in the regulatioenefgy and
especially lipid metabolisni**. Adipocytokines are adipocyte-specific hormones that
have a major role in lipid metabolisi{t>*® The adipocytokine family includes resistin,
which mediates insulin resistance while leptin and adiponectinnaodved in insulin
sensitizatiorr’>>"2 More recently, apelin, another adipocytokine, has been shown to have
a very powerful glucose-lowering effect. Its administration brohgen normal glycemia
by 25% °’% comparable to the observed chronic 21% glycemia reductigbpff{“N
(median are 159mg/dL fabp™™* and 128.5mg/dL fotbp™“N, Fig. 5.4A). Regulation of
apelin, which appeared to be a vertebrate-specific hormone (ErsantboNCBI queries,
January 2009, Lucas, data not shown), is not fully understood. Interestindiy, \ege
first described, more than 10 years ago, as being a hormone involeatdiaovascular

regulation, mostly through anti-hypertensive effects, food intake flamdhomeostasis

373574575 1t is interesting to note that atrial natriuretic factor, akthive showed its mMRNA
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is likely regulated by the TBP-N-Pitx2 interaction (seeptéia 3), is also a cardiac
hormone.

Further studies will investigate the nature of the lipids accatedlintbp™/N
livers and the possible crosstalk between hepatic and adipose.tissoeder to better
understand the non-canonical profile observed during insulin tolerance, tests
measurement of insulin and glucagon levels and investigations oflatsdiene mRNA
levels will be performed.

We have shown that the TBP-N is involved in lipid metabolism regualand
that the lack of TBP-N correlates with pup runting and a down-asgplilcholesterol
synthesis pathway. Also, adutip™“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 evermtsnf all three RNA
polymerases. Its role as an interface between DNA (promaisd) other proteins
(transcription factors and other components of the basal transcnip#ohinery) makes
it a key protein for regulation of basal transcription. In mouseyaadt, inactivation of
TBP is lethal *®®*°"® In addition to the conserved core domain found throughout
eukaryotes, metazoan phyla possess unrelated N-terminal sequence¥knoivn
functions. Removal of the vertebrate-specific TBP-N strongly compes fetal
development, likely due to defect in placenta developritént

In the work presented here we hypothesized that the functidre ofFBP-N was
conserved among vertebrates. To test this, the TBP-N of mowssubatituted for the

PINMIN at a wildtype level supported the hypothesis of an

one of hagfish. Survival abp
ancestral and essential function that likely appeared at theob#ise vertebrate lineage
and that was conserved ever since. Further, the partial geoeatiglementation of the
tbp™ allele over thetbp™ allele suggested that most underlying molecular pathways
were complemented, allowing a 10 fold increase in survivabpf'™ compared to
tbp™“N_ Investigation of the molecular mechanisms involving the TBP-N invofeadt
two-hybrids screens, molecular pathways identification through Igtpdoge expression
analysis, and functional assays.

Studies presented in chapter 3 showed that the TBP-N interactiedPiix

transcription factor family members. In vertebrates, Pitxgimstare essential to many

vertebrate-specific processes during development and after bighshéived that the
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TBP-N-Pitx interactions likely co-evolved in vertebrates. Weher showed that the
interactions were functional and that, on a known target genex@f @ppa), the lack of
TBP-N correlated with an increased activity of Pitx2-dependanistription initiation,
suggesting that the TBP-N-Pitx2 might modulate Pitx2 activity.

Chapter 5 further characterized thp™

allele at the molecular level along with a
refined functional analysis of théop™ allele. Transcriptome analyses showed that
different pathways were affected by the different allddes that a common set of
MRNAs was affected. Many of these mMRNAs exhibited an iredrate abundance in
tbp™"™ when compared to wildtype andbp™“N, reinforcing the partial
complementation data gained through genetics. In particular, abundanBaNé\ for the

cd36 gene, encoding a long chain fatty acid transporter, wagedfatall allelic variants

of tbp tested. Unexpectedly, TBP-N also appeared to modulate the srpresf
endogenous retroviruses, which are known to be involved in the appearance and
development of the placenta. Botd36 and endogenous retroviruses expression will
require further studies, notably in the placenta.

In addition, top™“N adult animals had low levels of circulating cholesterol.
Juveniletbp™“N showed a unique defect in the pathway leading to cholesterol sgnthes
and a failure to thrive. The smaller size of pre-weatipdV“N animals could be due to
the defect observed in the cholesterol synthesis pathway. This hirttspth4f may be a
model for the Opitz syndrome, where cholesterol synthesis isiredpd he glycemia

response ofbp”V“N to an increased insulin level exhibited a defect with a pattetn

previously reported in the literature, which will require furtheveistigation of the
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immediate target genes of insulin during insulin response. AN animals
exhibited abnormal hepatic lipid storage as juveniles and as aldis,abut apparently
not as young adults, reminiscent of an age-dependent fatty lieasdisTaken together,
the data suggested that TBP-N is involved in energy metabbbsneostasis. This raises
the exciting possibility thatbp™“N is potentially a novel mouse model to investigate
some aspects of the metabolic syndrome.

