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Abstract

Laminin alpha 1 I(AMA1) is a major component of the earliest basement membranes in the
mammalian embryo. Disruption of the murihamal gene result in lethal failure of germ layer
differentiation and extraembryonic membrane formation at gastrulation stages, while conditional
ddetion of Lamalleads to aberrant organization of retinal neurons and vasculature, and defects in
cerebellar glia and granule cell precursors later in development. Similarly, inactivatimadfin
zebrafish affects lens, retina and anterior notochovdldpment. This diverse range of phenotypes in
LamaZldeficient animals reflects the complexity of its expression pattern during embryogenesis,
which is largely conserved among vertebrates. Major sitelsanfal transcription in the mouse
embryo are the neak tube, presomitic mesoderm, somites, nephrogenic mesoderm, head
mesenchyme and the lens. However, little is known about the signaling mechanisms governing the
spatiotemporal control ofamaltranscription. Previous studies in oub leevealed a requiresnt for

SHH signaling in the transcription dfamalin the somites and neural tube of mouse embryos.
Therefore, | hypothesized that SHHight directly modulatd_amal expression via the biling of

GLI transcription factors to regulatory regions in tia@nallocus.

In this study, | identified cis-regulatory element that may be involved in the Stihendent
controlof Lamalexpression in the murine embryo. | begay studywith a phylogenetic footprinting
approach that uncovered 2onserved nowoding elerents upstream of the murineamallocus,
some of which containe@LI binding motifs.Subsequent luciferase reportersed analysis in cell
culture with a subset of the CNEs did not provide convincing evidenanfancerandor silencer
like propertiesof the elements, except for CNE7. The CNk&re furthercharacterisd using arin
Vivo transgenesis reporter screen in zebrafighich uncovered a skeletahuscle specific regulatory
region. In parallel, a detailed survey of the existing literature revealegrész=nce of a nen
conserved Gl-bccupied region in intron 1 dhe murineLamalgene Subsequently, | showed that
this element bhaves as tissuespecific enhancer driving reporter expressiontlie neural tube of
mouse and zebrafish embryos. | provided evidence that active Hh signaling is required and sufficient
for the activity of this enhancer. Finally, | demonstratedt the GLI binding motifs within the
element are essential for its function. Altogether, these results suggedtithahe®y directly control
Lamaltranscription in the mouse neural tube via an intronic enhaacer also provide further
insightin the relationshg between cell signaling and the regulated expression of extracellular matrix

components in development and disease.
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Introduction



1. Introduction
1.1. Basement membranes and animal development

Metazoan development depends on intimate interactions between cells and their extracellular
matrices, which provide chemical, mechanical and electrical cues to guide cell behavior.
Basement membranes (BM) are a major form of extracellular matrix. Theynaite
component meshwotkke sheets, underlying all epithelia and surrounding muscle cells,
adipocytes, Schwann cells, nerves and endothelia (Colognato and Yurchenco 2000). Maj
constituents of BMs are the laminins, collagen type IV, nidogens, ernéam, whereas a
variety of other glycoproteins and proteoglycans are incorporated to BMs in a tsslie
stagespecific manner (Scheele et al. 2007) (Figure 1.1). Basement membranes are highly
dynamic structures, which assemble and-adisemble repeatedlyudng embryonic
development, conferring stability and compartmentalization, and thus are central to organ
morphogenesis and maintenance (Yurchenco 2011)sGdHce receptemediated contacts

of cells with BMs are involved in myriads of developmentalcpsses: early germ layer
polarization and differentiation (Miner et al. 2004), radial sorting of axons by Schwann cells
(Wal l qui st -slet cedl prolifer&ionO(MikRolpva ét al. 2006), hair growth and
morphogenesis (Li et al. 2003)igit separdon and neural tube closure (Miner et al. 1998),

to name a few. When the interaction between BMs and cells is disturbed, it often results in
pathological conditions such as muscular dystrophy obsenvpdtients with deficiency in

lami ni n U2 al epidermglysisim @atiénts with mutations in t/&VIA3 LAMB2and
ITGA6genes (Mitsuhashi and Hashimoto 2003).

The first basement membrane in the mouse embryo forms within the inner cell mass
of the blastocyst at ~ stage E5.5, and separates the prospective epiblast from the primitive
endoderm (Miner 2008), as described later in more detail. One of its major cortgisribe
product of thelaminin alpha lgene, subsequently expressed in other structures of the

developing embryo, and subject of the current study.

1.2. Laminin alpha 17 gene organization, protein structure and assembly
The mouse dminin alpha 1 prote ( | a mi nwas firsUito)ated as paof a trimeric

glycoprotein (Aminin-111) from the Engelbrethlolm-Swarm (EHS) embryonal carcinoma,
that wasalsoenriched in the basement membranes of normal tissues (Timpl et al. 1979).
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Figure 1.1. Schematiagepresentation of the structure of basement membrdwesinins interact with their LN
domains to form a network, which is anchored to the cellasarfvia direct interactions o&rinins with
integrins, adystroglycan and sulfatides, and indirectly viaimagImportantly, nidogenperlecan and agrin
connect thedminin network with the independiyn formed ollagen IV network to establish the basement
membrane double arrowsindicate physical interactions between basement membrane components). Adapted
from Hohenester and Yurchenco (2013)

Subsequent molecular cloning studies réagahat the three subunits ainhininlll are
encoded by distinct but homologous gendsamal, LamblandLamc] forlami ni n U1,
and 291 chains, resp®g/njgively (Martin and Ti
The Lamalgene is a member of a diverse family of genes encoding extracellular
glycoproteins, with representatives in all Eumetazoans, including cnidarians, ecdysozoans
(Drosophila and Caenorhabditiy and all vertebrates (Domogatskaya et al. 2013). Within
vertebrate genomed,amalis located in a genomic region featuring conserved synteny
whereLamalis always accompanied by therc30, Ptprm and Arhgap28proteincoding
gene loci in a conserveddarand orientationhinting at the existence of constraints on gene
regulation in the cluster, as discussed later in this study. Moreover, the exonic organization

and amino acid sequence encoded by the murameal are also highly similar to the



correspondig human, chicken and zebrafish orthologs, as summarised in Table 1.1. This

suggestsor conserved functions of tharhininUL subunit across vertebrates.

Gene cDNA Numberof Predicted moleculal % Aminoacid sequence
: Numberof . : e Lo .

length in exoné length in aain mass of protein in | identity with the murine

bp? bp? proteir? kD& ortholod'
Mouse 125, 380 63 9,518 3, 084 ~ 338 -
Human 176, 070 63 9, 657 3,078 ~ 337 ~ 76%
Chicken 98, 854 63 9, 401 3, 097 ~ 340 ~ 64%
Zebrafish| 92, 360 63 8, 040 3,078 ~ 336 ~51%
Table 1.1.Characteristcsofd mi ni n U1l gene and protein

sequences.

a, data obtained from the Ensembl databasey.ensembl.org
b, data obtained from the UniProt database, www.uniprot.org

¢, data generated via the ACompute pl/ mWd too
d, data generated vi swwuhigotédfdAl i gnodo t ool in Uni
e, evidence at protein level
f, evidence at transcript level

1.21.Lamn n Ul is part of a heterotrimeric cot

Laminins constitute a diverse family of glycoproteins with critical roles in basement
membrane @mposition and formation. Eachrhinin molecule is a heterotrimer compdsof

Uo -naen db damigin subuni (Figure 1.2). The subunit compdsi determines

U amininfi 11, foa instance 1 f
u1) ,

gamma subunits have dxe described each encoded by an individual gene, which in different

one,

the name of theaminin trimerwhe e s ubuni t s

(Aumailley et al. 2005). Imammals, five alpha (includingIlmi n i n four
combinations participate in the formation of at least 16irais biochemicallyrecognised
laminin trimer isoforms (Minerrad Yurchenco 2004). Apart from laminirill, the &minin
U1 be
laminin121in vivo, although this idea is based only on coexpression studies and is currently

s uibthonght by some authr s t o able to partner w
controversial (Durbeej et al. 1996; Sasaki et al. 2010).

Laminin111 is the fist laminin described and the most extensively studied in terms
of biochemical and biophysical properties (Timpl et al. 1979; Ekblom et al. 20038)jnin-
111 has a crosshape architecture featuring three short arms and one long arm (Figure 1.2)
(Beck et & 1990). The three short arms are represented by-theeN mi n a |
21 t he |

subunits (Colognato and Yurchenco 2000).

parts

and subunits, whi | e ong arm is f


http://www.ensembl.org/
http://www.uniprot.org/

Figure 1.2 Schematic drawing of thelomain structure of
laminin111. The bBminin-111 heterotrimer is cross shaped a ol
all three subunits (U1, b1 LN c ommo
organization with globular LN and L4 domains, #idce LE

domains, and coiled coil do
subunits) carries five globular G. domains at its carboxy
terminus. Adapted from Hohenester and Yurchenco (2013).

Bl @memmicn@ud) I

The short arms consist of several globu LN LN
domains- one LN domain and two L4 domains in th
Ul subunit, and one L sincg
domai n i n t he b1l globuldr I

domains in all three subunits aeparated by tandern

repeats ofdminintype epidermal growth factor, of
LE, rodlike domains (Durbeej 2010). The long ar LG1-3 ﬁ
LG4-5

of each subunit c o-hedical s si ve

coiled-coil domain, which facilitatesimer formation
(Beck et al. 1993) . I n addition, the al phe
of 5 globular domains (LGH) at the Germinus (Tzu and Marinkovich 2008) (Figure 1.2).
However, there are sonmexceptions to the so describeaminin structure. For instance,
lami ni n U3A an ditheylaclatheshorttanmpas is the case fartni ni n b 3
22 subunits (Miner et al. 1995).

The LN domain of all three chains iarminin111 features a besandwich motif with
sewral loos and is required foraminin network polymerisation (Schittny and Yurchenco

1990) as shown by electron microscopy wheré*@apendent ternary interactions occur

bet ween the LN domai ns oitfrom adgacettdaminim trimersp , a
thuse st abl i sredarmrgn ti ma eff talc taminimassembty §Cadng et al. r199T;
Paul sson et al . 1988). The roles of téae LI

21 subunit wvidoderlhandi iamddhss interaction appears te éssential for
kidney development, as discussed below (Willem et al. 2002). The5L@&dmains of the
alpha chains have a lediiike betasandwich motif complexed with €aions, and are
especially important in establishing contacts with cell surfaceptexse (Hohenester et al.
1999).



Assembly of &minin heterotrimers occurs in the Golgi apparatus with the initial

dimerization between the coiledo i | domains of the b and 2 ¢
of the U subunit, a n ded byrseveravdisalphele bor@sn(pdulesgn i
et al . 1985; Tokida et al .redIod<edetian ofAhd whole i o r

laminin trimer (Yurchenco et al. 1997), although studies in mouseDaosophila have
shown that U chains can be released from
al. 1997; Yurchenco et al. 1997).

1.2.2. Interactions of &minin-111 with other ECM components and cellular receptors
Multiple interactions exist betweelaminins and other components of the extrad¢atiu

matrix, as well as betweearhinin and cell surface receptors. In general, most interactions
with the ECM occumon the short arms of all threanhinin subunits, while interactions with
the cell surface is mealied by the globular LN and L& domains of the alpha chains
(Miner and Yurchenco 2004). For instance, the cedeadl i | d omai cs wathf theo 1 |
heparan sulphate @eoglycan (HSPG) agrin, and witidogens, as mentioned earlier, which
togetherwith perlecan help teestablish the linkage between laminin and tbéagen IV
networks (Bezakova and Ruegg 2003; Fox et al. 1991; Hohenester and Yurchenco 2013).
The mgor cell receptor partners for laminiill are mtegrinsU1 b 1 , Uu2b1,
U6b4, UUBID, aannddyserdglycan abdymdecansContacts with ritegrins are
mainly established viathe Lé& domains of the U subudit (
i nt er a edystroglycanhhepdran sulfates and sulfated glycolipids (Talts et al. 1999).
However, a glutamic residue inthetCe r mi nus of the 91 chain w
compkx formation between LG2 and thentegrins (Ido et al. 2007).
The interaction of laminins with integrins angstioglycan is thought to promote not
only BM assembly and maintain stability, but also to serve signalling functions, which
culminate in the activation of intrabddar pathways. For instancejtegrins activate the &
kinase signaling pathway in mammary epithelial cells resulting in suppressapopfosis
(Boudreau et al. 1995)n another study, Li et al2002) examined the function of laminin
111, integrin and yktroglycan for cell differentiation in embryoid bodies (EBs) derived from
mouse ES cells. They found that epiblast differentiationcavitation ae dependent on the
presence of lamin#ill and that both integrin angsdroglycan are important for epiblast

survival. Thus, Bminin reception plays important roles in the control of cell differentiation,



survival, proliferation and migratioin both embryonic and postnatal processes (Danen and
Sonnenberg 2003; Yurchenco et al. 2004).

1.2.3. Laminin-111 and basement membrane assembly
Laminins, including aminin111, are essential for BM assembly as demonstrated in culture

and in vivo. For ingance, & mi n i-ra n & -teficient mouse embryos are unable to
assemble the earliest embryonic and Reicht 6 s BMs caused-1dwndf ai |
laminin511 synthesis culminating in embryonic lethality at E5.5 (Smyth et al. 1999; Miner

et al. 2004).Likewise, ami ni n U1 constitutive knockout
Reichertdéds BM, whil e t he pesebtduedorcompensaidos l@yme r
lami nin U5, allowing epiblast polarization,
et al 2004). Nevertheless, this compensation is incompletaraal” embryos die shortly

after E6.5 (Miner et al. 2004). LikewiseamcI™ embryoid bodies in culture fail to assemble

a basement membrane between the endoderm and epiblast, while excypptermentation

of laminin-111 restores BM assembly and epiblast polarization. Importantly, this restoration
is prevented by blocking either polymerization or intecarst between the LG domains of
laminin Ul and cellul ar arllyameantdoi s i L iOHae s u b |
lacks all LG15 domains is unable to assemble a basement membrane on the surface of
cultured Schwann cells (McKee et al. 2007).

In contrast to the requirement famhinins in early embryogenesis, genetic ablation of
other BM component$ nidogenl/2, perlecan andollagen 1V, reveal that they are not
essential for initial assembly of BMs but are required later for maintenance of their integrity
in the skeletal, vascular and respiratory systems, among others (Adikeasawa et al.

1999: Murshed et al. 2000; Poschl et al. 2004).

1.3. Expression of Laminin U 1
Laminins are expressed in various tissues during embryonic and postnatal development. In

general, the alpha subunits exhibit more restricted tispaeific expression patterns as
compared o t he b and aomisiubu nbilt,s .U3T hautsdpreskbt ina r e
the basement membranes of epithelial tissu

and structures of mesenchymal origin (Tunggal et al. 2000).



1.3.1.Lamalexpression in the mouse and human
In the mousel.amalmRNA is first detected at the£cell stage (Dziadek and Timpl 1985)

suggesting the possibility of maternal der
in the intercellular space at morula stage (Cooper and McQueen 1983), mosinlikety

form of laminin111. At early postmplantation stages (E556. 5) , Laminin
prominently in the extr@ mb r y o ni ¢ baReenent rheenbrané, sis partarhinin111,

as well as in the embryonic basement membrane, which separates the epiblastefrom th
visceral endoderm (Miner et al. 2004). At later embryonic stages (from E9.0 onwards), the
major site ofLamalexpression is the ventriculansventricular zone of the central nervous
system (in both the future spinal cord and in all major divisions efbthin), but also the
presomitic mesoderm, newfgrmed somites, sclerotome, head mesenchyme, lens of the eye,
and in nephric structures (Chapter 3 of this study; Anderson et al. 2009; Lentz et al. 1997;
Miner et al. 2004). LaminitJl expressed in thesisdues is observed in the pial basement
membrane surrounding the CNS; in the somitic, dermomyotomal and myotomal BMs, and in
the BM of the proximal tubules and ureteric buds of metanephric kidneys (Anderson et al.
2009; Lentz et al. 1997With progressionof developmentlamal expression is down
regulated in anterior somites (Anderson et al. 2Q0able 1.2)

Analyssoflami nin U1l protein distribution in
in only few structures in the nervous and getitmary sytems,pia matter, brain blood
vessels, the ECMs that cover the vitreous chamber and lens of the eye, adrenal gland cortex
proximal tubules of the kidney, testis; epididymis, prostate, and ovary (Ekblom et al. 2003;
Falk et al. 1999). No staining was oba inthe trachea, lung, adipose tissues, Schwann
cells, endothelia, myocardium, smooth muscle, thymus, and spleen (Falk et al. 1999).

Inhumans,dmi nin Ul is similarly detected in
the kidneys, in the BMs of theeminiferous tubules of the testes and intestinal mucosa

glands, and associated with the capillary vasculature in the adult brain (Virtanen et al. 2000).

1.3.2.Lamalexpression in zebrafish
The expression patternaiimi ni n U1 i s | ar gmhnyals and nebrafishv e d

wherein the latterlamalis first detected as maternally deposited transcripts as early as the
2-cell stage and later zygotlamalis expressed in the neural tube, presomitic mesoderm,
somites, eyes, otic vesicles, gut and prémep(Table 1.2; Figure1.3 and 1.5 (JosephB.



Pickeringdés Thesis 2012; Z i hpf, Bmwmal expresson is a |

dramatically dowrregulated in the anterior CNS and completely extinguished in the spinal
cord, somites and presomittesoder m (Joseph Pickeringos
situation in the mouse (Miner et al. 2004).

1.4. Regulation ofLamalexpression
The conserved pattern aBmalmRNA expression between mouse and zebrafish suggests

conservation in the mechanisms (signaling and transcriptional) that regalat@l gene
activity (Anderson et al . 20009; Joseph P

However, the signalling plaways controlling_amalexpression remain largely unknown.

1.4.1. Signalling pathways and control oEamalexpressionin vitro
Some insights have been gainednirgtudies in cell cultures. FGERlominantnegative

mutant ES cells feature abrogated FGHalipg causing reduced Akt/PKB activation, which
correlats with decreased expression of lamidilil and ollagen type IV (Li et al. 2001).

| nt er e s-integnirgnullyembrybidl bodies fail to expresarhinin111 (Li et al. 2002)
due to dowrregulation in &minin U Jexpression, suggesting a feedback roleiritegrins in
the control of &minin expression that might be mediated by, among others, the Akt/PKB
signal transducers (Ekbto et al. 2003). Also, induction of endoderm differentiation in
retinoic acidtreated F9 embrywl carcinoma cells in cultureorrelaes with the
simultaneous upegulation ofLamal LamblandLamc1mRNA expression (Kleinman et al.
1987). The increase ihamal expression during differentiation of F9 cells into parietal
endoderm was shown to be dependent OXB GATA4 and RATAG6 inputs,where X7

is necessary for the activation Gfata4 and Gata6 (Futaki et al. 2004). Altogether, these
studies reveal thdtamalexpr essi on 1 s responsi venegn FGF
signaling, although remains unclear whether these effects act dirindirect.



8-cell, 1.25 hpf | 50%-epi 53hpf tail bud, 10 hpf || 6-somite, 12 hpf

15- somlte 17 hpf
I

Figure 1.3 Zebrafish lamal mRNA expressidexpression pattern of zebrafistmal mRNA in wild type

embryos. Maternal transcripts are detectethat8cell stage (A). (BK) During somitogenesisxpressions

strong in the neural tube, somites and presomitic mesoderm, but by 49 hpf (ame) transcripts are
observed only in some brain structures, in the pouches associated with the branchial arches, and in the otic
vesicles. (C, D, G, J, K, L, M) lateral ve ws ; ( E, H) dorsal Vi ews; (1) a t
K) transverse sections as indicated in J. Abbreviations: ac, adaxial cells; ant, anteritar, eliehcephaloritp,

floor plate;fm, fast muscle progenitors; hb, hindbrain; mhiidbrainhindbrain boundary; mt, myotomest,

neural tubenc, notochord; llo, lateral line organ; ot, optic tectww; otic vesicle; som, somites; spc, spinal

cord; pn, pronephros; post, posterior end; psm, presomitic mesoderm; te, telencdphaldnages are kindly
provided by Dr. Joseph B. Pickering, University of Sheffield).