The work presented here uncovered two seemingly unrelated ne®lfoolthe
TBP-N. The interaction of TBP-N with Pitx2c, a major vertebsgecific transcription
factor with multiple developmental roles, had a functional role in gepeession. A
whole animal perspective suggested major defects, at the tpdiosal level, in lipid
metabolism pathways. These studies expand our understanding of thé asRfor the
first time, clearly identify this domain as involved in multigiene regulatory networks
and as essential because of its role in embryonic developmenhenyy enetabolism 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 assaw i24-well dish format.
Each condition should be performed in triplicate or quadruplicate ankkaat 4
independent clones in each genotype should be used. Each assay requiré6>5@is
and 10 ug total of plasmid.

Note:
A great amount of DNA carrier (KS+ or pBS+ plasmid) is mftequired and adequate

stocks should be readily available or should be prepared before staring the procedure

Equipment

Nucleofector Il 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 platefoedsBs nm

reading and 96-well flat bottom well plates).

Major reagents

D-luciferin (GoldBio, St. Louis, MO)
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I1MDTT
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 feredieg 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, plasmidedheavd 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:

e Wash cells with PBS twice
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e Add 1-2 mL accutase/10cm plate
e 37°C ~5min
e Add 8 mL culture medium (with serum)
e Pipet up and down 8 times
e Count the cells, determine what volume is needed
=== from now on, no need to be sterile, everything is done on the bench top ====
e Spin in table top centrifuge (“mushroom”) setting 3 for 5-10 min
e Set up electroporator to program A24
e Resuspend cells at 5 x®1€ells/ml in TM media
e Add plasmids to each cuvette
e Add 100 uL of cells/cuvette, on top of plasmids
e Add cap and tap twice
e Electroporate
e Recover ASAP with 500 uL of warm culture medium
e Transfer cell suspension to plate preincubated at 37°C with complete medium
e Incubate 20-24 h

e Rinse cuvettes well with di8 followed by 70% EtOH and overnight under UV.

Day 3: Cell Harvests and Luciferase Assay

1-Luciferase assay

e Pick up the cuvettes left overnight under UV

e Prepare buffers, luminometer (2sec reading)
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e Wash cells with PBS twice
e Lyse cells in 150 uL lysis buffer (see below)
e Rotate 20 min at RT (You should see the white dead cells floating by 15 min)
e Prepare assays tubes: add 250 uL luciferase assay buffer/tube
e Add 20 uL of cell lysate
e Place tube in luminometer
e Squirt 100 uL of 12mM D-luciferin

e Read and write down number

2-Bradford assay

e In a 96 well plate, dispense 1,2,4,8 uL of cell lysate from a random sample
e Add 100 uL Bradford reagent, wait 5min

¢ Determine the mid-range

e Expand the Bradford assay for each well

e Measure the 595 nm absorbance

e 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 mMpB-mercaptoethanol

Media made in DMEM

Luciferase assay

1-Lysis buffer

mL to
add for
Reagents Conditions Stocks 50mL
Triton X-100 0.20% 20% 0.5
KH,PO, pH 7.8 15 mM 1M 0.75
H»,0 to 50 mL - 495
I Add DTT to 1 mM final before use !!!
keep at 4C
2-Luciferase Assay Buffer
mL to
add for
Reagents Conditions Stocks 50mL
Glycylglycine pH 7.8 25mM 1M 1.25
MgSO, 15mM M 0.75
KH,PO, pH 7.8 15mM iM 0.75
EGTA (add fresh!) 4mM 0.5M 0.4
H,0 to 50mL - 46.85

I Add DTT to 1 mM final before use !!!
11" Add ATP to 2mM final before use !!!

keep at 4C

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 i®)Hn
luciferase assay buffer without EGTA or ATP to 1X final.

Add DTT to 1 mM final.
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APPENDIX B

GENERATION OF MOUSE EMBRYONIC FIBROBLAST CULTURES
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. Young femalgbp™* were mated ttbp”™* males.

. Pregnant dams were euthanized (E11.5-12.5).

. Whole pregnant uterus was dissected and placed in ice-cold phosphate-bufiieeed sa
(pH 7.4), transferred under laminar flow hood where the whole uterugjuelsy
dipped in 70% EtOH and back into sterile 1X PBS. Fetuses werd¢egdlam the
placenta and amniotic sac. A limb was used for genotyping.

. Embryos were individually minced and collected in 2X trypsin (Medigte
Manassas, VA) supplemented with 1x penicillin-streptomycin (pep/stiediatech)
and incubated 5min at 37°C with intermittent flicking.

. The digestion was quenched by addition of 5mL of Dubelcco’s Modifieglesa
Medium (DMEM; Mediatech, Manassas, VA), 10% fetal bovine selHBS,
Hyclone, Logan, UT) supplemented with penicillin-streptomycin.

. The cells were then gently spun 5 min in a diagnostic cengrifugl resuspended in
10 ml of DMEM supplemented with 10% FBS and 1x pen/strep.

. After two days, the media was changed.