Legend
Il out I neural tube
[ lens " nephric organs
I retina pharyngeal pouches
I somites cranial mesenchyme
I otic vesicle I presomitic mesoderm

Figure 1.4 Conserved domains of Lamal mRNA expression pattesthematic diagram of a generalized
vertebrate embryo showing the major domainkarhalmRNA expression that are shared between mouse and
zebrafish embryos. Individual domains are highlighted in different colours. A more detailed description is
provided in Table 1.2 and Section 1.3.
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mouse zebrafish chicken*

2-cell stage (mat); neaftube;
2-4 cell blastula (mat); morula;|  otic vesicle; optic cup; lens;
visceral and parietal endodern| presomitic mesoderm; somited ~ Ingressing mesoderm during

neural tube; presomitic adaxial cells; fast muscle fiber gastrulation; neural tube;
mesoderm; somites; sclerotom progenitors; notochord; foregut endoderm; head
. ut endoderm; nephrogenic i . mesenchyme; somites;
Lamalexpression pattern. 9 i phrog nephrogenic mesoderm; gut V! ;
mesoderm; head mesenchym endoderm; hypochord. sclerotome; nephrogenic
lens; otic vesicle; optic cup; mesenchyme; optic cup; lensj
meninges; pharyngeal pouchei gy 49 hpf,lamaltranscripts posterior lateral plate
remain detected only in some mesoderm.

brain structures, in thpectoral
fins and pharyngeal pouches|

smo” mutants ocyclopamine
treatment: early stage embryo
(up to 15somites)> no defects
in lamalexpression. 25 hpf
embryos-> reducedamal
mRNA levels in presomitic
mesoderm and anterior neuraj
tube;no change in somitic
expression (Joseph B.

Lamaltranscription is absent : :
Pickeringbs

from the neural tube and
somites ofShh", Gli2” and . .
Involvement of HHsigndling | Shh”;Gli3” embryos(Anderson ptchI™;ptch2” or dnPKA

in regulation ofLamal et al. 2012) MRNA treatment: in 1&omite No data.
expression. stage embryos> increased

levels oflamalmRNA in the
neural tube, somites and
presomitic mesoderm;
expansion ofamalexpression
along the D/V axis of the neurg
tube. 25 hpf embryos> lamal
mRNA levels in somites are
similar towt/untreated embryos|
but levels in the neural tube an
presomitic mesoderm remain
increased Joseph B.
Thesis 2012)

_ FGF, Akt/PKB signalling,
Other signding molecules and | A1p4, GATAS, retinoic acid,
TFs implicated inLamal Bl integrinik

expression. SOX7/SOX17, KLFA/KLFS,
DMRT2.

No data. No data.

Table 1.2. Summary of the Lamal mRNA expression pattern together with relevant signaling molecules and
transcription factors in the embryos of mouse, zebradisth chickenComponents and antagonists of the HH
signaling pathway are highlighted in a bold font. The main text includes a more detailed account on the
signaling pathways and transcription factors implicatedLéamal expression together with the relevan
references (see Section 1.3, 1.4 and 1.6 of this sttidgda onLamalexpression in the chicken embryo is
based on results from the current study (see Section 3AbB)eviations mat, maternal; wt, wild type.

1.4.2.cisregulatory elements inLamaltranscription
Although the majority otis-regulatory sequences in the vicinity ldhmalare unknown, a
few studies have reported the existence of regulatory sequences involved in the control of

Lamaltranscription in mouse and human cells in cul{rigure 1.5) For instance, a 435
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parietal endoderm enhancer (PEE) with binding sites for the ubiquremsription factors
of the SP1/SP3 family, NFY and YIYwas found ~ &b upstream of the murineamalgene,
and was shown to be required taamalexpression in the P¥3 parietal yolk sac cell line
(Niimi et al. 2003; Niimi et al. 2004). Subsequent investigation onstmae enhancer
revealed that SOX7 and SQ@X also bind to motifs within that region andggasted a
synergistic mechanisrbetween SPBEP3, SOX7/SOX7 and YY1 in conferring parietal
endodermspecific expression dfamal(Niimi et al. 2004). In addition, analyses of &2
region upstream of the transcription start sité.@fal in the murineCaco2TC7 intestinal
cell line, uncovered thexistence of binding sites for the Ufwpd-like transcription factors
KLF4 and KLF5, as well as for JUN, CEBPA, FOXANR3C1 and SP. Mutations in all
motifs revealed that they are essential for the activity of theb2 f p r oegiantin€aco2
cells, while overexpression of exogenous K4 Feads to repression of its activity (Piccinni et
al. 2004). Based on this, the authors proposed a model WhErk expressed in postitotic
cells of the intestinal epitheliunompetes for binding with the SP1 and/dtHb, resulting in
repression ofLamal transcriptionin those cells. In contrast, KB5Fis expressed in a
complementary pattern in the proliferating zone of the adult gut epithelinncells of the
intestinal crypts, where it might be involved in activationLamalexpression (Piccinni et
al. 2004).

Another study identified the basatgmoter of the humahAMAL gene- a 237bp
region located betweer206 and +31 relative to the transcription start site, that is highly
conserved with the moudeamal promoter and both lack TATA and CCAAT elements
(Niimi et al. 2006). It appears that thetigity of the human promoter depends on the
cumulative effect of sixC-rich binding sites for the SP1/3 and K4/B transcriptn factors,
as revealed in thedminin-111- producing JAR choriocarcinoma cells (Niimi et al. 2006).
Taken together, the obsetimns in mouse and human cell lines gesst that conserved inputs

by SP and KLRactors are involved in regulation bAmaltranscription.
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I

Niimi et al., 2003; Niimi et al., 2004 Piccinni et al., 2004

Figure 1.5 Schematic representation of the knownreigulatory elements of the murine Lamal gevith
experimentally validated transcription factor binding sitEer more detailed description see section 1. 4. 2 in
the main text. BP, basal promoter; B Eparietal endoderm enhancer. Importantly, none of the previously
identified regulatory elementsf Lamal overlap with any of the conserved rooding elements (CNES)
uncovered in this study (describeddietail inChapter 4).

13



1.4.3. Regulation olLamaltranscription in embryonic development
Knowledge on the regulation @malexpression during embryonic developmenvivois

even scarcer. Intriguingly, E10.Bmrt2” (doublesex and maB® related transcription
factor 2 mouse embryos display lack @nhinin U immunoreactivity in thesomites, which
correlates with morphological and molecular (such as reduced expresiar3MyoD and
Pdgfg aberrations in the dermomyotome and myotome (Seo et al. 2006). However, it is
unknown whether the absence afinin U 1in this case is a result of defect mmal

transcription.

1.5. Laminin expression in skeletal muscle development
Most muscles in the trunk of amniote embryos are derived from the myotome in two

successive waves. First, the myotomes are built by deddion of MYF" myogenic
precursor cellsrom the dorsemedial edge of the dermomyotome followed shortly after by
migration of cells from the other three lips of the dermomyotbomwentralateral, rostral and

caudal (Figure 1.6)(Gros et al.2004; Ordahl et al. 2001). During the second wave, the
already formed myotomes incream size by the addition of PAX/PAX7" myogenic cells
directly from the central dermomyotome, which contributes to the growth of the muscle
masses in later embryogenesis and also provides progenitor cells for the stem cells of adult
musclei the satellite cell{Figure 1.6)(Gros et al.2005; Relaix et al 2005; Yusuf and
Brand-Saberi2006).

The distribution of aminins during myotome development is a highly dynamic
process. Iniaally, a lamininlll- and Bminin51l1-containing BM surrounds the murine
somite. Following deepithdialisation of tte sclerotome, laminild1 s observe
dermomyotomal and subsequently in the myotomal BMsderson et al. 2009; Bajanca et
al. 2006; Tosney et all994) but also at the myotendinous junctions of developing
intercostal muscles (Patton et al., 1997) and, as revealed by studies in our laboratory, at the
sites of activated satellite cells in adaitu s cl es (unpubl i shed dat
Thesis).Lat er in myotome devel 0pmamppealt aminnitrh
membranes enveloping individual myocytes (Patton et al. 1997). However, matabst
muscl e {arbae4aslibing 4reabsent from the BM surrounding the myofibre,

although they remain at the neurwscular junctios (Patton et al. 1997). Thus, lamiti2
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is the maina mi n-chain ptesent in the sarcolemmal BM of adult muscle (Gullberg et al.,
1995; Schuler and Sorokih995).

Figure 1.6. Myotome morphogenesis in amniotes and zebrafisachematic depiction of the morphological
events during myotome development(A) amniote (mouse and chicken) and (B) radish embryos. In both
groups themyotone is derived from thesomites in a series of cedpecification and translocation events
regulated by the SHH, BMP and WNignals emanating from the notochord, neural tube, surface ectoderm and
the lateral plate mesoderm (Christ et al. 200#)wever,the morphologicarearrangementand the muscle
progenitor compartments in the somites vary between amniotes and ze{®BafistrntRichardson and Currie
2008) (A1, A2) The myotome of mniotesis formed via myoblast delamination (curvelhck arrowsin Al)

from the four li of the overlying dermomyotome (showrréd andpink at the edges of the dermomyotoine

Al). Once in the myotome, the myoblasts become-piitsttic and elongate rostrwaudally(A2) (Bajanca et al.
2006; Christ et al. 2007)A second population ofnyotomal cells grange tubes in A3) is providediia
ingression of PAX3+/PAX+ myoblast precursors from the central dermomyot@mnerangeplate above the
primary myotome in A2), which also establish the satellite cell population of adult musiads drey
arrowheadsn A3) (Buckingham 2000)(B) Myotome development in zebrafish features the establishment of
distinct populations oflowtwitch and fasttwitch muscle fibergJackson and Ingham 2013Jhe first cells
committed to the trunk skeletal mustilgeage in zebrafish are the slow muscle fibers EFSMTheir precursors

are cuboidal cells located in the medial sorflileie circlesin B1). Once speciéid to the myogenic lineage by

Hh proteins from the notochord, these cells elongate, differentiateniohonucleate slowwitch fibers and

start migrationi initially dorsoventrally plack arrowsin B1) and then laterally directly through the somite
(black arrowsin B2 and B3) and eventually populate the lateral myotome (88)kson and Ingham 2013;
Ochi and Westerfield 2007; Wolff etl. 2003) Meanwhile, cells located in the posterior of somites start to
elongate forming the medially positioned fast muscle cellsgihleareaof somite in B3 and B4{Stickney et

al., 2000) Parallelto these events, an earlier cell population in the anterior of each somite relocates to the lateral
surface of the myotome where it establishes the dermomyldeaadxternal layer of Pax3+/Pax7+ celtgeen
elipses on the lateral somitic surface in BAhjich contribute a further growth of the myotomeieencircles
marked with red arrownheads in B4)Abbreviations: cdmm, central dermomyotome; cl, caudal lip of
dermomyotome; dml, dorsomedial lip of dermomyotome; dmmll, dermomyottikealayer; fmf, fastmuscle
fibers; mp, muscle pioneers; myo, myotome; nc, notochord; nt, neural tube; sc, sclerotome; smf, slow muscle
fibers.(Adapted from BrysotRichardson and Currie 2008, aBtickney et al. 2000).
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1.6. SHHis required for Lamalexpression and myotomal asement membrane
assembly
Important insight in the signaling pathways governiragnal expression during myotome

formation in the mouse embryo was provided by studies in our laboratory (Anderson et al.
2009).

1.6.1.Shh” mutant mouse embryos fail toexpressLamalin the somites and neural tube
The formation of admininrich myotomal basement membrane (MBM) is important for the

achievement of correct myotome shape, for its separation from the sclerotome, for proper
myogenic cell specification, and faeural crest migration (Anderson et al. 2009; Bajanca et
al. 2006; Tajbakhsh et al. 1996; Tosratyal. 1994). The MBM contains laminrbll and
laminin111 heterotrimers, as revealed by immunostai(daglerson et al., 2009; Bajanca et

al., 2006) Importantly, previous work in the lab emvered an essential role of SHithe
formation of the MBM (Anderson et al. 2009ndeed, in the absence of Ginediated SHH
signalling Myf5-expressing cells (which enter the myotome from the rostral, caudal and
ventrolateral dermomyotomal lips) are abnormally located in the ventral somitic
compartment. Further investigation showed absence of assembled myotomalSBhil

and Gli2;Gli3-double null embrygsalthough fragments o&aininin polymers and other BM
components were detected associated with the myogenic precursor cells (Anderson et al.
2009).

Analysis of the expression dbmalandLama5genes revealed that laminthl wa s
no longer expressed in the somites and neural tutshbhull embryos, wheeas the somitic
expression of laminiKJ5 was unaffected. Based onalt he
(2009) hypothesised that SHitgnalling is required for the activation lbAmalexpression in
the somie, and that the lack of Lamindl | ed to the failSie of
deficient mouse embryos. Supporting this hypothesis, treatme®hif;Gli3” mutant
embryoswith 30 pg/ml exogenas lkmininl1l1l restored MBM assemblyuriously, the
efficiency of restoration appeared to degeon the dosage of endogenoasminin for the
same treatment failed to restore the MBMShH;Gli3*"embryos (Anderso et al., 2009)
that express GI3R protein, which presumably represkasaltranscription.

Importantly, restoration of the myotomal basement membragélifi;Gli3” mutants
after aminin111 additionis a progressive process, in antetmposterior direction, and
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correlates with the recovery dfamalexpression, both in the secbtome and neural tube
(Anderson et al., 2009). However, thbserved delay in the recovery suggests ltlaamal

expression also requires @A function for timely activation in more posterior somites.

1.6.2. dhis required for lamalexpression in zebrafish
Interestingly, B hpf smd” mutant or cyclopamin&eated wild type fish embryos exhibit

strong reduction imamalexpression in the presomitic mesoderm (PSM) and anterior neural
tube, but not in somites, whilamalexpression isinaffected in early (225 somites stage)
embryos (JosepB.Pi ckeringdés Thesis 2012), indicat
for zebrafishlamal transcription in the central nervous system, similar to the mouse.
Moreover, constitutive activation of the Hh pathway ptthlptch2 double mutant fish
results in strong upegulation oflamalexpression in the neural tube and PSM, and also in
the somite (JosepB.Pi cker i ngo qTallell2)si s 2012)

Altogether, previous studies in our laboratory demonstatenserved requirement
for SHH signaling in Lamal expression in the neural tube and paraxial mesoderm of

mammals and teleosts.

1.7. Functionsoffami nin U1l in devel opment
As part of lamininlll, B mi nin U1 is involved in the f

membranes in the mouse embryo, while later tisesicted expression relates to its
functions in the development of various structuré® the nervous system, eyes, kidneys
and skeletal musculature. Moreover, several studies have provided insights into the roles of

zebrafish laminin Ul in embryonic developn

1.7.1. Laminins and neural development
Laminins, includinglamininll1l, are known to participate in multiple aspects of nervous

system development, from modulating the behavior of neural stem cells to cortical

morphogenesis and peripheral axon gatting.

1.7.1.1. Laminins and neural stem cells
Culturing humanand mouse neural stem/precursor cells (NSPCs) isolated from the

developing cerebral cortex oanminin-111 matrices enhances their migration, proliferation,
survival, neurite elongation, arborisation and differentiation into neurons armtydss

comparedo cultures onibronectin, Matrigel or polyL-ornithine substrates (Flanagan et al.
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2006). Theseffects of aminin111, compared to other matrices, are consistent with the fact
that human NSPCs express mokthe Integrin receptors for laminitill, nanely integrins
uibp1l, U211, U3B1l, U6H1, U6BHB4, and U7b1 (FI

Interestingly, when dissociated retinal neuroepithelial cells fredayb old chicken
embryos were grown oramininl1l1l containing substrates, they proliferated, survived and
differentiated into neurons in a cekll contact dependent manner. However, culturing these
cells onlaminin211 also supported proliferation but not survival and failed to promote
neuronal differentiation (Fradet al. 1996). Thus, althouganhinins contaimig t he U2,
and b2 subunits ar e e xncheeftre eahtricular et (bathia ete u r e
al. 2007), theseaminins might have functions in modulation of neural stem cell behtnaor

are distinct fromthatolmi ni n U1.

1.7.1.2. Lamnins and cortical morphogenesis
It appears that glial interactions with the pial basetrmembrane, which is rich iarhinin

ui1, U2, U4, U5 and b1 (Anderson et al. 20
CNS development. For irestce, combinethactivationofa mi ni n U2 and U4 |
in radial glial cells (RGCs) attachment to the pial surface, apoptosis and cortex reduction
(Radakovits et al. 2009), which are most kel caused by pentegrimr bat
signaling in RGCs. Infact mi ce wi th conditional I nact.i
exhibit reduced RGCs proliferation and increased apoptosis due to detachment of the basal
processes of the RGCs from the pial basement membrane, which culminates in the reducec
size of the tedncephalic cortex (Radakovits et al. 2009).

Importantly, similar functions of d mi ni n U1l wer e descri
morphogenesis. Heng et al. (2011) dodikawaTomikawa et al. (2012) reported that in
adult Lamalconditional knockout mice generated $gx2Cre mediated deletion dfamal
in the epiblast, which circumvents the essential requirementdoral expression in the
visceral and parietal endoderm during early development (Miner et al. 2004) there is an
abrormal locomotor phenotype (Ichikawlamikawa et al. 2012). This defect correlates with
a severe disorganization of the cerebellar layers and with fusion of the folia, as well as with
excessive proliferation of granule cell precursors in the external gralayler, and with
defects in their migration, followed by massive cell death, causing a reduced cerebellum in

LamaZXdeficient animals (Heng et al. 2011). Interestingly, these perturbations are associated
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with a discontinuous meningeal BM, disorganizatadrthe Bergmann glial fibers and end

feet, and reduction in the number of dendritic processes in Purkinje cells (Heng et al. 2011;
IchikawaTomikawa et al. 2012).His demonstrates a role of trarlinin U icontaining pial
basement membrane in the contrbG#Cs proliferation at early stages and in GPCs survival
later on, which is perhaps mediated by interactmiihe radial glial cells withdminin111

in the pial membrane.

A further insight into thefunction of Bminins at the pial surface was provideyl
mutant mice with a deletion ité nidogerbinding site of thed mi ni n 21 subuni
al. 2002). Although assembly of the pial BM initiates in the mutant embryos, it is unstable
and subsequently degenerates, leading to the retraction ofghaliglrocesses from the pial
surface, and aberrant migration of Cdgadtzius cells and cortical plate neurons (Halfter et al.
2002).

Taken together, these observations demonstrate a critical ri@deiofins (including
lami nin U1) i n orphaldgy, anid inghéuromal migcagoh bnd differentiation,
which is dependent on interactions with the radial glia.

1.7.1. 3. Laminin U1l in axonal growth and n
Laminins appear to be important for neurite outgrowth and axonal migration. Culturamg avi

and ralent retinal ganglion cells on lamiriri1 or bminin211 stimulates neurite outgrowth
in anU 6 Entegrindependent manner (Cohen andnkim, 1991). Notably, distincaminin
isoforms exhibit different efficiency in promoting neurite outgrovithcultured murine
dorsal root gaglion (DRG) neurons, such that lamiriil and &aminin511 aremore potent
at stimulating neurotrophimdependentneurite elongation compared to lami#fl or
lamininr411l (Plantman et al. 2008). Interestingly, antibbibcking experiments realed
that the interactions ofaminin11l withU3 balnd U7b1 | ntegrins al
process, but not t he i nt eis requited fomtise effects di U €
laminin211 (Plantman et al. 2008). This obseiwa suggests distinct roles for lamiridl
and Bminin211, mediated by interactions with different integrin receptors in the developing
CNS.

Genetic ablation studse provide further insight intoaminins and neuronal
morphogenesis.Conditional inactivabn of Lamcl in the murine neocortex leads to

lamination abnormalities, failure of neurite ouugrowth and axonatfpading defects and
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these requirements are mediated by Intedependent activation of the AKT/GSKDb
signaling pathway (Chen et al. 2009imilarly, the lamaZl-deficient bashful (bal) mutant
zebrafish displayed widespread defects in axonaHpading and outgrowth in the CNS. For
instance, the forebrain axons, hindbrain reticulospinal axons and retinal ganglion cell axons
exhibited specit pathfinding errors indicating thatalmi ni n U1 i s req
modulation of axon directionality (Paulus and Halloran 2006). In addition, some axon tracts
were defasciculated and not fully extended, while other axons showed extensive branching
(Pauls anl Halloran 2006). This role o&iminins in axonal migration seems to be conserved

in evolution for mutational nactivation of either aA or aBaininin subunits in
Caenorhabditis eleganis also manifested by nerve npssitioning and defects in axonal

outgrowth (Huang et al. 2003).

1.7.2. Laminins and neural crest cells
The involvement ofdminins in neural crest (NC) cell development is well established (Perris

and Perissinotto 2000).rdnk neural crest cells travelling between the neural tube and
somites, along the venttateral migration route, abruptly turn laterally upon reaching the
level of the myotome, enter the anterior half of each sclerotome and preferentially use the
myotomalbasement membrane as a migratory substratum (Tosney et al. 1994).

Early studies of avian embryo explants in culture have shown thattdraction of
NC cells with Bminin is essential for their emigration and subsequent dispersal from the
closing neurhfolds (Bilozurand Hay 1988). Interestingly, laminin andllagen IV proteins
are dowrregulated at the roof plate of the closing neural tube as neural crest cells wardergo
epitrelial-to-mesenchymal transitioto leave the neuroepithelium (Duband et #988).
Notably, the basal surfaces of epithelia along the migratory routes Hl roeest cells are
lined with laminin and allagen IV, whereas the amount of these proteins within the NC
populations is low (Duband et al. 1988; Krotoski et al. 1988)ioQsly, termination of NC
migration and aggregation into dorsal root and sympathetic ganglia correldatesarwi
increase of interstitial laminin andliagen 1V within the NC population, suggesting that
these molecules promote stronger adhesion to the E@Mh probably impedes further
migration (Duband et al. 1988; Krotoski et al. 1988).
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1.7. 3. Laminin U1 in ocular development

Laminin Ul is present i A intthk ener limibng Bdvhdrana r o u
(ILM) separating the retina from the atro u s , and in the Bruchos
retina and choroid (Bystrém et al. 2006; Libby et al. 20B@mozygoud_amal™??*mutant

mice carrying the nesynonymous muteon Y265C in the short arm o&minin U I(which
affects LN domain prote#protein interactions) lack primary retinal vascular plexus and
exhibit persistent vasculature in the vitreous due to ectopic entry of retinal vessels and
astrocytes through the inner limiting membrane of the eye (Edwards et al. 2010; Edwards et
al. 2011). Thesebmormalities are most likely caused by defects in the organization of the
ILM which affect its interaction with Muller cells erfdefi the main glial cells in the retina.
Notably, Lamaf”’ nffutants withSox2Cre-mediated conditionalkgeletedLamal display
similar but more severe defects in retinal cell number and vasculature correlating with a
complete absence of the ILM and disorganized Muller cellsfesid Interestingly, at 1 year
of age,Lamaf’ homozygotes feate 11% increase in eye diametampared to wild type
littermates (Edwards et al. 2010; Edwards and Lefebvre 2013). This is very intriguing, as it
relates to a study by Zhao et al. (2011) who identified a significant association between high
myopia in Chinese patients and th&e2089760 BP located ~ 1.Kb upstream of the
transcription start site dfAMA1, presumably in a putative promofemoximal regulatory
element ofLAMA1 (Zhao et al. 2011). Thus, one can envisage a scendweoe reduced
expression ofd mi ni n U1 i n t heeor iB the sclerd sesulta énmalbroranal
eyeball size and shape.

Interestingly, the larvaethal zebrafistbashful a69bal*®®) mutants, which carries a
C56S point mutatin in the Nterminal region ofd mi ni n U1, feature a
defects suclas lens degeneration, corneal dysplasia, dismorphic hyaloid vasculature, ectopic
photoreceptors in the inner retina, and defects in axonal projections of retinal ganglion cells
(Zinkevich et al. 2006; Semina et al. 2006). Notably, the defects in theoartbamber
appear result from reduced focal adhesion kinaak) @ctivation and are not a consequence

of the degenerating lens (Semina et al. 2006).
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1.7. 4. Laminin Ul and kidney devel opment
LamalmRNA is expressed in the developing mouse mesonephros (Anderson et al. 2009;

Miner et al. 2004) and metanephros (Miner et al. 1997; Sorokin et al. 1997), where it is
transiently expressed by both the nephric duct and the nephrogenic mesenchyme, and is
exdusively included in the basement membranes of the epithelial ureteric tree and nephric
tubules but not in the BMs of kidney endothelia (Sorokin et al. 1997). Formation of the
mammalian definitive kidney, the metanephric kidney, begins at stage E11,dwyat\m of

the ureteric bud from the caudal end of the nephric (or Wolffian) duct, which invades the
nearby metanephric mesenchyme and induces it to condense into the tubular epithelium of
nephlrons (Sorokin and Ekblom 1992)interestingly, this mesenchynte-epithelium
transition is accompanied by the formation of a new basement membrane around the forming
tubules that predominantly contains lamidihil but alsodminin411 (Sorokin et al. 1997).
Importantly, incubation of mouse metanephric exfamith antibodies against theuminin

U 1 subunit blocked the mesenchytoeepithelium transition of the nephrogenic
mesenchsne, either by interfering withaminin network assembly operturbing the
interactions ofamininU with cellular receptors (Klein et al988).

Interestingly, mutant mouse embsytarbouring a deletion in the nidogeinding
steonbminin 21 displ ay p-ompasteriobedongatiomof mephrict h e
ducts, resulting in renal agenesis in 80% of the nist@illem et al. 2002)Other Bminin
isoforms are also prominently expressed in developing kidneys and have demonstrated roles
at different stagesfonephrogenesis. For instanceyinin511 appears to be critical for
glomerulogenesis (Minema Li 2000), and together witlarninin-3A32 are both required for
ureteric bud branching (Miner and Li 2002;nZet al. 2001). Thus, variouarhinin isoforms

participate at distinct steps of kidney development.

1.7.5. Laminin U1l in skeletal muscl e devel
Laminin U 1s essential for early myotomal development in the mouse (Anderson et al. 2009).

However, expression data suggest that it may also have some hitherto unknown functions in
later skeletal muscle morphogenesis (Patton et al. 1997), whereas current reseanch i
laboratory isuncovering unexpected roles afinin U in modulating satellite cell behavior
(Shantisree Rayagiriés Thesis), thus <chal/l
murine muscles (Falk et al. 1999).
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Although detailed charactization of aminin U 1functions in mammalian skeletal
muscle development awaits future studieashful mutants andamal-morpholinctreated
wild type zebrafish embryos already provide some insights in this respect. Zebedfish
mutants carry a 10Bp insertion in théamallocus resulting in a framshift and predicted
truncation of thedmininU Thain at amino acid residue 1424 (Semina et al. 2006). Similar to
other bashful mutants, 24 hpf bal™” homozygous embryos exhibit defects in cell
differertiation in the anterior notochord, followed by curved tail and shortening of the body
axis in 5dpf larvae (Paulus and Halloran 2006). Interestingly, the overall gross morphology
of skeletal muscles ibal™""" fish appears normal, further evidenced i tnormal
expression ofglil, gli2, myoD and slow myosingene expression in the somites, although
some individual fibers are miented. However, injection of morpholinos agaiasbhalin
wild type fish leads to significant detachment of muscle fibresnfthe myotendinous
junctions, and the defects are even stronger lama2” background, revealingverlapping
functions between laminiBll and aminin-111 in zebrafish myofibre attachment to the
extracellular matrix (Sztal et al. 2012).

An interestingole for la mi n tcantainirlg laminins in skeletal muscle development
was uncovered in thsleepy(sly) zebrafish mutants (Dolez et al. 201$)y mutant aléles
encode severely truncateelini ni n 01 chains that | ack mosH
the ~ 108 residue (the predted total length of zebrafisalmi ni n 21 is 1593
in notochord cell apoptosis and shortened body axis, that are more severebanutants
(Parsons et al. 2002). In additiosly mutants display failure oéngrailed expression in
muscle pioneers and medial fast fibers due to the ectopic activationws$igndling in the
central adaxial domain, and this appears to be mediated by promoting the incorporation of
heparan sulphate proteoglycans (HSPGs) in the dMhe medial surface of the siben
(Dolez et al. 2011). Thusalmi nli most tikely incorporated irmminin-111,-211 and-411
(Szstal et al. 2011), creates a permissive environment ford§bndent induction of

engrailedexpression in the zebrafisbmaite (Dolez et al. 2011; Maurya et al. 2011)

1.8. TheSHH signaling pathway
As described earlier, Sonic hedgehodHkB was found to be an essential signal for

activatingLamaltranscription in the somites and neural tube of mouse embryos (Anderson

et al. 2009)Shhbelongs to théedgehogtih) family of genes whose origin lies at the dawn
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of Eumetazoa (Adamska et al. 2007; Ingham et al. 2011). The gen@nesophilaencodes

only one HH protein that was originally characterized as essential for establishment of
segment polarity in the fly embryo (Hidalgond Ingham 1990). The amniote Hhimily
includestwo more paralogs apart from SHHndian hedgehog (IHH) and desert hedgehog
(DHH) (Bitgood et al. 1996; Chang et al. 1994; Echelard et al. 1993; Marigo et al. 1995),
while the zebrafish genome harbours fivé genes:shha shhb (or tiggywinkle hedgehog,
twhh), ihha, ihhb (or echidna hedgehoghh), and adhhortholog (Avaron etla2006; Currie

et al. 1996; Ekker et al. 1995; Krauss et al. 1993).

The SHHsignalling pathway controls, directly or indirectly, the development of most
vertebrate organs, and -degulation leads to congéai defects, as well as to tuntou
formation/progression in humans (Bale 2002; Ingham and McMak@01). Notable
examples of SHHegulated processes in vertebrate development includefatell
specification in the somite (Borycki et al. 1998; Wolff et al. 2003), craniofacial
morphogenesisHu and Helms 1999), dorseentral regionalisation of the spinal cord
(Dessaud et al. 2008; Ericson et al. 1995), arpesierior patterning of the limbs (Johnson
et al. 1994; LopeMartinez et al. 1995), gut wall patterning (Ramaentos et al. 2000),
ventral midline patterning of the prosencephalon (Ekker et al. 1995), tooth formation
(Dassule et al. 2000), growth of external genitalia (Seifert et al. 2010), and many others
(Huangfu and Anderson 2005).

1.8.1.Expression, secretion and diffusion of BH
During vertebrate embryogenesis, SHBl expressed at various sites with important

organizerlike properties, such as the notochditdpr plate, the zone of polaing activity
(ZPA) in the limb bud, and the frontonasal ectodermal zone (FEZ) (Ericson ¥298; Hu
and Marcucio2009; Johnson et al. 1994). SHi4ually acts as a morphogen at a distance
from its secretion source, and this role is particularly well documented in-densal
patterning of the neural tube, as discussed later (Ingham and MoN@ba).

SHHis translated as a ~ 45 KDa ppootein, that undergoes autocleavage to produce
two polypeotides- a carboxyterminal (SHHC) and an aminderminal one (SHEN) (Lee et
al. 1994). SHHN carriesall signalling activity of SHHand is palmitoylate in the N
terminus by the HAT acyl transferase, whereas itst&minus is covalentlinked to a

cholesterol moiety (Beachy et al. 1997; Chen et al. 2004). Studies in mutant mouse embryos
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show thatrelease of SHEN depend on the transmembrane proteiispatched 1 (DISB),
and studies irosophilademonstratehtat the lipid modifications on Hidre essential for its
secretion and foration of diffusible multineric HHcomplexes, and for its signaling potency
and range of action (Caspary et al. 2002; Céteal. 2004; Kawakami et al. 2002; Lewis et
al. 2001). One released from its source, SHiistribution is modulated by binding to its
receptori the twelvetransmerbranepass protein Patched (PTLHand to the vertebrate
Hedgehognteraction protein HHIP(which is absent inDrosophilg, both restricting
hedgehogdés diffusion range (Bishop et al

Mechanistically, hredgehog ligands exert their effects by blocking the generation of
repressor fans of the transcription factorubitus interruptus (Glin Drosophilg and its
homologsi the glioblastomassociated (G) factorsi GLI2 and GLB, in amniotes, as
described in more detail below (Alexandre et al. 1996;-Blaac et al. 1997; Sasaki et al.
1999).

1.8.2. Transduction of the HHsignal
The core of theanonical SHHsignalling cascade is similar in flies and vertebrates. Below is

presented a description of tBeosophilaHH pathway with comments on its differences in
vertebrates. In the absence bfllgand, the tansmembrane receptor patched (P} @Hibits
the hepahelical transmembrane protein smootherf@dl@ and prevents its localization to
the plasma membrane (Beachy et al. 2010), perhaps by modulating the levels of
phosphatidylinosite#-phosphate (PI4P) (Yavari et al. 2010). Smootheigedssentiafor
activation of Im signaling in both flies and vertebrates (van den Heuvel and Ingham 1996;
Varga et al. 2001; Zhang et al. 2001). In these condijtibesserine/threonine kinaga®tein
kinase A (PKA), glycogen synthase kinase 3 (GSK3) and casmias&k | (CKIl)
phosphorylate and target Cubituatdrruptus, orGLI in vertebrates, for proteasomal
processing ird a repressor form CI-R, or GLIR, respectively (Jia et al. 2005; Price and
Kalderon 2002; Tempe et al. 2006). These repressor forms enteuchles where ty
silence the expression of SHHrget genes.

A key role in recruiting the kinases @/GLI is playedby the motor protein @stal 2,
CO2, (or KIF7 in vertebrats), which forms a complex with SMO, G3LI, PKA, GSK3 and
CKIl in the absence of in (EndohYamagami et al. 2009; Sisson &t 1997). However,

binding of HH to PTCH which is assistethy the transmembrane proteitdOG and BOI
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(and their vetebrate orthologs CDO and BOGC respectively) (Tenzen et al. @® Zheng et
al. 2010, allows SMO to be translocatedto the cell surface (Liu et al. 2007)his
translocationappears to depend on the activity of teo serine/threonine kinasefused,
FU, that phosphorylate€OS2 at Ser572 resultgnin the dissociation of CI/GLI from the
CO2-PKA-GSK3-CKI complex and presnting the generation of €R/GLI-R (Liu et al.
2007; Ruel et al. 2007WJpon HH reception, Fused also phosphorylat@spBessoiof-fused
SUFU, permitting tte release of full length CI/GLI from an inhibitory /GILI-sufu complex
in the cytoplasm, and its subsequent translocationtirgonucleus where it activates HH
responsive genes (Methot and Basler 2000; Wang et al. 2000).

Despite the described similarities wilrosophila vertebrate HHsignaling features
some dfferences. For instance, instead of a sirRjlehgene, vertebrate genomes encode two
paralogs PtchlandPtch2(Carpenter et al. 1998; Lewis et al. 1999; Motoyama et al.)1998
Also, vertebrate SUFU is required for Gptocessing into a repressor fornaviecruitment
of G SKtBebPKACKI-KIF7 complex in addition to inhibiting the release and nuclear
translocation of fulength GLI(Cooper et al. 2005; Humke et al. 2010; Kise et @09.
Importantly, vertebrate Hidignaling depends on the primarjiwain (Corbit et al. 2005; Kim
et al. 2010). In the absence of SHHatghed is present in the cilium where it lsahe
ciliary accumulation of moothened, while when presenitl3 causes eviction ofgiched
from the cilium and accumulation oM® and the GL-SUFU complex, followed by release
of full-length GLI (Rohatgi et al. 2007; dkachinsky et al. 2010). The SHHggered
translocation of GLI to the cilium requires KiIFwheras in the absence of SHH, KIF
localises to the basal body of the cilium which enriched in PKA and proteasomal
complexes (Ingham et al. 2011; Liem et al. 2009). Inrsany, the organisation of the HH
signaling cascade is largely conserved betweendhelsvertebrates, where HH reception by
patched blocks its inhibitory effect on rmoothened which nevents the formation of €I
R/GLI-R forms, hence kwing the generation of €A/GLI-A and HHtarget gene activation
(Huangfu and Anderson 2005).

1.8.3. The GLItranscription factors are mediators of HHsignaling in vertebrates
The mammalian genomeneodes three paralogs of the GLI familycLI1, GLI2 and GLB

which are Zrfinger domaincontaining DNAbinding transcription facts (Matise and

Joyner 1999). Gla andGLI3 are bifunctional as they exist as either activator or repressor
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forms dependingn the presence or absence of HH ligands, wherea$ ddsesses only
activator properties (Hui and Angers 201 The repressor ability of GLI2 and Glis
determined by an Merminal repressodomain, which is absent in GL| while all thee
proteins have a-@rminal transactivation domain, with the Zfinger DNA-binding domain
located in between (Ruiz i Altaba et al. 1999; Sastkl. 1999). In addition, GLI2 and G&.1
harbour, like Cl a processing determinant domain (PDD) which isessary for limited
proteolysis and generation of GR forms (Smelkinson et al. 2007; Wang and Li 2006).

Genetic studies imice have demonstrated that GLI2 and &ldre the major
mediatas of SHHsignaling in mammals and are essentialrformal embryogeesis, with
GLI2 acting pmarily as an activator, and GRlactirg primarily as a repressor of Hidrget
genes (Ding et al. 1998; McDermot et al. 2005; Motoyama et al. 1998; Persson et al. 2002).
The cause for the predomnaintly activator function of GI2 gopears to be a lspotent PDD
than the one in GI3, resulting in complete proteasomal degradation upon phosphorylation
by PKA, GSK3beta and CKI, sth that very small amount of G:-R is produced (Pan and
Wang 2007)Gli1 gene expression is induced upoiilpathway activation, and is thought to
amplify the target cell response to Hitgnaling, but appears to be dispensable for murine
development (Bai et al. 2002; Bai et al. 2004; Park et al. 2000). However, in vertebrates like
zebrafish an&KenopusGlil raher than G2a/b is the main activator of Hh signaling in early
development (Karlstrom et al. 2003; Lee et al. 1997). Interestingly, othetragoslational
modifications also modulate Glfactor activity.Deacetylation of acetylated GLI1 and GLI2
in NIH3T3 cells by HDAC1 promotes their traractivatory potential (Canettieri et al. 2010),
analogous to #h effects of SUMGylation of GLI1/2/3 in the chicken neural tube catalyzed
by the SUMO E3 ligaselRS1 (Cox et al. 2010).