. When the cells covered ~90% of the plate, cells were harvestadAescutase
(Innovative Cell Technologies, San Diego, CA), spun and resuspendeczmdre
media (15% DMSO, 10% FBS, 1x pen/strep in DMEM) before bewmggfr at -80°C

and further stored in liquid nitrogen.
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APPENDIX C

WHOLE MOUNT IN SITU HYBRIDIZATION PROTOCOL
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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 hybridimtwere

performed as previously describ&d

Probe Generation

A 676 bp mouse nppa cDNA fragment (table Sx) was cloned into pBS+idlas
The plasmid was linearized witico R | and transcribed with T3 RNA polymerase in
presence of 2.5 mM each NTP (0.875 mM Dig-UTP and 1.625 mM UTRnergte an
antisense digoxigenin-UTP labeled RNA. The residual DNA templais digested with
10 U of RNase-free DNase |. The probe was purified on a Sephad&60 5 mL
column (GE Healthcare, Uppsala, Sweeden), the first radioactakevpes collected and

incorporation was calculated.

Embryos Harvest and Preparation

For each embryonic stage, staining was done simultaneously. Fettisesnalicated
developmental stages were harvested and dissected in PBST (PBSo0+ween-20)
supplemented with 1% bovine serum albumin (BSA). The number of soméass w
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 (2%%H/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, rehgdratbryo 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%H

2. Wash three times 5 min with PBST.

3. The proteinase K treatment (1@/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 bridization buffer
(50% formamide, 5X SSC, 1% SDS, &s0ml heparin, 50g/ml yeast RNA and 1X
Denhardt’s).

9. Hybridization: Change hybridization buffer, add 400 ng of linearized digExn-
UTP probe

10.Incubate overnight at 65°C.



. Wash embryos twice, 30 min in pre-warmed solution | (50% formanaiydeSSC;
1% SDS) at 65°C.

. Wash 10 min wash in 50% solution 1/50% solution II (0.5 M NaCl; 10 ni\g-HCl,
pH7.5; 0.1% Tween-20).

. Wash three times 5 min in solution Il at room temperature.

. Incubate twice 30 min with RNases A and T1 (100 ug/ml and 100, Wéspectively
in solution 1) at 37°C.

Wash twice at 65°C for 30 min in solution Il (50% formamide; 2X SSC).

. Wash three times 5min in TBST (0.137 M NaCl; 2.7 mM KCI; 25 mis-HCI,
pH7.6; 0.1% Tween-20)

. Block for at least 2.5 h at room temperature in TBST with 10%ihaetivated sheep
serum (HISS).

. Prepare the anti-digoxigenin-AP antibody (Roche Diagnostics, lapadis, IN).
Incubate 1 particule for of mouse acetone powder for >1h at 4°C i B8 1%
anti-digoxigenin-AP antibody and 10% HISS. Spin 5min in microfugeatimum
speed.

. Replace blocking solution with 10% HISS in TBST supplemented with 1:2,000
dilution of the subtracted antibody (for 3 mL: 300 of 10X TBST, 300uL of HISS,

150uL of blocked antibody from 8.) and incubate overnight at 4°C.



. Wash three times 5 min in TBST, at room temperature.

. Wash five times for one-hour TBST, at room temperature.

. Equilibrate twice for 20 min in freshly made alkaline phosphate b(ff&0 mM tris-
HCI, pH9.5; 50 mM MgC) 100 mM NaCl; 0.1% Tween-20 and 0.5 mg/mL
levamisole).

. Determine the anti-digoxygenin associated alkaline phosphatase tyachyi
chromogenic reaction by adding 338ug/mL of nitro blue tetrazolium [NBi@ 175
ug/ml of 5-bromo-4-chloro-3-indolyl phosphate (BCIP), at room temperaiturde
dark, on a rocker.

. At the desired time, quench the reaction with ImL PBST supplemeantecbmM
EDTA.

. Fix the embryos in 4% PFA/PBST overnight at 4°C.

. Dehydrate through series of MeOH/PBST (25%, 50%, 75% and 100%) laythfate
through the inverse series and washed twice in PBST with 5 mMAEDBr 5 min at
room temperature.

. Clear the samples in 1:4 glycerol:PBST with 5 mM EDTA Tarfollowed by a 1:1
glycerol:PBST with 2 mM EDTA for 1 h and a final 4:1 glyceRBST with 1 mM

EDTA.

Photograph under dissecting microscope.
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APPENDIX D

ADULT LIVERS MICROARRAY DATA
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Fold change ) Genbank