All three GLItranscription fators bind to DNA with similar affinity at the consensus
motif 5 - GGGGTGGTC3 6 u s pHisgZN-fihgess 4 and 5 of their DNAinding domain
(Kinzler and Vogelstein 1990; Hallikas et al. 2006; Pavletich and Pabo 1993vidqw
genomewide studies of GLbccupancy in cell culture and vivo revealed tb presence of
noncanonical GLIbinding motifs, ad that indirect binding of GLto DNA mediated by
proteinprotein interactions is not unlikely (Vokes ¢t 2007; Vokes et al. 2008). Gltarget
genes comprise both universal &tgthat are regulated in all Hidsponsive tissues and
these includétchl, Ptch2 Glil, Hhip, BocandCdo(Chuang and McMahon 1999; Lee et al.
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2010; Tenzen et al. 2006), and specific targets that are regulapedticular tissues only,
such as th&oxa2gene in the floor plat&GremlinandHand2in the limb buds, antyf5 and
Lamalin somites (Anderson et al. 2009; Borycki et al. 1999; Sasaki et al. 1997; Vokes et al.
2008).

1.8.4.SHH and dorso-ventral patterning of the neural tube
Initially secreted from the notochord, and then from the floor plate, the lipidated and

multimeric SHH-N establishes a dynamic gradient directed along the d@nsial (DV) axis

of the neural tube, where the spread stadbility of SHH is negaitvely influenced by binding

to atched andHHIP1, and positively affected by interactions with HSPGBOC BOC and
GASL1 (Echerald et al. 1993; Incardona et al. 2002; Martinelli Ban 2007; Rubin et al.
2002). The ventralto-dorsal gradient of ISH establishes six distinct progenitor domains in
the ventral neural tubé floor plate, p3, pMN, p2, pl and p0, by regulating the spatial
expression of multiple homeodomain (HD) and basic Helnp-helix (bHLH) transcription
factors (Briscoe et al. 2000) he target genes &HH signaling in the neural tube belong to
two classes: Class | genes are repressefHiy and these includPax3, Pax6, Pax7, Irx3
among others (Ericson et al. 1997; Mansouri et al. 1998), while Class Il taligetsoxaZ2,
Olig2, Nkx2.2, Nkx6.1, Dbx1, Dbx®Briscoe et al. 1999; Sander et al. 2000; Sasaki et al.
1997), are activated byHH (Jessell 2000). Thus, grad&tHH generates distinct expression
domains of HD and bHLH factors with sharp boundaries, which are maintained Isy cros
regulatory interactions between the two classes of targets, and the combinatorial expression

of different factors spatially defines the progenitor cell domains (Dessaud et al. 2008).

SHH patterns the neural tube via a gradient ofGLI activity

GradedSHH signalling patterns the ventral neural tube by generating a parallel gradient of
GLI activity, whereGLI repressor potential is progressively attenuated, wWhile activator
function is promoted in ventrab-dorsal direction (Jacob and Briscoe 2003). FE&d.|
protein contributes to the sum gradient dfl Gctivity and this combined input determines
the gene expressioresponse of target cells to SHitgnaling (Ribes and Briscoe 2013).
Thus, the specific rolef individual GLIfactors is determined by their expression pattern and
levels in the neuroepithelium, by their inherent transcriptional regulatory activity and by their

posttranslational regulation b$HH (Dessaud et al. 2008).
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Expression of GLI1, 2 and 3 in the murine neuroectoderm initiates slightly before
E7.5 when all three genes are expressed uniformly along thewegal (DV) axis of the
neural tule (Hui et al. 1994). At E9.5 GlLlis restricted tohte ventral half of the tube, G2
is expressed ubiquitously (but is excluded from the floor plate) with slightly higher
expression in thelorsal neural tube, whereas @GLik restricted to intermediate and dorsal
levels, and this pattern is maintained at later stages but limited to the wlantzicne (Hui et
al. 1994; Lee et al. 1997; Sasaki et al. 1997). Zebrgfislgenes are similarly expressed
along the DV axis of the neural tubat early stagesgliza and gli3 mRNA transcription
initiates throughout the neuroectoderm, but byhpb they become restricted to the dorsal
neural tube, whilglil expression displays a complementary pattern with high mRNA levels
in the ventral neural tube and absence of expression in the floor plate and dorsal neural tube
(Karlstrom et al., 1999; Karlstrom aL, 2003; Tyurina et al., 2005; Vanderlaan et al., 2005).

Interestingly, there ra distinct requirements for Glgroteins during dorseentral
patterning of he neural tube. In amniotes, @ predominantly functions as a transcriptional
activator and apgars to be essentifdr generating the highest SHéigndling response for
Gli2” mutant mouse embryos failed to specify the floor plate cells and V3 interneurons in
the ventralmost domain ofthe tube (Ding et al. 1998). GLlappears more or less
dispersable for neural tube patterning bMIS for Glil-defficient mice are viable and display
no behavioral abnormalities, indicating that its alsegs compensated by another Gadtor
(Park et al. 2000). In fac6li1;Gli2 double mutants die perinatally and have multiple defects
including loss of ventral spinal cord fates (Park et al. 2000), whereas replacen®iz of
with Glil rescues th&li2-null phenotye suggesting that it is the Gattivator function that
is require for ventral NT patterning (Bai and Joyn2001). In contrast, GI3l operates
mostly as a repressor f@li3” embryos display dorsal expansion of intermediate neural
progenitors (Persson et al. 2002), while combined inactivatio®li@ and Shhleads to
normal specification of ventral progenitor domains except for the floor plate an V3
interneuron identities (Litingtung and Chiang 2000).

Thus, a model is proposed according to whietHSs required for motor neuron and
VO0-2 interneuronspecification by rmmoval of GLB repressor function resulting in -de
repression of target genes, while patterning of V3 interneuron and floorigéatiiies by

SHH depends on GRlactivator inputs (Ribes and Briscoe 2009).
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Dorsaventral patterning of the zebrafish neurdddusalso effected by Shregulated
Gli transcription factor activity, lthough the exact role of eacHi@actor is slightly distinct
than in amniotedn glil-deficient fish (in thedetour(dtr) mutants), induction of the cranial
motor neurons faildyut spinal cord motor neurons are unaffeqt@tdandrasekhar et al. 1999;
Karlstrom et al. 1996). Thgot (youtoo) mutants express a dominant repressor forgliga
and feature severe reduction of motor neurons in the brain and spinal cord (Karlstrom et al.
1999). Application o@li3 morpholinos leads to profound decrease in the number of cranial
and spinal motor neurons, as well as retinal ganglional cells, and to ectopic activafidn of
andfkd4 in the dorsal neural tube at 24f (Tyurina et al. 2005; Vanderlaan et al. 2005).
Taken together, thesgbservations reveal that both Glil anti3Gactivator are required for
ventral neural tub@atterning in zebrafish, while Gli2za andi&repressor forms are needed
to oppose the activatn of Shh target genes in the dorsal neural tube (Karlstrom et al. 2003;
Tyurina e t al. 2005; Vanderlaan et al. 2005).

1.9. Transcription-regulatory elements

The precise control of developmental gene expression in time and space is ensured by the
combimatorial binding of transcription factors to multiple, relatively short (b0 1 kb)
genomic regions called transcriptioegulatory elements (TREs) (Lagha et al. 2012) which,
apart from promoters, also include enhancers, silencers, insulators, lodts oegions
(LCRs), tethering elements, etc (Davidson 208&Jow is provided a brief description of the

main classes of TREs, namely the core promoter, enhancers, silencers and insulators.

1.9.1. The core promoter

By definition, the core promoter ihe minimal set of sequence motifs required for the
initiation of gene transcription by RNA pol (Watson et al. 2004 Core promoters can be
focused or dispersed, differing in the number and distribution of transcription start sites:
focused promoters itiate transcription from a single site or from a small cluster of start sites
spread over few nucleotides; dispersed promoters harbour several start sites dispersed over
region of 50i 100 base pair@Muller and Tora 2013)Focused promoters are compbsd a
combination of sequence motifs including the TAWB&X, Inr (initiator), BRE (TFIIB
recognition element), DPE (downstream ptomoter element), MTE (motif ten element), and

others, while dispersed promoters often correlate with CpG isl@ghienGershm et al.
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2008) Importantly, core promoters serve as binding sites for the general transcription factors
(GTFs) which recruit RNA polymerase I{RNA pol II), and together establish the pre
initiation complexpoised for transcriptional ination(Muller ard Tora 2013)

However, efficient gene transcriptian vivo often requires additional inputs from
transcription factors bound to other regulatory elements, often located hundreds or thousands
of base pairs away from the core promoter, which modulate the rate of transcription initiation

through a variety of mechams(Watson et al. 2004)

1.9.2 Transcriptional enhancers
Transcriptional ehancers are classically defined as genomic regithred enhance
transcription intiation from a promoter in a distancand orientatioindependent manner
when tested on plasmidsnstructs Bulger and Groudine 20},1although there are examples
of enhancetike elements whose activity i®rientationdependent or dimishes with
increasing the distance tbe target promoteHozumi et al. 2013; Swanson et al. 210
Enhancers arlcated in the introns of their target genes, or upstream or downstream of the
target promoters, often at huge distaricep to 1 Mb in the case of the ZR#&hancer of the
mammalianShhgene Lettice et al. 2008 Enhanceelements havdiversesequenceswvhich
in many cases feature high substitution rates during evol(ifiamer et al. 2012)and serve
ascombinatorialbinding platforms for tissuspecific transcription factord.aga et al. 2012
As such transcriptionaknhancersre central components developnental gene regulatory
networks and play important role in the evolution of organismal compleédyi¢son 2006;
Levine 2010Wittkop and Kalay 2011

Mechanistically, enhancers modulatiee transcription rate of their target genes
throughdirect or indirect interactions of the enhanbeund transcription factors with the
transcription machinery at the core promofearoTrindade and Cook 2006; Fuda et al.
2009. There is also evidence that transcriptional activators at enhancers cdnhistone
modifying and chromatin remodelling complexes that create a transcrjgromssive
environmenby changing nucleosome conformation and distribution along [BiAger and
Groudine 2011)and that many enhancers are themselves transcribed &@®ding RNAs
(Natoli and Andrau 2012 Further details on enhancer functemd evolutiorareprovided in
the discussionsf the result chapters ttis study
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1.9.3.Transcriptional silencers

Transcriptional silencers are regulatory elements boundabgcriptional repressor proteins
that negatively affect expression of their target genes by either directly interfering with the
transcription machinery at a promoter, or by suppressing the activity of some enhancers
(Ogbourne and Antalis 19%8which is often achieved by the induction ef repressive
chromatin state at the target ge@a$ton and Jayaraman 2Q00&lbert and Henikoff 2006
Similarly to enhancers, silencers can be locatecbuplownstream, or in the introns of their
target genes, and senexhibit orientationdependent belk&ur (Shei and Broach 1995;
Ogbourne and Antalis 1998)Well studied silencer elements are the BREBolycomb
Response Elementsgssociated witlthe repressive function of th@lgcomb group proteins
(Bantignies and Cavalli 20),1and theNRSE (NeurorRestrictive Silencer Element) that
binds the REST repressor and is inwad in the silencing of neuronal gene transcription
(Mori et al. 1992)discussed in Section4.5)

1.9.4. Insulators

For precisaegulation of developmental gene expression it is essential that the enhancers of a
particular gene do not interfere with the expression of other genes n€hivys ensured by

the CTCF (CCCTGhinding factorjbound insulator elementghich are a classf regulatory
sequences that are able to insulate the promoter of a gene from the activity of nearby
enhancers when located between the promoter and enhancers (Gaszner and Felsenfeld 200¢
while other insulators act as boundary elements that prevenpitbadsg of repressive or
activaing chromatin states in neighliing genomic regions with opposite chromatin states
(Essafi et al. 20110ne of the models of enhandabcking insulator function postulates that
insulators prevent the activatiaf neightouring genes by the enhancers of another gene
through the formation of chromosome loops where several insulator elements within a
genomic region interact with each other (Herold 2012). There is evidence that the change in
chromosome conformation is facéted by the cohesin complex (Wendt et al. 2008), which
can physically interact with TCF (CCCTGCbinding factor)and is essential for lorgistance
chromatin contacts (Nativio et al. 2009). According to this model, one of the insulators must
be positionedr between the enhancer and the insulated genes (Gaszner and Felsenfeld
2006), which brings the enhancer in a chromosome loop that, by some unclear mechanism,

prevents it from acting on genes located outside of the loop. This is the mechanism thought to
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block expression of the maternal copy of tE gene in mice (Kanduri et al. 2000; Kurukuti

et al. 2006) and the process thought to mediate the function of the Fab insulators in the
Drosophilabithorax complex of homeotic genes (Kyrchanova et al. 2011; &Maed Karch

2006). In addition, there is also evidence thatCE&bound insulators can physically
associate with enhancers (Handoko et al. 2011) presenting another possible mechanism o

enhanceblocking activity by insulators.

1.10. Methods for the predicton of transcription-regulatory elements
The predictionof transcriptiorregulatoryelements is generally more difficult compared to

prediction of the coding portions of the genome due to the relatively small size, lack of
ATG/stop codon marks and examtron boundaries, and the low level of sequence
conservation in regulatory elements (Elgar 2009). However, several approaches exist,
grouped inwo categorie$ direct and indirect, which allow the prediction of putative TREs
(Nelson and Wardle 2013).

1.10.1. Direct (biochemical) methods
Currently, he most frequently employeddirect approaches include chromatin

immunoprecipitation (ChiP) and DNal hypersensitivity (DHS) assays which, when
combined with nexgieneration DNA sequencing methods, enable gerwite prediction of

TREs.Both methods are described in more detail below.

1.10.1.1 Prediction of TREs based on transcription factor occupancynd/or histone
modifications as revealed by ChiPseq
Mechanistically, TREs serve as scaffolds for the combinatorial binding of transcription

factors to short binding motifs within the nucleotide sequence of the element (Davidson,
2006). The detection of such motifs in a sequence of interest forms the bakie o
computational prediction of TREs. However, such prediction is not an indication of
biochemical potential or the ability of the motif to be recognised and bound by its cognate
transcription factoin vivo. Moreover, the binding of a particular TF te motif depends on

the tissue type and/or developmental stage (Levine, 2010). Chromatin immunoprecipitation
allows for the identification of transcription factor binding sites of interest througlthe

whole genome (ChHBeq) in different tissues, stagand conditions (Park 2009). However,
this method requires the availability of tested antibodies against the transcription factor of
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interest. Due to the limited availability ofL& antibodies,ChIP istherefore not a preferred
method for thepredictionof Lama® s T iR fegard to this study

However, the ChlBeq method can be used to catalogue the gemode
distribution of specific postranslatimal histone modifications likey$ine mono, di- or
trimethylation on histone 3 andistone 4 (Rea eal. 2000; Martin et al. 2005),ysine
acetylationon on all four corehistones (Hebbes et al. 2000grise phosphotgtion on
histone 3 Mahadevan et al. 1991; Nowak et al. 2004pncubiquitylation of H2A and H2B
(Wang et al. 2004), etc. Importantly, maofythese modifications are inherently plastic, or
reversible, with specifically dedicated enzymes performing the opposite reactions (Shi et al.
2004; Kurdistani et al. 2003). Moreover, the same locus can harbour different histone marks
in different tissuesr developmental stages (Ralddesias et al. 2011; Cotney et al. 2012). In
effect, the combinatorial pattern of diverse histone marks is thought to substantially affect the
regulation of gene transcription and chromosome organisation (Stock et alMAQ®shi et
al. 2009).

Several studies have demonstrated that particular genomic regions like promoters,
coding sequences and enhancers are enriched for certain types of histone modifications
(Kimura 2013). For instance, the promoters of activated genegesrerally marked by
H3K27ac(acetylation of lysine 27 in histone 8hd H3K4meJtri-methylation of lysine 4 in
histone 3)YHeintzman et al. 2007); the bodies of actively transcribed gene loci associate with
H3K36me3 (Wagner 2012); active enhancers amicleed for H3K27ac and H3K4mel
(Radalglesias et al. 2011; Spicuglia et al. 2012), while silenced regions are marked by
H3K9me3 or H3K27me3 (Kim et al. 2012; Young et al. 2011). Thus, these modifications can
serve as markers for the prediction ofammotated regulatory elements, which is clearly
demonstrated by the identification 2489 putative melanocyte enhancer elements in a-ChlP
seq assay for H3K4mel enrichment in murine melanocytes (Gorkin et al. 2012).

In addition, the Chllseq method can @b uncover enhancers characterised by the
recruitment of the p300/CBP histone acetyltransferaseactivator to DNAbound
transcriptional activators (Imhof et al. 1997; Holmquist et al. 2013). Consistent with this, a
ChlP-seq assay of p300 binding in E1Irtbuse embryo heart tissue identified more than
3, 000 putative enhancers which show shallow evolutionary conservation and could not be

isolated by phylogenetic fooipting (Blow et al. 2010). RemarkablyacZ reporter
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transgenesis revealed that 81tlué 130 tested sequences were active in the developing heart,
clearly indicating the utility of using p300 as a marker of putative enhancer regions,
especially divergent ones (Blow et al. 2010). Thus, unexplored genomic regions enriched for
p300 binding ee good candidates for enhancer function (Visel et al. 2009).

In summary, the ChH8eq approach is a powerful method that is not only restricted to
the confirmation of direct binding of transcription factors to their targets/o, but can also

be usedd identify previously unknown tisstspecific regulatory elements.

1.10.12. Prediction of TREs in DNasel hypersensitive domains
A complementary approach for whedenome discovery of putative regulatory elements is

the DNasel hypersensitivity (DHS) assa@pmbined with nexgeneration sequencing
platftorms i DNaseseq (Boyle 2008). The DNasel hypersensitivity assay relies on the
identification of genomic regions with less compact nucleosome configuration which renders
DNA more accessible (hypersensitive) dggestion by DNasel (Ballare et al. 2013) as
compared to DNA in tightly packed chr omat
regions mark functionally active sites in the genome involved in the regulation of gene
transcription (Thurman et al. 2012n fact, multiple studies have shown that DNasel
hypersensitive sites correlate with various functional types of TREs. For instance, an
extensivesurvey for hypersensitive sites in the intergenic region upstream kf-thgene in
humans, identified a oaplex cluster of both constitutive and inducible hypersensitive sites
which corresponded to hitherto unknown enhancernd & that are required for precise

vivo expression of this gene in-Gells, myeloid progenitors and mast cells (Baxter et al.
2012) Other studies have revealed that DNasel hypersensitivity marks not only enhancer and
promoter elements but also locus control regions (Fu et al. 2002; Kim et al. 2010; Kim et al.
2013), silencers (Feng et al. 2005; Zarnegar et al. 2010) and insulalens ¢Cal. 2001;
Sultana et al. 2011, Follows et al. 2012).

Taken together, these observations illustrate the utility of DHS assays for uncovering
transcriptional regulatory elements. Moreover, retalysis of genomeide DNasel
hypersensitivity and ChliBtudies have revealed significant overlap between hypersensitive
sites and various histone modifications (Shu et al. 2011). This demonstrates that the
combination of data from both DHS and ChIP assays is a powerful strategy for the prediction

of developmatally relevant transcriptional regulatory elements.
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1.10.2 Indirect methods

The indirect methods for predictiorof transcrptionregulatory elements relyon
computationalnalysesn silico using genomic sequence information alone. There are two
main approaches tin silico analyses. The most popular and straightforward strategy,
phylogenetic footprinting, consists in performing nusipeciesgenomiccomparisons with

the aim of identifying dicrete evolutionargonserved nowoding regions, which might
possess characteristiof TREs (Blanchette and Tompa 2002)he other strategy employs a
relatively novel technique which does not require sequence conserviatibmredicts
putative TREs usima model of the pattern ¢fanscription factor binding site3EBS9, or

motif grammar, that defines a particular functional class of regulatory elements (Spitz and

Furlong 2012), as described below.