Gene list Ontology Gene name V\/_|Idtypbe Gene accession

tprN/AN tbpth/th signal ID ¢ number
Common Lipid mB Cyp4ald -49.10 -7.33 26.4 13110327006
Common Lipid mB Ehhadh -1.82 -1.82 639.6  7414NM_023737
Common Lipid mB St3gal5 -1.80 1.72 336.5 20458B829192
Common Lipid mB Thrsp 1.75 2.30 38.0 2183KM_009381
Common Lipid mB Acad9 2.02 1.53 166.9 22921Av235115
Common Lipid mB Akrldl 2.13 1.52 88.2 208668C018333
Common Lipid mB Acad9 2.15 1.03 18.6 22921Av235115
Common Lipid mB Cd36 2.78 -2.00 35.4  1249BB534670
Common Lipid mB Cd36 3.16 -1.57 674.4  12498B534670
Common Lipid mB Aldhlbl 3.17 1.72 110.9  7253BC020001
Common Lipid mB Cd36 3.37 -2.24 243.7  12498B534670
Common Lipid mB Apoa4d 3.46 3.10 2726.5 11808v027367
Common Lipid mB Apoa4d 4.67 4.57 275.5  1180BC010769
Common Retroviruses Env -3.74 2.47 44.8 675B(297038
Common Retroviruses Env -2.44 3.41 54.8 675B(297038
Common Retroviruses Int -1.81 2.03 30.2 3207BB794742
Common Retroviruses vinc -1.60 -2.71 761.8 6698K018202
Common Retroviruses ll6ra -1.05 2.09 115.2 161943802
Common Retroviruses 2.72 -2.00 154.1 n/a AW763751
Common Insulin signaling Igfbp2 -3.74 -1.83 12.5 008 AK011784
Common Insulin signaling Socs2 -1.59 -3.18 108.0 6238 NM_007706
Common Antiproliferation Hspalb -4.65 -2.63 70.0 51% M12573
Common Antiproliferation Hspalb -4.35 -2.85 22.2 51% M12573
Common Antiproliferation Ddit4 -2.19 3.00 243.7  AHT7 AKO017926
Common Antiproliferation Tob2 3.36 2.18 495.2  57258v174616
Common Signal transduction ~ Mt2 -1.91 2.66 157.6 5D/7TAA796766
Common Signal transduction  Rgs16 -1.65 1.83 168.99734 U94828
Common Signal transduction  Rgsl16 -1.59 1.86 20.4 2019 BB100249
Common Signal transduction  Fkbp5 -1.54 1.91 1288.64229 U16959
Common Signal transduction  Gnal4 3.60 1.78 52.7 7346N\M_008137
Common Transcription Histlhlc -2.78 -2.50 39.9 F70IM_015786
Common Transcription Est -2.24 2.09 20.4 102538467657
Common Transcription Mbd1 -2.01 -1.62 75.7  17196K007371
Common Transcription Hmgnbd2 2.43 1.51 2567.0  153BE553881
Common Others -3.05 -1.83 23.2  6744BB775176
Common Others Tmem98 -2.61 -1.52 217.7 103788011208
Common Others Sultsal 1.74 243 38.2 574284 020564
Common Others Aldh1l1 1.78 1.57 836.8 107744K007822
Common Others Slc46a3 1.87 1.66 414.6  7176€006902
Common Others Reck 2.17 1.60 197.7 536NM_016678
Common Others Sulf2 2.30 1.61 105.6 72048008108
Common Others 2.38 4.40 64.4  1303BF580235
Common Others Tpmt 2.60 2.65 42.7  2201AK002335



201

Fold change i Genbank

Gene list Ontology Gene name V\/_|Idtypbe Gerge accession

tprN/"N tbpth/th signal ID TUumber
Common Others EQg226654 2.61 1.55 119.4 4325A%/111083
Common Others Apcs 3.47 1.83 63.2 20219v_011318
Common Others Loc215866 4.27 -2.45 115.9 n/a BC002257
tbp"™"™  Energy mB Tsc22d3 -1.19 2.36 377.7 14608201289
tbop™"™  Energy mB Sds -1.07 1.83 596.3 23169%C021950
tbp™"™  Energy mB Pptc7 -1.02 1.88 2841.1 2266541881989
tbp"™"™  Energy mB Hsd3b2 1.07 1.78 77.0  15498C026757
tbp™"™  Energy mB Hexb 1.33 2.37 1560.2  1521Rv225808
tbp"™"™  Energy mB Ppargcla 1.34 2.84 122.7  190BB745167
tbp™"™ " |on transport Scarab -1.40 4.18 33.3 71145016096
tbp™"™ " |on transport Mcartl -1.11 1.72 93.9 23012BW212577
tbp™"™  |on transport Slcola4 -1.05 2.61 306.4  2823(M_030687
tbp™"™  |on transport Kenks 1.23 2.14 11.6  16528F319542
tbp™"™ " |on transport Accn5 1.30 6.54 186.0  5817QM_021370
tbp™"™ " |on transport Kcnk5 1.35 2.42 512.4  16528F319542
tbp™"™  Other Fkbp5 -1.42 2.11 16.7 1422916959
tbp"™"™  Other Tbcld8 -1.31 1.89 18.1  54618C005421
tbp"™"™  Other Eval -1.10 1.78 284.3  1401BC015076
tbp™"™  Other Gtl2 1.43 1.90 61.3  17263BB093563
tbp"™"™  Other N4bp2I1 1.47 2.00 1089.0 10063KM_133898
tbp™"™  Signal transduction ~ Hspalb -4.00 -2.33 27.5 155012573
tbp™"™  Signal transduction  Cish 1.10 -2.36 1042.4  12700/_009895
tbp"™"™  Signal transduction  Eval 1.20 1.83 107.4  140BZ015076
tbp™"™  Signal transduction 1.39 -2.12 92.7 nla BC021831
tbp"™"™  Transcription Gotl -1.31 1.93 266.5  14718A792094
tbp"™"™  Transcription Tsc22d3 -1.17 2.18 10.0  14608M_010286
tbp™"™  Transcription Bmyc 1.14 1.78 2323.7 10777AK012810
tbp"™" ™ Transcription Map2k6 1.41 1.85 210.7  26398B261602
tbp*VN Amino acid mB Ddc 2.06 -1.14 1366.2  1319BF071068
tbp*VN  Amino acid mB Pdxdcl 14.27 -1.02 194.4  94184M 053181
tbp*V2N  Carbohydrate mB Gcek -2.60 -1.37 1095.4 1039&&011139
tbp*V*N  Carbohydrate mB Abhd6 -2.12 -1.39 143.4  6608MM_025341
tbp**N  Carbohydrate mB Pfkfb3 -2.11 1.11 423.9 170768v_133232
tbp*V2N  Carbohydrate mB Pfkfb3 -1.98 -1.23 64.9 170768/282911
tbp*V*N  Carbohydrate mB Insig2 1.75 1.13 37.0 72999257512
tbp*N  Carbohydrate mB  Acat3 1.78 1.09 45.2 22453(F356876
tbp*V*N  Carbohydrate mB Siae 1.82 1.42 69.3 226MM 011734
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Fold change ) Genbank