1.102.1. Computationalprediction of TREs based on sequence organisation/pattern
irrespective of overall conservation
An increasing number of studies report on TREs with divergent sequence yet retaining

similar or identical function across species (Fisher et al. 2006; Nelson and Wai8le 2
Such elements evade prediction by the methods based on evolutionary conservation of
sequence, like phylogenetic footprinting (Blow et al. 20H®&scribed laterin recent years
however, new computational developments were designed to addressokhesrpbuilding

on the idea that each TRE features a specific organisational pattern or architecture
represented by a particular composition, number, order and spacing of TFBSs (Davidson
2006; Evans et al. 2012). In the caselere functionally conserved HR lack overt
sequence conservation, they may still retain corresponding individual TFBSs or clusters of
TFBSs. This all ows one to derive a pictur e
that characterises a particular functional class of TREsgEect al. 2004), which then can

be used to predict novel TREs byobing the genome for the existence of regions with
similar organisation. This approach has been successfully deployed in a small number of
studies. For instance&senger et al(20049 performed SELEX $ystematic Evolution of
Ligands forExponentialEnrichment) assays to characterise the TFBSs of REL and GATA
factors (two classes of transcription factors involved in the activation of innate immunity
genes inDrosophilg followed by computag n a | a n a | ylankirg regidns of 30@f 5 0
the innate immunity genes. Interestingly, it was revealed that more than half of these genes

36



harbour a shared REGATA module with fixed/constrained organisation (distance and
orientation between the REL difGATA motifs), features that appear to be essential for the
regulatory activity (Senger et al. 2004).

In another genomwide comparison between human and zebrafish combined with
TFBSspattern identification analysis, Taher et al. (2011) demonstrated xibereee of
hundreds of divergent but corresponding+toding regions in the human/zebrafish genome.
Importantly, despite the lack of overt sequence conservation, the pairs of human/zebrafish
elements displayed shared pattern of TFBSs architecture, §inggdsa conserved function.
Consistent with this idea, many of the human sequences overlapped with sites where the
transcriptional coactivator p300 is enriched, strongly hinting for roles in transcriptional
regulation. In fact, 8 out of 18 human sequendisplayed tissuspecific enhancer activity in
transgenic zebrafish embryos, which was remarkably similar to the activity displayed by their
orthologous sequences from zebrafisfhus, a computational approach, based on the
presence of common regulatoencryption, is able to successfully uncover functionally
conserved cryptic TREs (called fcoverto ¢
similarity (Taher et al, 2011).

However, it is also true that many functionadiynilar transcriptiorregulatory
elements lack recognizable motif grammar; instead, they display considerable variation in the
content, order, spacing and orientation of the TFBSs, yet generating the same output, as is the
case with the regulation of tHRET gene in human and zebrafidhigher 2006), the cardiac
TREs inDrosophila (Junion 2012) and the promoters of ribosomal protein (RP) genes in
yeasts (Hogues 2008). The latter case is particularly strikingSfocerevisiaeuses a
completely different set of transcription factors toulage its ribosomal gene promoters
compared taC. albicans In the former species, the promoters of the RP genes are controlled
by Rapl, Fhl1 and Ifh1, while in the latter the same function is performed by Tbfl and Cbfl
(Hogues 2008).

Altogether, this fledility in TFBSs composition and configuration renders many
TREsdifficult to predict computationallyespecially in the absence of sequence conservation
(Bery 2013).
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1.10.22. Comparative genomics and TRE prediction
Comparative genomiasonsists in the alignment of genomic sequerica® two or several

different specigsand relies on the conservation of functionajyevant regions This
strategy is widely applied in the annotation of coding genes in re¥gyenced genomes,
and in the reconstruction of organismal phylogenigsetaVida et al. 2008 Notably,
comparative genomics can be used for the predictioranédriptionregultory elementsn

a procedur&k n o w n hyogeneiicpfootprinting The latter methodonsists in aligning
orthologous genomic regions from different species which results indémification of
evolutionaryconserved nowgoding elements (or CNEsh the sequences. The phylogenetic
footprinting rests on the classic molecular evolution paradigm that mutations-hase
substitutions, indels, translocations) in functionathportant genomicegionsare likely to
be deleterious and subject to negativerifgimg) selection leading to lower rates of change
compared to functionalipeutral sequences (Blanchette and Tompa 2002gffect, the
conserved el ements appe aevoling backgraundZhangiamdt s o
Gerstein 2003).

The outputof a phylogenetic footprinting analysis strongly depends on the choice of
species for comparison (comparators), or the scope. Comparisons between highly divergent
species (for instance, between mouse and zebrafish, whose last camrestor lived more
than 419 million yearsago (Zhu et al. 2009)) would yield elements that are shared across
deep phylogenies. Conversely, in a variant approach céjglogenetic shadowinyg
(Berezikov et al. 2005), genomic alignments between closely related species could be used to
uncover short speciegpecific differences (instead of similarities) embedded in long stretches
of highly homologous sequence. Importantly, a phylogenetic fotpgi study which
combines both phylogenetically close and disparate comparators allows for the identification
of cladespecific conserved necoding elements (CNE¢Mdller et al. 2002).

Phylogenetic footprinting analyses can be deployed at differeleissaenomewide
(Woolfe et al. 2005; Pennachio et al. 2006), chromosspeeific (Royo et al. 2011) or gene
centric (Uchikawa et al. 2003; Navratilova et al. 2009; Sato et al. 2012). The number of
CNEs that is usually retrieved in a phylogenetic footprqnstudy depends on the scale of
analysis, the phylogenetic distance between the comparedespaed the stringency

parametes of the alignment algorithm and can vary from téns genecentric alignments,
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to several hundred thousanih wholegenomealignments of placental mammals (Haeussler
2011; Bejerano et al. 2004; Visel et al. 2007).

The phylogenetic footprinting approach is advantageous over other methods for TRE
prediction (such as Chigeq, DNasel HS and the motif gramnb@sed methods) asdbes
not require prior knowledge on transcriptifactor binding or the design of complicated
motif-grammar algorithms, and can be used with-qmeputed wholegenome alignments
(UretaVidal et al. 2003, thus enabling rapid identification of conservedredats A major
limitation of the phylogenetic footprintings the difficulty or inability to identify
functionally-conserved TREs that are highly divergent in sequeimsgn and Wardle
2013. Consequentlyphylogenetic footprinting may fail to detect rdy-evolving, but still
genuine TREs. Nevertheless, this method has been effectively used in several model specie:
for the prediction of enhancers and other regulatory elements that subsequently

functionally validatedn vivo, as described in Sectidn2.

1.11. Functional validation of candidate transcriptionregulatory elements
Once a candidate transcriptioggulatory element has been predicted either biochemically or
computationally, the next step is validation of its putative activity. This eaadhieved
using reporter gene constructs in cell culture and/dransgenicanimask (in vivo) (Carey
and Smale 2000)Thecell cultureapproach, together with its advantages and limitations, is
discussed in Chapter. 5

The best environment for functional validation @fpredicted TREs the whole
embryo, ideally from the same biologicgpecies as the speciekorigin of the candidate
element This is so, for the whole embryo could potentigltpvideall signalling mokcules
and transcription factors necessary ttoe activity of the candidate TRE, and thasnabé
theexami nati on of the el ementds function i
(Haeussler and Joly 2011)

1.11.1. Zebrafish as a tool for the vatiation of candidate TREs

In order to examiné vivo the putative regulatory function of a genomic reg@rCNE for
instance,the tested element is cloned upstream of a minimal promoter driving a reporter
gene, usually the bactericZ gene (McGregor et al. 1991), or tl&-P gene from the
hydrozoanAequorea victoria(Amsterdam etal. 1995; Chalfie et al. 1994), followed by
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micro-injection the CNE::reporterconstructs in &ell stage embryodhe ideal strategy for
candidatemammalian TIEs is to injecta CNE::lacZ construct in mouse oocytes and then
assay fotacZ activity in the transgenic embryos (Nagy et al. 2003).

However, the latter approach is both laborious and expensive especially for screening
a large number oflements. Moreovethe analyss can only be performed at one temporal
stage at a time due to the intrerine nature of mouse development. Therefore, a faster and
financially less demanding strategy is necessary for the initial screening of mammalian
elements. Such antatnative isthe analysis of these elements tmansiently transgenic
zebrafish embryosvherea tested element regulates the expression of a fluorescent protein
reporter gene, such as GFP (Amsterdam et al. 19%8)ough this strategy leads to
mosaicism, the reproducibility in reporter gene expression, combined with the large number
of fertilized eggs, the extnmaternal nature of early zebrafish development, and the optical
transparency athe embryos, renders mdoring the activity of putative regulatory elements
possible in real time and across multiple stages (Higashijima et al. 1997; Ni&steand
and Dahm 2002).

Numerous studies have exploited this approach to uncover enhancers of
developmental genes inice and humans (Sacilotto et al. 2013; Oksentmtrgl. 2013;
Tamplinet al 2011; HernandeZega et al. 2011; Ghiasvamd al. 2011; Amigo et al. 2011,

Shin et al. 2005; Abbasi et al. 2007). For instance, a-k&sed reporter screen in transient
transgerg zebrafish and mouse embryos revealed neuratdpéeific enhancer activity of
conserved intronic regions in the autisssociated humaAUTS2gene (Oksenberg et al.
2013). Another investigation into the notochakcific targets of the@XA2 transcripibn

factor in mice combined cell sorting, microariagsed gene expression screening and ChiP
to identify thecis-regulatory modules that bindJXA2 (Tamplin et al. 2011). The putative
mouse regulatory regions were subsequently tested for their abilitjredot notochord
specific GFP reporter expression in zebrafish embryos which resulted in the identification of
7 elements, whose activity requires oitdOXA2 sites. Importantly, these mouse enhancers
are not conserved in zebrafish and could not have detected on the basis of phylogenetic
sequence comparisons (Tamplin et al. 2011). Thus, despite the lack of sequence
conservation, murine regulatory elements were able to respond to the notsphoifc

trans-environment in the zebrafish embryo and clied reporter expression according to the
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expected pattern. This study, together with the discovery of functionally conserved but
sequencalivergent enhancers of tiRET gene in human and zebrafish (Fisher et al. 2006),
illustrates well the power of the lzafish model system to analyse thatative activity of
non-conserved mammalisglements

Importantly, the preliminary validation of a tissgpecific transcriptioa enhancer in
transiently transgenic zebrafish must be supporteadgmonstration oits activity in stable
lines (Ishibashi et al. 2013)Jsually, several lines are generated andlysedor a common
i ssue i n enhancer screens (Raberts atal. 2014jhatis a b i |
the wvariati on i n rre @roong teansgesic lmes pdueets gliffecent p
integration sites of the enhancer::reporter construct (Roberts et al. 2014; Ishibashi et al.
2013). The latter phenomenon is a combined result)othe potential influence of cryptic
TREs nearby the integratiosite that can enhance, attenuate or ectopically modify the
r e p osrgéne expressioand 2) the random integration of the enhancer::reporter construct
in the host genom@shibashi et al. 2013 Fortunately, Roberts et al. (2014ave recently
provided & effective solution to this problem showing that stable lines generat&hvia1
integrasemediated targeted transgene integration exhibited nearly identical-sissaiic
enhancedriven reporter expression.

In conclusion, the zebrgh embryo is a ell suited vetebrate model for the
functional validation of candidate transcripticegulatory elements, including those

predicted in mammalian genomes.

1.12. Objectives of the current study
Regulation of the tissugpecific expression pattern of the muribamal gene is poorly
known. As described earlier, previous studies in our laboratory found tatisSessential
for Lamalexpression in the somites and neural tube of mouse embryosdoubtdinform
about whether the control is direct, via thélGranscription factors, or indiredt via
intermediary factors in the gene network. Therefore, the main objective @utrenistudy
is to elucidate the link betweenHE andLamaltranscription by testing the hypothesis of a
direct role of $H in Lamalexpression in the neural tube and somitesdiated byGLI
binding to transcriptiomegulatory elements (TRES) in the vicinity of themallocus.

To address the proposed hypothesaim at the following specific objectives:
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1) Identification of candidate TREs of the muribamal geneusing comparative
genomics approachebased on the assumption that the conserved expressibanmatl
MRNA across vertebrates is due to conserved regulatechanisms.

2) Functional screening of the set of identified candidate TREs in mammalian cell
culture.

3) Functional screening of a subset of the identified candidate TREs in transgenic
zebrafish embrygsrelying on the assumption that the tested muritements could be
functional in zebrafish, which is supported by the similaritiekamalexpression pattern
and the role of H signaling between mouse and zebrafish.

5) In case none of the tested elements display transcripgohahncer properties, an
alternative approach could be used to predict candidate TREsmd], based on available
data for transcription factor occupancy and enhaaneched histone marks at the murine
Lamallocus.

4) Detailed analyses of the tisssigecific activity of promisingcandidate TRE$n
transgenic zebrafish embryoscluding examination of the responsiveness of the tested

elemeng to perturbations in Hh signaling.
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Chapter 2

Materials and methods
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2.1. Mouse embryo techniques

2.1.1. Mouse strains an@émbryo collection

Mouse embryos for wholmountin situ hybridisation were harvested from tkb7BL/6J
andShh(Anderson et al. 2009) strains. Pregnant females were euthanized by an overdose of
anaesthetic followed by cervical dislocation. The embryos were harvested via hysterectomy
and immediately placed in RNafee gPBS solution, followed by removal of the kyshcs

and overnight fixation at 4°C in 4% HCHO +2M EDTA in gPBS. Embryos were staged
according to Kauffman (1992).

2.1.2. Embryo genotyping
DNA from embryos from th&hhstrain was isolated via lysis of the yolk sacs in QQail

mix solution at95 C for 20 minutes, followed by the addition of 10Q 40 mM Tris HCI
(Sigma Aldrich). 1ni of the lysis mix was used for a PCR at 68annealing temperature
using ShhP5, ShhP6 and SHPGK primers (see Table 2.2) (Anderson et al. 2009). PCR
products were alasyed with gel electrophoresis using 1.2% agarose/TAE gel.

al-NSE::lacZtransient transgenic mouse embryos were genotyped from yolk sac material by
our collaborator Dr. Norris Ray Dunn (IMB, Singapore) using the Generic LacZ F and LacZ
R primers (Table2.2) to generate a 31 lacZ transgene fragment (Figure 2.1). Tkec

gene was used as a positive internal control (Young et al. 2011).

2.1.3. Wholemount in situ hybridization (WMISH)
Overnightfixed embryos were rinsed and washer B5 minutes with X PTW buffer and

treated with 20rg/mL Proteinase K in 1mL Proteinase K buffer at@7according to their
stage, followed by X rinses in ImL PTW buffer. Then, the embryos were pfised in 1
mL 4% HCHO + 0.1% glutaraldehyde in PTW for 20 minuteoam temperature, followed
by 3x rinses and 3x washes with PTW for 5 minutes. Next, the embryeswsed in InL
1:1 PTW:hybridisition buffer solution, replaced bymlL hybridisation buffer and stored iat
20 C. On the day of WMISH, the embryos wereuhbated with ImL hybridization buffer
for 2 hours at 68C. Then, the old buffer was replaced witmL fresh hybridization buffer,
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S lacZ transgene

——» fragment

—» internal
positive control

E9:25 " E9.25

Figure 2.1 Genotyping results for the nineGal-positive embryos, as obtained by Dr. Norris Ray Dunn (IMB,
Singapore).All nine embryos carry théacZ transgene represented by the upper of the two fragments on the
electrophoretogram.

immediately followed by the addition of 8. 1 ug/mL DIG-labelled RNA probe, and the
embryos were incubated at @overnight. On the next maing, the old hybridization buffer

+ RNA probe were discarded and the embryos were quickly rinsed twice wiith ftesh
hybridization buffer at 63C, followed by two washes 30 minutes each with nemlLl of
hybridization buffer at 6. Then, the embryosexe washed once with 1:1 hybridisation
buffer:TBST buffer for 20 minutes at @9, followed by two 30 minutes washes in TBST at
room temperature. Next, the embryos were rinsedi2MABT buffer and incubated in hlL
blocking solution for 2 hours at roomnt@erature. Then, the old blocking solution was
replaced with fresh one and Orf of antidigoxigenin alkalingphosphatase antibody
(Roche) was added. The embryos were incubated @to#ernight. The following day,
embryos were extensively washed with MABllowed by 2x 30 minutes washes with
NTMT at room temperature. Staining was developed by the addition ofl H¥bromo4-
chloro-3-indolyl phosphate (BCIP; Roche) and 41b 4-Nitro blue tetrazolium chloride
(NBT; Roche) to 1ml NTMT and incubating the embryos in the dark at room
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temperature/4C. The staining was terminated by rinsing embryos in PTW, followed by 20

minutes posfixation at room temperature and 3x 15 mines washes in PTW.

2 . 1 :gdlactosfilase staining
Embryos vere stained following a protocol kindly provided by our collaborator Dr. Ray

Dunn (IMB, Singapore). Newharvested embryos were cleaned from the extnaryonic
membranes and fixed with 4% paraformaldehyde in PBS for 2 hour€atAd then rinsed

3 x ard washed X 10 minutes in PBS at room temperature. Embryos were incubated in 1
mL staining solution (3nM K3Fe(CN)+ 5mM Ky4Fe(CN} + 2 mM MgCI2 + 1mg/mL X-

gal + 0.02% NP0 in PBS)at 37C overnight. Stained embryos were extensively washed
with PBS & room temperature. The E9.5 and E10.5 transgenic embryos were sectioned by
the Histology and Pathology facility in IMCB, Singapore, and were cowtaéred with

eosin. The E12.5 and E13.5 transgenics were sectionedrjasiat as described in 2.1.6.

2.1.5. Vibratome sectioning
Embryos stained according to the WMISH protocol were embedded in 2% agarose in PBS

and kept at 4C overnight. Blocks were cut out of the gel and glued to a chuck using
Super@ue (Bostik), and 80100 nm sections were obtainesing Vibratome 1500 sectioning
apparatus (Vibratorﬁ'e. The sections were collected in 80% glycerol and mounted to a glass

slide using Gjcergel mounting medium (Dako).

2.1.6. Cryostat sectioning
Stained embryos were incubated in 15% sucrose solution rabddeled in OCT medium

(BDH) on plastic mounting boats, immediately followed by transfer of the boats on dry ice
chilled 100% ethanol until freezing of the OCT medium. The embedded embryos were stored
at -80 C. For sectioning, the embedded embryos were teduan prechilled chucks via

OCT medium, and cut into 3®@m sections usg a cryostat (Bright Instruments). Sections
were collected on superfrost slides (Mer@éhser) and left to dry for 1 hour at room
temperature, and then kept @0 C before use. Befe use, sections were left at room
temperature for 30 minutes, followed by 15 minutes rehydration with PBS, and mounted

using Glycergel mouning medium (Dako).
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2.1.7. Imaging
Whole-mount embryos were visualized usiadiZ12.5 steromicroscope (Leica) ainthges

were captured by a SPOTINSIGHT Colour camera using SPOT Advanced software
(Diagnostic Instruments). Embryo sections were visualized using Leica DMR microscope
(Leica) and images were captured via DMR DC300FX digital camera (Leica) using Leica
IM50 Image software vl.20 (Leica). The obtained images were processed by Phdi&o
(Adobe).