Gene list Ontology Gene name V\/_|Idtypbe Gerge accession

tprN/"N tbpth/th signal ID TUumber
tbp*V*N  Carbohydrate mB Akr1b3 1.85 1.30 471.3 432549/127085
tbp*V*N  Carbohydrate mB 1.90 1.24 143.0 215929C018406
tbp*V2N  Carbohydrate mB Inpp5a 2.11 1.02 155.6 2121BB307136
tbp*V*N  Carbohydrate mB Eg667410 2.85 1.36 135.5 19788777344
tbp*V2N  Carbohydrate mB Akr1b3 3.08 1.39 1344.0 116BB469763
tbp*VaN  Cell cycle Fam-32L 1.70 -1.05 208.0  67922v109006
tbp*V2N  Cell cycle Tusc3 1.76 -1.01 51.0  80286IM_030254
tbp*V2N  Cell cycle Fancl 1.81 1.13 627.7 6703@B751093
tbp*V2N  Cell cycle xlimmg1 1.89 -1.41 40.9 1777BG976607
tbp*V2N  Cell cycle Loc66857 1.90 1.05 61.6 66857
tbp*V2N  Cell cycle pebpl 2.59 1.02 47.3  2398B8Vv207950
tbp*V2N  Cell cycle 2.70 1.26 89.0 32077(1BB246700
tbp*V2N  Cell cycle Pebpl 2.70 1.00 63.7 2398AM_018858
tbp*V2N  Cell cycle Drctnnbla 3.24 1.07 176.4  84658M_053090
tbp*V2N  Cell communication Ccnf -2.69 1.02 974.8  12449M_007634
tbp*VN  Cell communication  Ccl9 -1.87 -1.02 136.0 20308128196
tbp*VN  Cell communication Cd9 1.73 -1.17 77.8  12524M_007657
tbp*V2N  Cell communication Tmem19 1.80 1.13 108.0 67226018383
tbp*V2N  Cell communication  Prune 1.82 -1.19 985.6 22958176370
tbp*VN  Cell communication Habp2 1.86 1.05 90.4 226248035669
tbp*VN  Cell communication Cd207 2.03 1.10 38.9 246278026050
tbp*VN  Cell communication Loc192136  2.28 1.17 112.1 1%218M_138654
tbp*V2N Cell communication  Htatip2 2.30 -1.19 100.0 534187061972
tbp®VN  Cell communication Asah2 2.46 1.28 109.7  5444WM_018830
tbp*VN  Cell communication OIfm3 2.81 1.33 350.2 229758F442824
tbp*V2N  Cell communication Cml4 3.44 -1.01 15.2  68396M_023455
tbp*™VN  Cell communication Rbm39 4.63 1.02 13.8 9698436856
tbp*V2N  Detoxification Qprt -3.69 1.15 315.0 67373195046
tbp*VN  Detoxification Msrb2 1.79 1.04 20.2  7646BC021619
tbp*VN  Detoxification Aldh7al 1.81 1.08 134.6 11069BC012407
tbp*V2N  Detoxification Cyp2a5 1.82 -1.03 31.5  13086iM_007812
tbp*VN  Detoxification Fmo4 1.93 1.03 224.6 226564AF461145
tbp*V2N  Detoxification Sultlc2 1.96 1.21 163.8  6908BIM_026935
tbp*V2N  Detoxification Pter 2.02 -1.06 358.5  1921RIM_008961
tbp*VN  Detoxification Gstmé 2.08 1.27 57.4  1486RM_008184
tbp*V2N  Detoxification Fmol 2.13 1.02 40.2  1426BC011229
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Fold change ) Genbank
Gene list Ontology Gene name V\/_|Idtypbe Gerge accession
tprN/"N tbpth/th signal ID TUumber
tbp*V2N  Detoxification Cyp2dx 4.39 1.02 280.3 38099AV372365
tbp*V2N  Detoxification Gstmé 4.80 1.28 2165.2  14868M_008183
tbp*V2N  Fatty acid mB -2.83 -1.46 3587.6  6744BB775176
tbp*V2N  Fatty acid mB -1.84 -1.14 288.4 23467BC026374
tbp*V2N  Fatty acid mB ElovI5 1.70 -1.22 191.3  6880MM_134255
tbp*VN  Fatty acid mB Cesl 1.91 1.41 304.5 12628V 021456
tbp*V2N  Fatty acid mB Pptl 2.02 1.23 94.7  19068F326558
tbp*V2N  Fatty acid mB Galc 2.32 -1.24 829.7  1442QK010101
tbp*VN  Fatty acid mB Pptl 2.42 1.04 349  19068F326558
tbp*V2N  Fatty acid mB Fabp2 2.54 -1.33 4423  14079M_007980
tbp*V2N  Fatty acid mB Acnatl 7.07 -1.04 264.2 209188010829
tbp*V2N  Immunity Serpinal2 -3.43 1.13 624.7  68054K014346
tbp™™N  Immunity c6 -1.95 1.04 2415  1227AM_016704
tbp™™N  Immunity Cadm4 -1.79 1.24 75.1 260299Y059394
tbp*V2N  Immunity Serpina6 1.76 1.19 105.9  1240MM_007618
tbp™™N Immunity Serpina3n 1.77 1.38 1459.5  2071€M_009252
tbp™V2N  Immunity Pstpip2 2.18 1.26 147.7 nla  AV229693
tbp*V2N  Immunity Pstpip2 2.84 1.41 279.4  1920BC002123
tbp®™“N  Immunity Serpine2 2.85 1.00 1739.4  2072RM_009255
tbp™V2N  Immunity Lect2 2.98 1.26 69.8  1684INM_010702
tbp™™N Immunity Ly6a 3.56 -1.34 99.9 1104543C002070
tbp™™N Immunity Tinag 7.67 -1.20 1363.1  269448C010745
tbp*VN Lipid mB St3gal5 -1.79 1.48 100.0  20458B829192
tbp*V2N  Other Env -26.33  1.80 56.3 n/a  BC004065
tbp*V2N  Other Diol -3.82 1.06 23.3  13370NM_007860
tbp*V2N  Other Isoc2b -2.82 1.14 175.7  6744MM_026158
tbp*V2N  Other Sdf211 -2.00 -1.21 337.0  6413BIM_022324
tbp*V2N  Other Ube2s -1.87 -1.25 436.1  7789MM_133777
tbp™V2N  Other -1.87 1.08 256.6  14455NM_013525
tbp*V2N  Other Herpudl -1.69 1.09 26.5 642081835088
tbp*V2N  Other Nudt2 1.71 1.19 407.4  6640NM_025539
tbp*VaN  Other D1Ertd622e  1.84 1.26 31.5 52398M 133825
tbp*V2N  Other Mkrni 3.17 1.37 382.1  54484A717142
tbp*V2N  Other Snrpn 3.47 1.38 745.6  20646IM_033174
tbp*VaN  Other Col4as 7.09 -1.02 57.1  1283BM250666
tbp*V2N  Proliferation Fars2 -3.06 1.21 146.6  69958B530332
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Fold change
J Wildtype  Gene Genbank