2.1.8. Mouse oocyte injections
The al-NSE::lacZ reporter plasmid was sent (dissolved in M@li water) to the Mouse

Transgenesis Group in IMCB, Singapore, whemnas linearized with Sacll releasing a 4.8

kb linear fragment containing thel-NSE::lacZ construct, which was injected into oocytes
from the FVB/N mouse strain. The day of injection was counted as EO but embryos were
harvested a day later than the desstdje to allow for delays in development as is often the
case with transient transgenic mouse embryos (personal communication with Dr. Ray Dunn
(IMB, Singapore)).

2.2. Chicken embryo techniques
2.2.1. Embryo incubation
Fertilised chicken eggs were obtainf]dm local farms and incubated at 89 until the

desired embryonic stage, according to Hamburger and Hamilton (1951).

2.2.2. Embryo collection
At the desired embryonic stage, eggs were opened at the wider end and the embryos were

dissected and temporarikept in RNasdree gPBS on ice, immediately followed by fixation
according to the protocol applied to mouse embryos and described earlier. Chicken embryos

were staged according ktamburger and Hamilton (1951).

2.2.3. WMISH, sectioning and imaging
Chicken embryos were processed for WMISH, vibratome sectioning and imaging following

the potocols applied to mouse embsy@s described above.
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2.3. Zebrafish husbandry and embryo techniques

2.3.1. Zebrafish lines and embryo collection

Zebrafish were kept a28 C at 14 hours light/10 hours dark cycleish embryos were
collected from the wild type AB strain (IMCB, Singapore), from fregolig2:EGFP)line
kindly provided by Dr. Vladimir Korzh lab (IMCB, Singapore), and from shed'*¢*°™|ine
provided by Dr.Sudipto Roy (IMCB, Singapore). Embryos were harvested from paired

matings in the mornings and kept at @8n E3 embryo medium.

2.3.2. Generation ofCNE:: EGFP-reporter constructs
CNEs were amplified from mouse genomic DN25{7BL/6J) using the primer pairs Table

2.2. The primers harboured Hindlihkers, whichenabled cloning in the Hindlll site of the
EGFP reporter vector NicDonald et al. 2010; Yu et al. 2011). SuccesSSNE::EGFP
reporter construct generation was confirmed via sequencing with the M13 forward and M13

reverse primers (See Table 2.2).

2.3.3. Microinjection and embryo maintenance
Embryos were obtained from paired matings in the mornings immediately before

microinjecton. Embryos were injected at thecdll stage using with ~ hL plasmid (or
plasmid + RNA) solution that also contained 0.05% Phenol Red (stock: 0.5% in DPBS,
Sigma) in Milli-Q water. Following injection, the embryos were transferred8a€ in E3
embryo nedium and periodically monitored for reporter gene expression until tHg©6

stage. All dead embryos were regularly discarded and the water was renewed every 24 hours.

2.3.4. Fixation and immunohistochemistry
Embryos with interesting reporter gene expi@s pattern were set aside and dechorionated

with 0.5 mg/ml Pronase (stock 10mg/ml dissolved in waRache Applied Sciences) for 30
minutes at room temperaturé€hen, embryos were fixed with 4% PFA (Sigafddrich) in
PBS (SigmaAldrich) at 4C on ashaker, overnight (~14 hourspn the following day,
embryos were rinsed once and washed twice (10 minutes each) in PBTX buffer at room
temperature, with agitation, followed by a single wash in 50% methanol (Merck) in PBTX.
Finally, the embryos were kept methanol and stored -&0°C.

Embryos for immunostaing were rehydrated by a rinse and a single wash in 50%
methanol in PBTX, followed by two washes in PBTX. Then, embryos were incubated with
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PBDT buffer for 1 hour at room temperature. Subsequentyerhbryos were incubated with

the primary antibody diluted in PBDT (1:1000) at 4°C, overnight, with agitation. On the next
day, the embryos were rinsed once followed by two washes (30 minutes each) with fresh
PBDT at room temperature, with agitation. Netlte embryos were incubated with the
secondary antibody diluted in PBDT (1:5000), a€ 4vernight. On the following day, the
embryos were rinsed once and washed two times in PBDT with DAPI (Invitrogen) added at
one of the washing steps. Shortly before ging, the PBDT buffer was replaced by 80%
glycerol (Invitrogen) in PBTX.

Antibodies used

(1:800) antiGFP rabbit polyclonal antibody, Alexa Fluor® 488 conjugate, Life Technologies
(Invitrogen).

(1:200) antipax3/pax7 mouse monoclonal antibody, DSHB

(1:800 antrmCherry, rabbit polyclonal DsRed antibody, Clontech

(1:1000) Alexa Fluor 546 goat antiouse IgG, Life Technologies (Invitrogen)

(1:1000) Alexa Fluor 568 goat anabbit IgG, Life Technologies (Invitrogen)

(1:20) antiPax7 nouse monoclonal antibodipSHB)

2.3.5. Cryosectioning
Wholemount immunostained embryos were transferred from 80% glycerol to O.C.T.

medium where they were embedded in the desired orientation, followed by rapid freezing in
cooling bath of ethanol on dry ice. The O.C.T. blocksenstored at80°C. For sectioning,

the O.C.T. blocks were mounted to qutdlled chucks and 12m sections were obtained
using a cryostafBright Instruments). Sections were collectedMarienfeldSuperior glass
slides followed shortly after that bymounting using Vectashigl medium (Vector

Laboratories).

2.3.6. Imaging
Whole-mount embryos in 80% glycerol in PBTX were visualized via a Zeiss Axio Imager.

M2 microscope equipped with Zeiss AxioCam HRc camera, and images were captured with
the AxioVison v 4.7.2 software. Confocal images were captured via Olympus BX61

microscope using the FViIASW software.
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2.4. Luciferase reporter assays in cell culture

2.4.1. Reporter construct generation

CNEs were isolated from mouse genomic DNA using primer pairalneT2.2 (see section
2.5.1), and first cloned into the TOPO vector (see see section 2.5.2). CNEs cloned into the
TOPO vector (Invitrogen) were excised with Kpnl and Xhol anddabed into the Kpnl

and Xhotsites of the multiple cloning region in the p&Promoter vectorgGL3 Luciferase
Reporter VectordTechnical Manual, Promega 2007). Some CNEs were generated with
primers harbouring Kprlinkers, and were similarly cloned into the Kpnl site of pGL3
(sections 2.5.3i 2.5.5). Successful construct gertema was confirmed via diagnostic
digestion and sequencing using L3 seq primer (see Table 2.2)

2.4.2.Cell culture maintenance
The C3H10T1/2 mouse embryonic fibroblast cell line was employed in all transient

transfection assays of CNE function. Callsred at liquid nitrogen were rapidly defrosted
waterbath at 37°C and added tar® prewarmed DMEM medium (Gibco) containing 10%
FBS (Gibco) and 1% PSF (Gibco), simply re
were centrifuged at 1000 g for 5 min and the pellet was -seispended in Inl growth
medium. Then, 0.Inl cell suspension was added tar® prewarmed medium in 28m°

Nunc flasks, which were kept in conditioned incubators at 37°C and 5% CO2. On the next
day, the old medium was replaceftth fresh one and the cells were subsequently passaged
every 2 days after reaching -80% confluence. For passaging, the old medium was
discarded and the cells in each@#’ flask were rinsed 3 times with OBl prewarmed 1x

DPBS bufferwithout C&" and Md" (Life Technologies¥ollowed by 5 minutes incubation

with 1 x TrypsinEDTA, Phenol Red (Life Technologiea) 37°C.The dissociated cells were
collected in 5ml growthprewarmed growth mediurand then pelleted by centrifugation at 1

x 10° for 5 min at RT.The supernatant was discarded and the cell pellet wasspended in

1ml growth medium. Finally, 0.1 cell suspension was added to a flask with fresh growth
medium and cultured at the conditions described above until reachiB@%8Gonfluence

when the passaging was repeated. Note that the cells were not maintained beyofid the 20
passage to avoid the accumulation of aberrations. Thus all experiments were performed with

cells between the'B(after reconstitution of frozen cells) and thé"2@ssage.
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2.4.3 Transient cell transfection
Cells were transiently transfected via lipofection using Lipofectamine 2000 (Invitrogen) in

Opti-MEM transfection medium (Life Technologies). The transfections were performed in 6
well-plates (Thermo Scientifiayith 6x10 cells per well. On Day 1, the old growth medium
from each well was discarded and the cell monolayer was washed 3 timesmlithf pre
warmed DPBS, followed by incubation of the cells withml prewarmed OptMEM
medium for 1015 minutes at 3. Meanwhile, the transfection mix was prepared by the
combination of two fractions. The first fraction was made by the addition raj ®NA
(containing the reporter plasmid, control plasmid and carrier DNA; see below*) tml0.3
Opti-MEM in 2 ml eppenddr tubes (one tube per well). For the second fractionl 4
Lipofectamine 2000 were added to @B Opti-MEM in separate 2nl eppendorf tubes (one
tube per well) and incubated for 5 minutes at RT. Immediately after that, the two fractions
were combined ankbft at RT for 30 minutes with gentle agitation every 10 minutes. In the
meantime, the old OpMEM medium was discarded and 0.4 ml fresh-weemed Opti

MEM medium was put in each well with cells, followed by addition of the transfection mix
(containing he DNA:Lipofectamine 2000 complex). The plate was gently rocked and left in
the incubator. Three hours after transfection, the cells were supplemented with another
Iml/well prewarmed OptMEM medium followed by overnight incubation. On Day 2, the
old OpttMEM transfection medium was removed and repth with 3ml/well growth

medium

*The total amount of DNA added to each well wagg@and it included 26@g CNE::pGL3reporter plasmid,
60 ng pRL reporter vector and 2.68 pcDNA3plasmid (used as carrier DNA).

2.4.4 Preparation of cell lysates and quantification of protein concentration

On Day 3, approximately 48 hours paésinsfection, the old growth medium was removed

and the cells were lysed by adding tBwell 1x Passive Ysis Buffer (Promega) followed

by incubation for 15 minutes at RT with agitation. In order to avoid errors in the luciferase
assay due to unequal protein amount between a test CNE::;pGL3 construct lysate and the
control lysate, the total protein concentwatiin each lysate was estimated first using the
Bradford protein method. For this, a standard curve was prepared using BSA (Promega)
samples with known concentration: 0.125, 0.25, 0.5, 1, 2 and 5 mg/ml, whete®8ach

protein sample was incubated wBOmn 1 x Quick Start Bradford Dye Reagent (BioRad)

for 10 minutes at RT, immediately followed by measurements of the light absorbance of the
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samples at 59%mm on a spectrophotometre. The results were used to prepare a standard
curve. Next, in analogouway, 20m of each cell lysate were mixed with 989 of the
Bradford reagent and light absorbance was measured accordingly. The absorbance data fron
the lysates were plotted on the standard curve and the protein concentration was estimated fo
eachlysate. Then, the concentrations of all lysates were standardised to 0.22 mg/ml (with

Passive Lysis Buffer) and this was used in the sulesgduciferase reporter assays.

2.4.5 Dual Luciferase Reporter Assay
The activities of the two luciferases expresse the transfected cells the experimental

luciferase (from the fireflfPhotinus pyrali} and the control luciferase (from the sea pansy
Renilla reniformi3, were measured using the Duau ci f er ase ReporterE
system (Promega) in luminomet@ RT. At the onset, 10ul of each lysate (after
standardizing the concentrations to Or@g/ml) were dispensed into the individual wells of
Hard-Shel Low-Profile ThinWall 96-well microplates (BioRad). The activities of the two
luciferases were recordesquentially beginning with the measurement of firefly luciferase
activity. For this, 50ul Luciferase Assay Reagent Il (containing luciferin, the substrate of
firefly luciferase) to each well followed by programmed agitation of the whole plate for 3
secads. Then, another 3 seconds of programmedqaeé delay were included before the
actual measurements of firefly luciferase activity. Upon completion of the recordings, the
firefly luciferase was quickly quenched by the addition of |B0Stop & Glo® Reaget
(which also includes coelenterazinghe substrate of thRenillaluciferase), followed by 3
seconds of plate agitation and 3 seconds ofrgmd delay before the measurements of

Renillaluciferaseactivity were taken (Promega).
2.5. Molecular biologytechniques

2.5.1. Polymerase chain reaction (PCR)

2.5.1.1. Primer design
PCR primers were designed using the Primer Premier 5 or NetPrimer tools

(www.premierbiosoft.con) to be between 126 nucleotides long, #h similar A/T and G/C

content, to possess at HJerwaasdto mvedm &/5B°C.nuc |
Primers harbouring linkers for restriction enzymes were designed similarly with reference to

iCl eavage Activity Near DNA Terminio (Stra
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2.5.1.2. PCR reaction settings
The GoTag® DNA Polymerase kit (Promega) was used for the amplification of sequences

wi t h skb and forGtaridard genotyping procedures. The GoThangoase requires 1
minute per b during the extension phases. Thactions were performed in a gDvolume,

including:

10 m Green GoTaq® ReactionxX2buffer
0.4l dNTP-mix (10mM each)

0.8 ul F-primer (20uM)

0.8 ul R-primer (20uM)

0.1ul GoTag® DNA Polymerase @/pl)
1 pl DNA template (36100ng/ul)

6.9 ul Milli -Q H,O

Cycle conditions:

Intial denaturation 95°C 2 min
Denaturation 95°C 1 min
Annealing 1 min

Extension 72°C 1 min/kb
Repeat steps-2 34 times

Final extension 72°C 5 min

Keep 4°C indefinitely

The i Pr o-bBidelfy DNA Rplymerase kit (BidRad Labortories) was used for highly
accurate amplification of sequences with si@e2 kb . i Pr o eFidd&lity BINAg h
Polymerase requires 30 seconds pbrduring the extension phases. The reactions were
performed in a 5@ volume, including.

10 pl iProof HF 5x buffer
1yl dNTP-mix (25mM each)
1 ul F-primer (20uM)
1 pl R-primer (20uM)
1 pl MgClI2 (50mM)
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1 pl DNA template (100hg/ul)
0.5ul iProof DNA Polymerase (8/ul)
34.5m Milli -Q H,O

Cycle conditions:

Initial Denaturation 98°C 30 sec

Denaturation 98°Q0 sec

Annealing at T°C + 3°C above the primer with the lowgesBU sec
Extension 72°C 30 sec/kb

Repeat steps-2 34times

Final extension 72°C 10 min

Keep 4°C indefinitely
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Primer name Sequence
ShhP5 GTTGTTACTGCATCCCTTCCATC
ShhP6 GGCTAGCTCAGTGCTTGCAAG
ShhPGK-R GGATGTGGAATGTGTGCGAG
CNE3 F CATAGCGTGGAGGTGGAGAGAGC
CNE3 R CCCTGGCTCTGGAAACCTAACTC
CNE4 F CTGTCCCGAAGTCACTCTGTATTTG
CNE4 R GCCGTGAGTGTCTCTGCTGTG
CNES5 F CCAGTTGATGTCACAGCAGTAGC
CNE5 R GCTCCACACTTGAGATGCTGCC
CNE6 F CCTGGGAGGACCAAGATGAAG
CNE6 R TCAGAGAGGGTGGGAAAGGAC
CNE7 F CACTGGGAGCCATTAGGAGGG
CNE7R CGTGTGCTTTTCTGTCTCAGTAAC
CNE9 F GACTCTGCTCAAGGGTATGTGTTCC
CNE9R GGTCAAGGAGCCTGGAAATCTGTC
CNE10 F CCTTCGGAGACTTCTGGCTTTC
CNE10O R GCTGTGACCCTGATTGTATCTGTATG
CNE13F CGATTTAGCCCTGCCCTGC
CNE13 R GGGCAAAGCATCCAGTAGGC
CNE1l4 F CACAGTGGAGACAAACACGAGGC
CNE14 R CTGGTAGGGGTGATTTGGACGG
CNE15 F GGAGACGCTGGGAGATTTGGAC
CNE15 R GATTTGAAGGCACAGGCAGACC
CNE19 F GTGACAGTCTTGCTTTCTGATAGGG
CNE19 R GGTTTCGTTAGGTTCTTTCAGGG
CNE21F CTGCTCTGGCATTTCCGACC
CNE21 R GCTCAGGTAGACACAGGAACGG
CNE22 F CCAGAAGTCCCAGAAGAGAATGC
CNE22 R GCGTTCCTTAATAGTATTAGTC
CNE23 F CCACAATAGGTAAGAGACAGGTAGGG
CNE23 R CCAGTGGCTTCCCAGTCAGG
CNE24 F CAGCATTCTCCCTCTGAACATACAC
CNE24 R GACAGAAACCTTGAGAGAAATCCC
al-NSE F TCTGACTCTAGGGGTCACCTGCTT
al-NSE R GGTCACTTTCAGCAACCTCACAG
np1230 seq CTATGACCATGATTACGCCAAGC
pGL3 seq CAAAATAGGCTGTCCCCAGTGC
M13 F GTTTTCCCAGTCACGAC
M13 R CAGGAAACAGCTATGAC
LacZ F ATCCTCTGCATGGTCAGGTC
LacZR CGTGGCCTGATTCATTCC

Table 2.1 Primer sequences used in this studlly.but ShhrP5, ShkhP6, ShAPGK, M13 F, M13R, LacZ F and
LacZ R were designed in this study.
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2.5.2. TOPO cloning of PCR products
The TOPO® TA Cloning® Kit (Invitrogen, Life Sciences) was uded rapid cloning of

Tagpolymerase generated PCR produdtsll PCR productwas incubated with Jul Salt
Solution, 3ul Milli -Q H20 and 101  p CG-RAPO® vector for 5 minutes at RT, followed

by transfer on ice for 20 minutes. Next, 2ul of the cloning reaction were addeduooflO
TOP10F&6 cdompatent eellsl|(Inwvitrogen) and the mixture was incubated on ice for
30 minutes. The cells were hesitocked for 30 seconds at 42°C and immediately placed on
ice for 2 minutes, followed by the addition of 2I0S.0.C medium and hour incubation at

37°C with agitation (200 rpm). Finally, 46100 m of each transformation were spread on a
prewarmed agar plate containing the appropriate antibiotic. Prior to spreading the cells, the
plates had been coated with gDof 40 mg/ml X-gal (Promega) and 4fl of 100 mg/mi

IPTG (SigmaAldrich) for blue/white screening of bacterial colonies:1B)promising clones

i white colonies, were selected for further analysis of miniprep DNA.

2.5.3. DNA digestion with restriction enzymes
Digestionof DNA was performed in 100l reaction volume with the appropriate restriction

endonuclease (RE, from New Engalnd Biolabs). For plasmid DNy, Were incubated with

10 ul 10 x Reaction Buffer (New Engalnd Biolabs) and-2.5l RE enzyme (1u/ul). 10

10 x BSA (New England Biolabs) were also added where required. The reaction was
incubated for 2 hours at 37°C.

Digestion of PCR amplicons with linkers was performed inubfeaction volume. Bl 10 x
Reaction Buffer and 1pl RE @/pl) were added to 30l of purified PCR product in MilkQ

H20. 5ul 10 x BSA were added where required and the reaction was incubated overnight at
37°C.

2.5.4. Vector dephosphorylation
Prior to ligation with DNA fragments, the plasmid vector was dephosphorylated using the

Calf Intestinal Alkaline Phosphatase (New England BiolLabs), in order to prevent self
ligation of the vector DNA ends. The reaction volume was set up at, ¥there 5ul NEB

Buffer 3 and 1ul phosphatase (10u/ul) were added touB@olution of linearised plasid in

Milli -Q H20. The reaction was incubated for 15 minutes at 37°C, followed by 15 minutes
incubation at 50°C.
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2.5.5. Ligation
DNA fragments and vector were ligated using the T4 DNA Ligase (Promega) in 1:3 or 1:1

molar ratio of vector to insert. THgyations were performed in 1l reaction volume. The
appropriate volume of insert and vector solutions (both in 1@QillH20) were incubated with

5ul of 2x Ligase Buffer and 1ul of A DNA Ligase at 4°C overnight.