Gene list Ontology Gene name tp™N g™ signal b D © a:Srensbsei(r)n
tbp*V2N  Proliferation PIk3 -2.64 -1.16 127.0  1279BM947855
tbp*V2N  Proliferation Xlkd1 -2.62 1.04 28.3 114332124537
tbp*VaN  Proliferation Bid -2.10 1.02 22045  1212AM_007544
tbp*V2N  Proliferation Myd116 -1.87 1.19 19.3  1787AIM_008654
tbp*VaN  Proliferation Gfer -1.72 -1.06 61.1 116981901126
tbpVaN  Proliferation Gfer 1.74 -1.16 77.7 116981901126
tbp*V2N  Retrovirus Pim3 -2.87 -1.06 27.2 223778C017621
tbp*VN  Retrovirus Env 3.72 1.00 126.2 4338581438039
tbp*VN  Signal transduction  Irs2 -1.98 1.06 9.4 384788199054
tbp*VN  Signal transduction  Trip12 -1.77 1.19 1487.3  148%5923744
tbp*VN  Signal transduction  Rapgef4 -1.77 1.12 78.2 56508004874
tbp*V2N  Signal transduction  Sri 1.74 1.12 122.4 10955008404
tbp*VN  Signal transduction  Traf3 1.77 -1.01 38.3 2203121050
tbp*VN  Signal transduction  march2 1.79 1.28 61.2 38118E949497
tbp*V2N  Signal transduction  Wdfy1l 1.81 1.43 57.9 69368233251
tbp*VN  Signal transduction ~ Rab32 1.86 -1.11 1254.9  678KMM_026405
tbp*V2N  Signal transduction ~ Gbp2 1.92 1.38 553.1 144681 010259
tbp*V2N  Signal transduction  Ssrl 2.13 1.02 390.1 107588077348
tbp*VN  Signal transduction  Prlr 2.20 1.16 126.7  19116V_008932
tbp*V2N  Signal transduction  Prlr 2.88 1.46 932.8  19116M_008932
tbp*VN  Signal transduction  GPR91 3.05 -1.13 41.0 841N 032400
tbp*VN  Signal transduction  Blnk 3.11 1.22 38.4  17068F068182
tbp*V2N  Signal transduction ~ Capl 5.11 1.01 50.2  1238M_007598
tbp*VN  Signal transduction  Rbm39 5.18 -1.02 13.6  969&B436856
tbp*V2N  Signal transduction ~ Capl 9.48 1.18 75.5  123BM_007598
tbp*V2N  Transcription Cebpd -2.23 -1.02 32.3  12608B831146
tbp*VN  Transcription Gtf2al -2.19 1.30 301.5 1086681689897
tbp*V2N  Transcription Hod -2.00 -1.12 856.0  74318K009007
tbp*VN  Transcription Hod -1.95 -1.07 198.0  74318C024546
tbp*™N  Transcription Hes6 -1.75 -1.15 84.5  5592KF247040
tbp*V2N  Transcription Nsbpl 1.76 1.09 2195.0 5088YM_016710
tbp*VN  Transcription Loc231238  1.79 -1.15 988.4 231238026655
tbp*V2N  Transcription Prim1 1.82 -1.09 198.3 1907504620
tbp*V2N  Transcription Myot 1.94 1.12 18.9  14488BB124537
tbp*VN  Transcription Prva 2.06 1.01 10.1  5734R1690209
tbp*V2N  Transcription Scand1 2.23 1.08 93.9  19018M_020255



205

Fold change i Genbank
Gene list Ontology Gene name V\/_|Idtypbe Gerge accession
tprN/"N tbpth/th signal ID TUumber
tbp*VN  Transcription Ttc8 2.94 1.13 96.0 76268C017523
tbp*V*N  Transcription Rwdd3 3.15 1.27 163.6  7317AF439556
tbp*VN  Transport Slc7a2 -1.90 1.24 100.2  11988F533509
tbp*™V*N  Transport Slco2al -1.79 -1.04 137.9  24099M 033314
tbp™N Transport 1.70 1.02 16.5 21501BG060641
tbp*VN  Transport Ccdc91 1.71 1.12 315.2  67018A067702
tbp*VN  Transport Slc17a3 1.73 1.00 189.8 10535dM_134069
tbp™*N Transport slc47al 1.86 1.27 501.4  67478V_026183
tbp*™V*N  Transport Ap3m1 1.89 1.49 135.6  55948F242857
tbp*™V*N  Transport Slc44a3 2.20 1.06 202.8 213608°025548
tbp*VN  Transport Abcbla 2.21 1.14 527.9 1867130697
tbp*V*N  Transport Slc3al 2.24 1.10 25.9  20532M_009205
tbp™2N Transport Abca3 3.23 -1.02 38.6  2741BK007703
tbp*VN  Transport Abca3 3.34 -1.01 103.0  27418K007703
tbp*V*N  Transport Aqp4 3.74 -1.02 1438.2 1182048399
tbp™N Transport Aqp8 3.92 1.35 31.1  1183BIM_007474
tbp*™VN  Transport Slc22a20 4.46 -1.25 70.9 236298056443
tbp*V*N  Transport Agp4 7.59 -1.03 216.5 11828B193413
tbp*VN  Transport SIc22a20 10.89  -1.15 28.1 31980056443
tbp*V2N  Ubiquitin pathway ~ Wwtrl 1.90 1.21 38.2  97068C014727
tbp™VN  Ubiquitin pathway ~ Wwtrl 1.91 1.01 28.9  97064G066193

% see material and methods, Chapter 5

b Average signal from all three replicates of wildtype animals in tjn; only
MRNASs in which the average signal waS0 units were included

¢ Gene IDs were retrieved from NCBIt{p://www.ncbi.nlm.nih.gov/sites/entrez?db=gene
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Ontology # mMRNA _FOld char-19e P-value V\/_|Idty|%e GenelD°®
Liver  Kidney signal

Lipid mB idil -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 pnliprpl -4.43 -1.02 0.047 474 18946
Lipid mB sgle 4.4 -1.25 0.013 1116 20775
Lipid mB cesl -4.26 -1.04 0.047 2257 12623
Lipid mB abcal -4.03 -1.33 0.012 404 11303
Lipid mB hmgcsl -3.86 -1.16 0.013 3532 208715
Lipid mB cyp3al6 -3.48 -1 0.045 1557 13114
Lipid mB rnfl4 -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 mapkl14 -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 acaa?2 -1.89 -1.05 0.047 7158 52538
Lipid mB acsm3 -1.86 -1.24 0.048 747 20216
Lipid mB rnfl4 -1.84 -1.21 0.034 310 56736
Lipid mB lin7c -1.75 -1.68 0.036 138 22343
Lipid mB sarla -1.73 -1.44 0.006 1070 20224
Lipid mB hdlbp -1.66 -1.54 0.043 138 110611
Lipid mB dnajal -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 clqgtnf4 1.36 1.57 0.044 99 67445
Lipid mB ptges2 151 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 pou6fl 1.62 1.26 0.013 233 19009
Lipid mB clgtnfl 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 prpfl9 1.93 1.13 0.020 1418 28000
Lipid mB elovlé 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 kif4 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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Fold change