2.5.6. Bacterial transformation
2 m of ligation reaction or 2r of plasmid (26100ng/m) were added to 50l of chemically

competentE.coli cells (strain) and incubated on ice for 30 minutes. Then, the mixture was
heatshocked at 42°C for 30 seconds followed by immediate transfer on i@nfmnutes.
400ul of S.0.C medium were added and the cells were incubated with agitation (200 rpm) at
37°C for 1 hour. Finally, 8l of bacterial suspension were streaked on awaened LB

agar plate containing the appropriate antibiotic (@0ml Ampicillin, 25 pg/ml Kanamycin

or 50 ug/ml Chloramphenicol (SigmAldrich)) and incubated overnight at 37°C. On the

following day, 1620 bacterial colonies were picked uglarsed to prepare minicultures.

2.5.7. Plasmid miniprep
Preparation of plasmid DNA frorbacterial minicultures (4nl) was performed using the

AxyPrepE Plasmid Minipr e mloKdvernigit ABcylmire wereBi o ¢
centrifuged at 1X 10° rcf for 1 minute (repeated 2 timesThe supernatant was discarded

and the bacterial pelleesuspended in 25@ of cold Buffer S1. Then, the cells were lysed

with 250 Buffer S2 for 3 min at RT, followed by the addition of 380Buffer S3, which
neutralized the reaction. The sample was centrifuged at1T8 rcf for 10 minutes to pellet

the precipitate and the clear supernatant was transferred to an AxyPrep column. The loaded
column was centrifuged for 1 minute at 2 0° rcf and then washed 2 with Buffer W2
followed byanother step of-ininutecentrifugation at 1% 10° rcf to remove rsidual buffer.

At the end, the DNA was eluted with f0of Milli -Q H20 and stored aR0°C.

2.5.8. Plasmid midiprep
Preparation of plasmid DNA from bacterial midicultures (dl) was performed using the

HiSpeed® Plasmid Midi Kit (QIAGEN). 5fnl of overnight LB culture were centrifuged at 6
x 10° rcf for 15 minutes at 4°C. The bacterial pellet wasuspended in &l Buffer P1
followed by the addition of @&l Buffer P2 (lysis buffer) and incubated at RT for 5 minutes.
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Then, the reaction was neutead with 6ml chilled Buffer P3 after which the lysate was
immediately added to a QIAfilter Cartridge and incubated for 10 minutes at RT. Next, the
lysate was pressuiffdtered from the cartridge and simultaneously loaded in a HiSpeed Midi
Tip which has ben equilibrated with 4nl Buffer QBT. The tip was washed with 20l

Buffer QC followed by elution of the DNA with &l Buffer QF. The DNA was precipitated
with 3.5 ml isopropanol (Merck) at RT for 5 minutes. The eluate/isopropanol mixture was
pressurdiltered through a QIAprecipitator Midi Module and the fldwough was
discarded. Next, the QlAprecipitator was washed withlZ0% ethanol. Finally, the DNA
was eluted with 1mMilliQ -H20 and stored aR0°C.

2.5.9. Synthesis of digoxigentabelled RNA probes
Riboprobes were synthesized by in vitro transcription in 20ul reaction volume, containing:

1 pl linearised DNA (1ug/ul)

4 ul 5 x TSC buffer (Promega)

2 pul 10x DIG RNA Labeling Mix (Roche)
0.5ul 50 mM DTT (Sigma Aldrich)

1 pl RNasin (Promega)

1.5ul RNA polymerase (20 u/ul) (Promega)
10 ul DEPGtreated MillrQ H20

The reaction was incubated at 37°C for 2 hours. The DNA template was removed by the
addition of 2ul of RQ1 DNase | (Promega) and further incubation at 37°C for 30 minutes.
To precipitatehe RNA, 2ul 200mM EDTA, 2.5ul 4 M LiCl and 70ul 100% RNAsefree
ethanol (Sigma Aldrich) were added and the mixture was kep0a&t for 1 hour. Then, the

RNA was pelleted by centrigugation at £30° rpm for 30 minutes at 4°C; the supernatant
was discarded and the pellet washed with 0@0% RNAsefree ethanol followed by
another centrifugation at 18 10° rpm for 10 minutes at at 4°C. The supernatant was
discarded and the pellet was vacudried atRT for 23 minutes. Finally, the RNA was
resuspended in 501 DEPGtreated Mill-Q H20, with the addition of 1.6l RNasin and 0.5

pl 200mM DTT. The probes were stored-20°C.
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plasmid restriction RNA polymerase
enzyme
LamatpCRII TOPG EcoRV Sp6
Lamb1-pCRII TOPO EcoRV Sp6
LamckpCRII TOPG EcoRV Sp6
cLamalpBluescript Il KS + Sacl T3

Table 2.2 RNA probes used in this study. Indicated are the restriction enagateto linearise the plasmid
template, and the RNA polymerase used for probe synthesis.

a plasmids were kindly provided by Claire Anderson (Anderson et al. 2009)
b plasmid was generated by Ms. Katherine Long

Chicken Lamal probe was synthesized form EST clone ChEST869c13 from theceSou
Bioscience (Life Sciences).

2.5.10. CappeeRNA synthesis
Capped RNA was synthesised using the mMMESSAGE mMACHINE® Kit (Ambion), using

appropriate RNA polymerase and linearised DNA templapedding on the vector and the
insert orientation. The reaction was performed inpe&olume, where 1ul of linearised
DNA template (Jug/ul), 10l 2 x NTP/CAP mix, 2ul 10x Reaction Buffer, il appropriate
RNA polymeraze (Enzyme Mix) and @l Nucleaseree H20 were mixed together and
incubated at 37°C for 2 hours. Then, DNA template was removed by the additiopl of 1
RQ1 DNase | (Promega) and further incubation at 37°C for 15 minutes. The reaction was
stopped and RNA precipitated by the aduhitiof 30ul Nucleasefree H20 and 3@l LiCl
Precipitation Solution (7.8 LiCl, 50 mM EDTA) followed by 1 hour incubation a20°C.
The precipitate was collected by centrifugation atx1BJ® rpm for 15 minutes at 4°C; the
supernatant was discarded ane fellet washed once withnil of 70% RNasdree ethanol,
and recentrifuged at the same settings. Finally, the RNA was resuspended HQNHEO,

aliquoted in small volumes and kept&0°C.

RNA Vector RF for t_em_plate RNA polymerase
inearisation
Tol2 pDB600 Xbal T3
dnPKA pCS2+ Notl Sp6
H2B-mCherry pCS2+ Kpnl Sp6
Shh pSP64T BamHI SP6

Table 2.3.Capped RNAs used in this stunown are the encoding plasmids, the restriction enzyme (RE) used
for plasmid linearization and the RNA polymerase usedrémrscription.
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2.5.11. Estimation of DNA/RNA sequence size
DNA/RNA samples were loaded on 400/ Ethidium Bromide 1% Agarose gel in TAE

buffer, along with 3m of GeneRuler 1kb Ladder (Fermentas Life Sciences). Size of
DNA/RNA was determined by compariso of t he di stance travel/l

with the baxs on the ladder of known size.

2.5.12. Estimation of DNA/RNA concentration
2 m of DNA/RNA sample (either in TE buffer or MilQ H20) were loaded on NanoDrop

ND-1000 Spectrophotometer (Thesrscientific) and concentration was measured against a
blank sampleTE buffer or Milli-Q H20 only).

2.5.13. Gel Extraction
DNA fragments were recovered from agaros

Recovery Kit (Zymo Research). Agarose gel slices coinmigiithe desired fragment were
excised from the rest of the gel and dissolved in ADB Buffer at 55°C for 10 minutes. The
solution was loaded oBymo-Spi n E | afddubsequmestly washed twice with DNA
Wash Buffer. The DIA was eluted with MilkQ H20.

2.5.14. Phenol/chloroform DNA extraction
One volume of phenol (molecular biology grade, Sighidrich) was added to 1 volume of

DNA solution andhe mixtire wassortexed for 15 minutes, followed by centrifugation at for
10 minutes. The top agueous phasetaiming the DNA was transferred to a new tube. 0.5
volume of phenol and 0.5 volume of chloroform/isoamyl alcohol (CIA, ratio 24:1) were
added and the sample was vortexed for 15 minutes, followed by centrifugation at (Br10
for 10 minutes. The top layavas transferred to a new tube and p0@f CIA were added,
followed by 1 minute of vortexing and 5 minutes of centrifugation. Finally, the DNA

enriched top phase was transferred to a clean tube aratguidpr alcohol precipitation.

2.5.15. DNA preciptation
DNA was precipitated by adding 2 volumes of 100% ethanol (DNA@se Sigma Aldrich),

1/10 volume of M sodium acetate (pH.3) (Sigma Aldrich) and l of glycogen (Sigma
Aldrich). The sample was then incubated -20°C overnight. Then, the sameplwas
centrifuged at 1% 10° rpm at 4°C for 30 minutes. After removal of the supernatant, the DNA
pellet was washed with 106 of 70% DNAasefree ethanol and centrifuged at 230° rpm
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at 4°C for 10 minutes. The supernatant was removed, the pelletimdsed or vacuum

dried at 40°C for 3 minutes and-saspended in MilQ H2Oat the required concentration.

2.5.16. RNA precipitation
RNA was precipitated by adding 3 volumes of 100% ethanol (RNA grade, ifgirah),

1/20 volume of 4M LiCl (SigmaAldrich) and 1pl of glycogen (Roche Applied Sciences).
The sample was then incubated&Q1°C for 1 hour. Then, the sample was centrifuged at 13

10° rpm at 4°C for 30 minutes. After removal of the supernatant, the RNA pellet was washed
with 100 pl of 70% RNAgrade ethanol and centrifuged at £310° rpm at 4°C for 10
minutes. The supernatant was removed, the pellet wakiad and resuspended in DERC
treated R2O at the required concentration.

2.6.in silico analyses

2.6.1. Genomic sequence ne¢val
Genomic sequence information was retrieved from the Ensembl project database

(www.ensembl.oryj and from the UCSC Genome Bioinformatics database

(www.genome.ucsc.edu).

2.6.2. Gene expression informatioretrieval
Information on the expression pattern of genes in the mouse, chicken and zebrafish was

obtained from the Mouse Genome Informatics (M@lyw.informatics.jax.oryy the Gallus

Expression In Situ Hybridation Analysis (GEISHAwww.geisha.arizona.edluand The
Zebrafish Model Organism (ZFINyww.zfin.org databases.

2.6.3. Analysis of sequence conservation
Identification of conserved nowoding elements in the vicinity of the murihamal

locus was performed using the ECR Browsemy.ecrbrowser.decode.grgthe UCSC

Genome Browser www.genome.ucsc.efiu  and the VISTA Browser

(www.pipeline.lbl.gov/caibin/gateway?.

The ECR Browser tool performs and visualises comparative multispecies-gdraene
alignments in a dynamic way enabling the rapid identification of candidate TREs. In short,
the ECR Browser aligns genomic sequences retrieved from the UCSC Genome Brtaxser af
masking of repetitive elements followed by construction of lsgge syntenic relationships.

To facilitate synteny mapping, the browser
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in a pairwise fashion (Ovcharenko 200y aligning the bas genome to the genome
sequences of selected species, the ECR generates a conservation profile, which is displaye
in a 2D graphical format (Figurd.1B; Figure 43B). There, thex-axis schematically
represents the position in the base genome sequence thylaxis represents the identity

(in percentage, %) between the base and the aligned genome secptettoesspecific
position. Those segments of the alignment with significant length (in base pairs) which have
equal to or higher percentage identityartha minimum custordefined threshold appear as
highlighted peaks, defined as evolutionapnserved regions. All of the ECRs identified in

this study are abbreviated as CNE®fiservedNon-codingElements) reflecting the fact that

all of them are locatesh genomic regions with no known protaioding potential. The rest

of the aligned sequence which have bp length and percentage identity lower tharuthe set
thresholds does not appear as peaks and such regions are considered more or less neutral
evolving.

Customised multiple alignments in of thamaZXcontaining genomic region from mouse,
human, opossum, chicken and zebrafish were performed in mVISTA using the Shuffle
LAGAN algorithm. The aligned genomic sequences were manually retrieved from the
Ensembl dat abase; e a ¢ h -ersl efgPtpENnl coec u s p at-eosl  t fhre
(transcription start site) oArhgap28locus. Identification of peaks in the mouse/zebrafish
alignment was achieved using tlev stringency parametres of minimub®% sequence
identity over a 50 bp window, maximising the iderddtion of conserved, albeit short,

regions between the genomes of mouse and zebrafish.

2.6.4. Analysis of transcription factor binding motif presence and conservation
Detailed analyses of the transcription factor binding motifs content of CNEs aN&E&1l

were performed using the rVISTA 2.0ww.rvista.dcode.ory Matinspector and
FrameWorker tools (Cartharius et al. 2006yw.genomatix.de The rVISTA tool enables
the compuational prediction of TFBSs using PWMBaSitional Weight M atrices) from the

TRANSFAC database, using a combination of pattern recognition and comparative sequence
analysis. Such approach significantly reduces the number of false positive matches by 95%
while maintaining sensitivity of the search. After the TFBSs localised in both sequences,
rVISTA proceeds with the identification of pairs of aligned TFBSs which are further tested

for sequence conservation. To be regarded as conserved, the aligned TFBSs must meet th
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requirement of at least 80% sequence idgmiter a 20bgsliding window encompassing the

core of the binding site (Loots and Ovcharenko 2004). Despite the fact that a significant
fraction of the predicted TFBSs are not functionally relevant, the rVISTA tool is nevertheless
efficient in providing aset of limited number of putative TFBSs which can be further
examined by functional studieBach of the identified CNEs was individually submitted for
analysis in the rVISTA 2.0 tool using def
TRANSFAC profes i on a | V1i0.2 Il ibrary and the nOpt
AMatrix similarityo parameter. I n the nex

CNE sequence using the PWMs for all available TF families, including the Gli family.

2.6.5. Aralyses of chromatin features
Information on histone marks, transcription factor occupancy and DNasel hypersensitivity

was obtained using the UCSC ENCODE Browser/database (Rosenbloom et al. 2012;

WWW.genome.ucsc. egl.

2.6.6. Design of mutations in the Gli motifs within aINSE
Base pair substitutions in the Gli motifs ofSE were designed using the SequenceShaper

tool from Genomatixwww.genomatix.de

2.6.7. Sequence visuahtion and manipulation
All sequence files were stored and manipulated in the ApBlasmid editor v1.104

software toowww.biologylabs.utah.edu/jorgensen/wayned/ape/
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Solution or buffer

Composition

Blocking solution

2% Blocking reagent (Roche), 10% Horse serum, 0.1% Tween 20 in DEPC H2Q

E3 embryo medium

15mM NaCl, 0.5mM KCI, 1ImM CaCl2, 1.5mM KH2PO4, 0.05mM Na2HPO4, 1m
MgS0O4, 0.7mM NaHCO3 and48drops per litref methylene blue

Genius 3

100mM Tris HCI, 50mM MgCI2, 150mM NaCl

Hybridisation buffer

50% Formamide, 1.3x SSC, 5mM EDTA, 50ug/mL tRNA, 0.2% Tween 20, 0.5%
CHAPS, 100ug/mL in DEPC H20, pH7.5

LB agar 10g/L Tryptone, 5g/L yeast extract, 10g/L NaCl, 15ggar in deionised H20, pH7.(
LB broth 10g/L Tryptone, 5g/L yeast extract, 10g/L NaCl in deionised H20, pH7.0

MABT 100mM Tris HCI, 150mM NaCl, 0.1% Tween 20 in DEPC H20

NTMT 1% Tween 20 in Genius 3 solution, pH7.5

PBDT 1% BSA (SigmaAldrich), 1% DMSO(Merck), 0.5% Triton X100 in PBS

PBTX 0.1% Triton X100 (BDH Chemicals) in PBS

Proteinase K buffer

100mM Tris HCI, 50mM EDTA in DEPC H20, pH8.0

PTW

0.1% Tween 20 in gPBS

gPBS

137mM NacCl, 5.37mM KCI, 0.14mM CacCl2, 1.25mM MgS0O4, 1.1mM KH2PO4,
1.1mMNa2HPO4 in DEPC H20

Tail mix solution

25mM NaOH, 0.2mM EDTA

TBST (10x)

0.4M NaCl, 0.2mM KClI, 0.25M Tris HCI, 1% Tween 20 in DEPC H20, pH7.5

Table 2.4.Composition of solutions and buffers used in this study.

reporter construct Aiparent o cloning site sequencing primef
CNE::pGL3 pGL3 Promoter Kpnl or Knpl/Xhol pGL3 seq
CNE::EGFP EGFP ¢)? Hindlll M13 F and M13 R
al-NSE::EGFP EGFP ¢)? Hindlll M13 F and M13 R
al-NSE:lacz np1233 Kpnl/Xhol np1230 seq

Table 2.5.Reporter constructs generatadthis study.

a, the EGFP+) vector was kindly provided by Harriet Jackson (University of Sheffield) and is based on
McDonald et al. (2010) and Yu et al. (2011).

b, the np1230 vector was developed by Dr. Sarah Coy duringhesis project (Coy et al. 2011) and is based
on Yee and Rigby (1993).all sequencing primers are indicated in Table 2.2
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Chapter 3

Laminin al expression in the amniote embrny
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3.1. Hypothesis and Aims
As described earlien Chapter 1, previous research in our laboratory revealed HidtiS

required forLamalexpression in the neural tube and somites of E9.5 mouse embryos, where
absence ofLamal mRNA correlates with failure to assemble the myotomal basement
membraneculminating in defective morphogenesis and cell fate specification of the
myotome (Anderson et al. 2009). However, it was unclear whethidragts as an activating

or maintaining factor foLamalexpression in the neural tube and somites. Thus, | performed
whole-mountin situ hybridization (WMISH) to examinkamalmRNA expression irShh
deficient embryos at an earlier stage, at E8.5. Another unanswered question related to the
expression of theamblandLamclgenes inShi~ embryos. Was their expressiorstirbed
similarly to that ofLamaZX? | addressed this question by studying the mRNA expression
pattern of Lambl and Lamcl in Shhmutant embryos. Finally, | hypothesized that the
expression pattern dfamalis conserved across vertebrates, based on existimgledge in

the mouse and zebrafish models, and to demonstrate this | investigatadlexpression in

a third vertebrate speciéghe embryo of the domestic chicken.