Ontology # MRNA _ _ P-value V\/_|Idty|%e GenelD°®
Liver  Kidney signal

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 hépd 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 etnkl -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 tnntl 1.74 -0.93 0.044 109 21955
Amino acid mB rpsil 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 slcolb2 -3.58 -1 0.048 2496 28253
Transport ap3ml -2.91 -1.52 0.030 823 55946
Transport slc40al -2.69 -1.53 0.043 2303 53945
Transport kdelr2 -1.59 -1.37 0.020 1703 66913
Transport atpda -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 ptpladl -3.99 -1.5 0.039 1554 8BY
Cell communication mpzI2 -3.06 -1.39 0.019 622 o1
Cell communication met -2.88 -1.55 0.012 170 17295
Cell communication habp2 -2.82 -1.4 0.034 1976 2262
Cell communication cmah -2.68 -1.21 0.031 337 12763
Cell communication arhgap9 -2.27 -1.13 0.047 1050 16425
Cell communication cxadr -2.23 -1.52 0.037 494 7305
Cell communication ceacaml -2.08 -1.58 0.015 980 3636
Cell communication stambp -1.96 -1.27 0.030 172 2705
Cell communication gnal2 -1.77 -1.09 0.036 227 B467
Cell communication prkach -1.67 -1.44 0.043 63 mB74
Cell communication synj2bp -1.64 -1.48 0.029 844 o4
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 6622
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Fold change

Ontology # MRNA _ _ P-value V\/_|Idty|%e GenelD°®
Liver  Kidney signal

Cell communication plekhg2 1.58 1.3 0.048 350 10149
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 nign2 1.82 1.36 0.044 181 216856
Cell communication edg2 2.19 1.29 0.044 126 14745
Cell communication col6al 23 1.56 0.042 975 12833
Cell communication Igals4 241 2.65 0.047 367 16855
Cell cycle anapch -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 cdchl -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 twsgl -2.42 -1.76 0.013 329 65960
Immune pbefl -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 abcfl 1.3 1.64 0.038 800 224742
Insulin mB ide -4.83 -1.48 0.005 241 15925
Insulin mB igfl -2.65 -1.61 0.049 2879 16000
Insulin mB igflr 15 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 7670
IP pathway pitpnb -3 -1.4 0.026 614 56305
IP pathway ahcyll -2.51 -1.37 0.036 314 229709
IP pathway pik3rl -2.17 -1.2 0.013 603 18708
IP pathway bpntl -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 ap2bl 1.53 1.26 0.014 644 71770
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Fold change

Ontology # MRNA _ _ P-value V\/_|Idty|%e GenelD°®
Liver  Kidney signal

Receptor gabbrl 1.61 1.27 0.047 270 54393
Receptor i117rb 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 6p45
Signal transduction  aplp2 -3.12 -1.92 0.005 316 0118
Signal transduction  shmtl -2.92 -1.19 0.045 1699 4230
Signal transduction  caprinl -2.54 -1.78 0.012 471 3872
Signal transduction  hbs1l -2.32 -1.27 0.013 296 2264
Signal transduction  rnf4 -2.2 -1.25 0.006 859 19822
Signal transduction  lancl2 -1.85 -1.45 0.045 59 3518
Signal transduction  supt16h -1.65 -1.27 0.048 76 4711
Signal transduction  sirpa -1.6 -1.12 0.018 567 1926
Signal transduction  hmg20b 1.52 1.15 0.030 221 3535
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 arcnl -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 hbp1l -2.89 -1.65 0.028 698 73389
Transcription zdhhcl14 -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 cxxcl -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 zc3hlla -1.86 -1.22 0.016 511 70579
Transcription fbxI3 -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 15 1.25 0.011 420 78829
Transcription med28 1.56 -0.98 0.048 892 66999
Transcription scandl 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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Ontology # MRNA _FOld chajjge P-value V\/_|Idty|%e GenelD°®
Liver  Kidney signal

Other cp -4.22 -0.94 0.038 1972 12870
Other tugl -3.18 -1.43 0.006 277 544752
Other rrml -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 4833439119rik -2.66 -1.41 0.012 325 97820
Other bzwl -2.65 -1.5 0.039 1188 66882
Other diol -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 glol -2.21 -1.54 0.009 6872 109801
Other fmo2 -2.1 -1.01 0.042 468 55990
Other sgpll -2.04 -1.19 0.005 202 20397
Other 2410002022rik -2 -1.5 0.021 447 66975
Other fafl -1.95 -1.33 0.005 465 14084
Other acly -1.93 -1.25 0.049 640 104112
Other mobkl1lb -1.89 -1.29 0.042 213 232157
Other rsad2 -1.87 -2.46 0.048 163 58185
Other aldh8al -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 pdxdcl -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 ssrl -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 Ism14b 1.55 1.33 0.032 403 241846
Other wwcl 1.57 15 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 uncl19b 1.74 1.29 0.017 472 106840
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Ontology # MRNA _FOld chajjge P-value V\/_|Idty|%e GenelD°®
Liver  Kidney signal

Other piml 1.79 1.53 0.034 407 18712
Other mkl1l 1.86 1.25 0.031 183 223701
Other podxl 1.86 1.2 0.049 270 27205
Other 2700099c¢18rik 1.86 1.37 0.044 42 77022
Other gal3stl 1.89 -0.94 0.042 181 53897
Other d19wsul62e 1.9 1.4 0.031 1793 226178
Other l0c624295 1.93 1.74 0.048 58 624295
Other plodl 1.99 1.44 0.034 801 18822
Other hba-al 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 speccl 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

% see material and methods, Chapter 5
b Average signal from all three replicates of wildtype animals in tjn; only
MRNAs in which the average signal waS0 units were included
¢ Gene IDs were retrieved from NCBIt{p://www.ncbi.nlm.nih.gov/sites/entrez?db=gene