3.2. Results
First, |1 confirmed our previous observations on the expressitvambBlin E9.5 wild type

and ShH™ embryos, using a 950 bp digoxigesabelled antisense RNA probe
complementary to a region of the murinbemalmRNA spanning from position 4, 193 to
position 5, 142 relative to theis2009hnscript
In wild type embryos (here labelled 86H'*), the most prominent sites bhmal
expression were the neural tube, presomitic mesoderm and somites, the mesonephros, opti
and otic vesicles, and the head mesenchyme (FigureR.1Rotably,Lamalexpression in
the neural tube and somites was completely obliterate8hirdeficient embryos, while
expression in the presomitic mesoderm, and to some extent in the head mesenchyme,
remained unaffected (Figure 3.4G. This result is in agreement withréar studies in our
lab (Anderson et al. 2009).
Further examination olLamal expression in E10.2B10.5 wild type embryos
showed little change from E9.5. Similarlyamaltranscripts were abundant along the neural

tube, in the head mesenchyme, in thespnaitic mesoderm and differentiating sclerotomes,
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Figure 3.1.Expression of Lamal mRNA in E9.5 wild type and Shh mutant mouse erhbmngagexpression in

E9.5 ShH"™ (A-F) (n=3), andShH" (G-I) (n=2) mouse embryos was analysed by whmbnt in situ
hybridisation. (A) Note thatamal expression extends throughout the entire neural tube. (B) In the head,
Lamalis detected in all divisions of the brain and in the surrounding head mesenchyme (section in D). (C) High
magnification of the tail region shamg high levels ofLamal expression in the presomitic mesoderm and
posterior somites. (E) and (F) are sections through the flank and tail regions, respectively, showing strong
expression in the neural tuberénge arrowheadin E) and PSMi§lack arrowin F), and weak expression in

the sclerotomeblack arrowin E). (G) Note the absence of expression in the neural tube and somiteSbhthe

" embryo. (H) Absence dfamalexpression in all brain divisions, but not in the head mesenchyme, is observed
in the Shhmutant embryo (section in J). (I) High magnification of the tail region showing the complete absence
of Lamal transcripts in all somitesofange arrow} but not in the presomitic mesoderm. (K) and (L) are
sections through the trunk and tail regionsttef Shi embryo revealing the lack dfamalexpression in the

neural tube (oranhe arrowheads) and somites (K), while expression in the presomitic mesoderm remains intact
(black arrow in L). Abbreviations: de, diencephalon; dmm, dermomyotome; hm, headnamgsee; mb,
midbrain; met, metencephalon; mye, myelencephalon; nt, neural tube; psm, presomitic mesoderm; sc,
sclerotome; te, telencephalon.
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Figure 3.2.Expression of LamamRNA in E10.25 wild type mouse embrya@snalexpression in E10.25 wild
type (A-F) (n=3) mouse embryos was analysed by whole maurditu hybridisation. (A) Note the strong
expression olLamalin the entire neural tube. (B) High magnification of the left side of the facial region
showingLamalexpression between thé' and 2°pharyngeal archesvpite arrow). (C) Magnified dorsal view

of the tail bud showing higlhamal expression in the presomitic mesoderm and weaker expression in the
somites. (BF) Horizontal sections through the head where anteriap,iposterior idown Lamalis expressed

in the brain and surrounding head mesenchyme (D, E) and ir'theatyngeal pouch (indicated bybéack
arrow in F). (GJ) Transverse sections through the trunk and tail regi@malis expressed in the condensing
sclerotome and in theentral neural tube, but not in the dermomyotome (G) and dorsal root ganglia (). (H)
Expression in the mesonephric tubules is very prominent. Note the higher levelmal expression in the
ventricular zone of the neural tubergnge arrowsat E, G andl). Abbreviations: de, diencephalon; dmm,
dermomyotome; drg, dorsal root ganglion; ha, hyoid aréf gharyngeal arch); hb, hindbrain; hm, head
mesenchyme; ma, mandibular arcf' filharyngeal arch); msn, mesonephros; nt, neural tube; ov, otic vesicle;
ph, pharynx; psm, presomitic mesoderm; sl, somite | (designates a newly formed somite); sc, sclerotome.

and in the mesonephros (Figure 3.2). Notahlgmal expression in the neural tube was
confined to theventricular zone in the ventral half of the tubag(fFe 3.2E, G and I).
Interestingly, a new domain of expression has appeared in the endodermal lining ¥f the 1

pharyngeal pouch (Figure 3.2B and F).

3.2.1.Shh is required for Lamaltranscription in the somites, but not in the neural tube,
of E8.5 embryos
Shhis essential foLamalxpression in the neural tube and somites of E9.5 mouse embryos.

However, it is unclear whether SHiHitiates or maintaindamaltranscription. To address
this question, | studieamalexpression at an earlier stage, in E8t81"* and ShiH mouse

embryosLamalis already expressed in the neural tube, presomitic mesoderm and somites of
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E8.5ShH’ "embryos (Figure 3.3M). In Shi~ embryos Lamaltranscrpts are absent from
somites (Figure 3.3E, F, G), but maintained in the presomitic mesoderm (Figure 3.3H), as in
E9.5 Shi™ embryos. However, in contrast to E®SBhnull embryos,Lamalexpression in

the neural tube of E8.ShH" embryos was largely unafted (Figure 3.3E, F, G), except for

the posterioimost region of the neural tube where it was absentsél'bbservations suggest

that SHHis required for the initiation dfamalexpression in the somites. In contrasti-s
appears to function in the maintenancd.amalexpression in the neural tube and not in its
initiation. Altogether, these observations reveal distinct requirementsHbr i8 Lamal
expression in the neural tube and somites, and raise interesting cuiaston the molecular

mechanisms governingamaltranscription in these tissues.
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Figure 3.3.Expression of Lamal mRNA in E8.5 wild type ahkrButant mouse embrydsamalexpression in

E8.5 ShH™* (A-D) (n=3), andShh" (E-H) (n=3) mouse embryos was aysed by whole mountin situ
hybridisation. (A) and (E) present dorsal views of the whole embryo, while)(Bnd (FH) are transverse
sectionsLamalis expressed throughout the neural tube and somites (A, B, C, D), and presomitic mesoderm
(D) of the wid-type embryo. In th&hH embryo there is lack of expression in the somitesl&ck arrowin F

and G), but not in the neural tube (E, F, G) and presomitic mesoderm (Hyrdinge arrowin (A) and (E)

signify the position of a newlormed somite, sl. Abbreviations: nt, neural tube; psm, presomitic mesoderm;
som, somite.

3.2.2. Expression otambland Lamclis unaffected inShh-deficient mouse embryos
According to the current adel in our lab, the failure in myotomal basement membrane
assembly irShi™ mouse embryos is caused by the loskarhalexpression in the somites,
which leals to inability to secrete thearhininl111 trimer that is critical to initiate the
assembly of t myotomal basement membrane (Anderson et al. 2009). However, the
question of whether expression lchmbland Lamc], encaling the other two subunits of

laminin111, is also affected iBhhnull embryos, particularly in the neural tubedaomites,
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remain& unansweredlherefore, | investigated the expression of these laminin genes in wild
type and Shh mutant embryos. Consistent with earlier reports (Tunggal et al. 2000), |
observed ubiquitous expression of bbimblandLamclin ShH™ embryos (Figure 3.4

and Figure 3.5A, B, respectively). Transcripts were detected in the neural tube, somites,
presomitic mesoderm, pharyngeal arches, etc. A notable difference between the expressior
pattern ofLamblandLamclin ShH™ mice was the absee ofLambltranscripts from the

heart, whileLamclwas expressed there (Figure 3.4A and Figure 3.5A). However, most
importantly, the expression of botlamblandLamclwas unaffected in th8hH™ embryos,

and the staining in the neural tube and somiteparticular, did not significantly differ from

that observed in wild type embryos (Figure 3-BRnd Figure 3.5C, D).
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Figure 3.4.Expression of Lamb1l mRNA in E9.25 wild type and Shh mutant mouse erhbrgb&expression

in E9.25ShH" (A-C) (n=2), andShK" (D-F) (n=2) mouse embryos was analysed by wholeuntin situ
hybridisation. (A) and (D) are images of the whole embryo, (B) and (E) are horizontal sections through the head
region, while (C) and (F) are transverse sections thralighrunk. (A)Lambl mRNA is expressed in most
tissues, but not in the heart (A) and the ectoderm of the pharyngeal dieloésafrowheadsn B, E). (C) Both

the neural tube and somites expreamb1 (D) The pattern ofamblexpression is largely unchged inSht"
embryos, and particularly in the head (E), as well as in the neural tube and somites (F). Abbreviations: de,
diencephalon; ha, hyoid arch“‘(zpharyngeal arch); hb, hindbrain; hg, hindgut; ht, heart; ma, mandibular arch
(1*' pharyngeal archynb, midbrain; nt, neural tube; som, somite.

This indicates that SHi$ not required for the expressionlafmblandLamclat the
examined stages and further supptte model that it is the lack @amaltranscription that
is mainly responsible for thaifure to assemble the myotomal basement membra8ahn

deficient embryos.
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Figure 3.5 Expression of Lamcl mRNA in E9.75 wild type and Shh mutant mouse embryosekprasgion

in E9.75ShK"™ (A, B) (n=2), andShh" (C, D) (n=2) mouse embryos was analysed by whaieuntin situ
hybridisation. (A) and (C) images of the whole embryo; &8l (D) lateral view of the right side of the head.
(A) and (B) Lamclis expressed throughout the body of the wild type embryoudimd the heart, all brain
divisions, the future spinal cordrange arrovy, the somitesdrange arrowheay] pharyngeal arches and otic
vesicle (outlined irwhite). (C) and (D) Notably, the expressionlafmclis unaffected irBhhmutant embryos.
Abbreviatons: ce, cerebellum; ma, mandibular arcliglharyngeal arch); mb, midbrain; mye, myelencephalon;
ov, otic vesicle; te, telencephalon.

3.2.3.Lamaltranscription in the chicken embryo

Considering the conserved pattern laddmal expression between mouse and zebrafish
embryos, | was eager to learn whether this phenomenon is a generaltesisi@a of
vertebrates. Therefe, | decided to examineamalmRNA expression in a third vertebrate
embryoi that of the domestic chickeGéllus gallus dom.).

The expression pattern of the chicdeaamalgene ¢Lamal is poorly documented.
Zagris et al. (2000) performe situ hybridization studies with radiolabelled asgnse RNA
probes tochicken Lamal mRNA in embryos from pregastrulation Hamburgedamilton
stage 1 (HH1) until 13omites stage (HH11). The authors reported strong expression in both
the epiblast and hypoblast at HH1, and at the stage of primitive streak formatioMd{HH3
Lamalwas strongly epressed by mesenchymal cells ingressing through the primitive groove

and more weakly by the ectoderm. During head fold development-@jHbtensiveLamal
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staining appeared in the neuroectoderm and lateral mesoderm. Curiously, Zagris et al. (2000)
failed to detectLamalexpression in the neural tube and sclerotome ef3fomites stage
embryos (HH1611). Instead, they reported high expression in the pronephros, weaker
expression in the dermomyotome and absenckaafalin the sclerotome. This lack of
Lamal transcripts in the early avian neural tube contrasts with data from the rodent
(Anderson et al. 2009; Miner et al. 2004) and zebraffsgufe 1.3;J oseph Pi cke
Thesis 2012; Zinkevich et al. 2006) models where, in the case of the mouse dmbmgb,

is highly expressed in the neural tube even at early stages of somitogenesis at E8.9 (this
study). Moreover, during murine somite maturaticamal transcripts disappear from the
dermomyotome, while expression is maintained at low levels in the sclerGtomderson et

al. 2009; this study), which is opposite to the report from Zagris et al. (2000).

However, there were several issues with the latter study. First, the augbdrenouse
embryo cDNA to generate theirfiantichicken Lamal mRNAO probes which auld
theoretically have an effect on t hkeamglr obe
MRNA, and hence generate trustful staining. Second, their data for the lack of neural tube
and sclerotomal expression is derived from only a single HH16hiken embryo. Thus, it
could be argued that the lacklcdmalexpression in these tissues is a random artifact of the
assay and does not represent the true pattern.

Therefore, | decided to 1@nalyse the expression of the chickemmaland add data
for later stages as well, which were not covered by Zagris et al. (2000). To achieve this, |
generated a 81Bp digoxigeninlabelled antisense RNA probe that was complementary to a
region of the chickehamalmRNA spanning from position 506 to position 1, 324tigkE to
the transcription start site. This probe was then used to examine the expression pattern of the
cLamalgene.

cLamaldisplays a tissuspecific but dynamic expression pattern. At the earliest
stage investigated HamburgetHamilton stage 4 (or HH418 h of incubation),cLamal
transcripts are restricted to ingressing mesodermal cells that have invaded the space betwee
the ectoderm and endoderm (Figure 3BA Later, at HH8 (2& of incubation), the pattern
dramatically changes with high levels ofamalexpression in the forming neural tube
anteriorly and the neural plate posteriorly, while expression in most of the mesoderm is

diminished (Figure 3.74). Interestingly, there is a domaineifamalexpression restricted
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Figure 3.6. Expression ofcLamal mRNA in HH4 chicken embryatamal expression in HH4 chicken
embryos (n=2) was analysed by whoteuntin situ hybridization. (A) Dorsal view of the whole embryo
showing the fully developed primitive strediddck arrowheads wi t h t he (blackasr@ynabis n o d ¢
anteriormost end. Expression afLamalis evident in the ingressed mesoderm:OBTransverse sections
showing high expression in the mesoderm and low or absent expression in the ectoderm and endoderm.
Abbreviations: ect, ectodermné, endoderm; mes, mesoderm; pf, primitive fold; pg, primitive groove.

to the floor of the foregut endoderm and in what appears to be the pestesbedge of the
unsegmented cranial paraxial mesoderm (anterior to somite 1) (Figure 3.7B and H). Most
posteriorly, where gastrulation movements are still proceeding, there is only speckled
expression in the mesoderm (Figure 3.7G).

By HH15 (51h of incubation), new domains oLamaltranscription have appeared
(Figure 3.8AH). At this stage, prominent sites of.amal expression are the somites,
nephrogenic mesenchyme, posterior lateral plate mesoderm and the tail bud (Figure 3.8B, D,
F, H). Similar to the mouseLamalwas expressethroughout the epithelium in newly
formed somites, but in more mature somiteamalmRNA is restricted to the sclerotome,
while expression in the dermomyotome is extinguished (Figure 3.8D, E). Surprisingly, in
contrast to the situation in mouse and zebmaembryos, there is a conspicuous lack of
cLamaltranscripts in the presomitic mesoderm (Figure 3.8B, F). Expression in the neural
tube continues and spans the whole length of this structure. Interestingly, in the posterior
neural tubecLamalexpressiorextends through the whole medaieral width of the
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neuroepithelium, while anteriorly it is restricted to the ventricular zone of the ventral half of
the neural tube (Figure 3.8C, F). Another curious detail is the lackarhaltranscripts in
the nephic duct while high levels are detected in the nephrogenic mesenchyme that will

subsequently generate the mesonephric tubules (Figure 3.8D).
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Figure 3.7. Expression of cLamal mRNA in HH8 chicken embrgaamal expression in HH8 chicken
embryos (n=3) was analysed by whateuntin situ hybridization. (A, H) Dorsal views. () Transverse
sections. (AxLamalmRNA is abundant in the closing neural tube and in the neural plate at the posterior of the
body (A, E, B, as well as in the posterionost edge of the unsegmented cranial paraxial mesodsark (
arrow in A and H). Low levels of expression are observed in thesdmte (H). Thedotted orange lines
delineate the intersomitic clefts. Note the higher exprassicLamalin the ventricular zone of the neural tube
(orange arrows in B, C and D). The floor of the foregut also expretsasal (black arrowheadsn B).
Abbreviations, ect, ectoderm; end, endoderm; fg, foregut; hm, unsegmented head mesoderm; mesnmeso
nf, neural fold; ng, neural groove; np, neural plate; nt, neural tube; pg, primitive groov&;ssimite; s2, %
somite; som, somite.

At the latest examined stage, at HH18 [6@f incubation)cLamalcontinues to be
expressed in the somites, neural tube, mesonephros and posterior lateral plate mesoderm wit
no expression in the presomitic mesoderm (Figure -BYASimilar to HH15, expression in
mature somites is restricted to the sclerotome, whiléhénneural tubeLamalRNA is
confined to the ventricular zone in the ventral half of the tube (Figure 3.9D). The nephric
duct is devoid otLamalexpression in contrast to the nephrogenic mesenchyme, congruent
to the pattern at HH15 (Figure 3.9D606) .
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Figure 3.8. Expression of cLamal mRNA in HH1
chicken embryossLamalexpression in HH15 chicken
embryos (n=3) was analysed by whabeuntin situ

hybridization. (A) Dorsdateral view of a whole
embryo showing expression in the neural tube, somit
nephric nesoderm and lateral plate mesoderm. (B) Hi
magnification of the posterior half of the embryo (dors
view, anterior is to the top); green arrowindicates
cLamalexpression in a newdforming somite (s0) in
the rostralmost edge of the presomitic mesoue (B,

F) Note the absence okamalmRNA from most of the
presomitic mesoderm. (H) High magnification of the tg
bud region (dorsal view, anterior is to the top)-G¢

Transverse sections. (C, FlLamal transcripts are
enriched in the ventricular zonef the neural tube
(orange arrow} . ( E ,cLamalis éxgirgssed in the
nephrogenic mesenchymblgck arrow), but not in the

nephric duct Ilflack arrowheadl . ( F, Ho6

presence ofLamalmRNA in the posterior lateral plate
mesoderm. AbbreviationglImm, dermomyotome; Ipm,
lateral plate mesoderm; nc, notochord; mt, myotome;
neural tube; sc, sclerotome; sl, somite | (designate
newly formed somite); som, somite; psm, presomit
mesoderm; tb, tail bud.
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In summary, contrary to Zagris et al. (2000), | observed high expressiamalin

the chicken neural tube, weaker signal in the sclerotome, absent from the dermomyotome,

and curiously, also absent from the presomitic mesoderm, unlike the situatiomge awd

zebrafish.

Overall, the expression pattern of the chickamalgene is highly similar to that in
the mouse and zebrafish embryos, suggesting conserved mechanisms of transcriptional
control onLamal Importantly, this hints for the possibility th&8HH signaling is similarly

involved in the regulation diamalexpression in the ventral neural tube and somites across

vertebrates.
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Figure 3.9 Expression of cLamal mRNA in HH18 chicken embrgbamalexpression in HH18 chicken
embryos (n=2) was analysed by whateuntin situ hybridization. (A) Dorsal view of the whole embryo
showing intenseLamalexpression in the future brain and spinal cord, somites and nephrogenic mesenchyme.
(B) and (C) High magfication of the trunk at the forelimb level and of the tail bud region, respectively (dorsal

Vi ews, anterior is to the top). (D, D6) A transv
cLamal expression in the ventricular zone of the vehtneural tube drange arroWy and nephrogenic
mesenchyme, lower levels of expression the sclerotome, and absence in the nepric duct. Abbreviations: dmm,
dermomyotome; flb, forelimb bud; hlb, hindlimb bud; Ipm, lateral plate mesoderm; nd, nephric duct; nm,
nephrogenic mesenchyme; nt, neural tube; sc, sclerotome; sl, somite | (designates a newly formed somite); som,
somites.

3.3. Discussion

| examined the expression pattern of laenalgene in rodent and avian embryos. Prominent
sites of expression in the mmee embryo are the neural tube, somites, presomitic mesoderm,
nephric structures and head mesenchyme, which is consistent with older reports. Confirming
previous findings from our laboratory, | found thamaltranscription in the neural tube and
somiteswas lost inShhdeficient E9.5 mouse embryos, while expression in the presomitic
mesoderm was unaffected. Interestin@¥H was not required focamalexpression in the
neural tube of E8.5 embryos, in contrast to such requirement in the somites. loalsal sh

that expression oLambl and Lamcl genes is not affected iShhnull mouse embryos.
Finally, | studied the expression pattern of the chickamal gene and found that it is

strongly expressed in the neural tube, nephric mesodeamial mesenchyme drsomites,
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but not in the presomitic mesoderm, and concluded that the expression patterhash#tie

gene in vertebrates is largely conserved.

3.3.1.Lamalexpression in the neural tube of mouse and chicken embryos.
In agreement with prior studies, | fodi thatLamalis characteristically expressed along the

neural tube (from the ventral telencephalon to most posterior region of the spinal cord) in
mouse embryos and | also showed that expression in this structure is conserved in the

chicken.

3.3.1.1. &IH is not required for Lamalgene activation in the neural tube
Intriguingly, Shhdefficient E8.5 embryos displayed persisté@mal expression in the

neural tube but not in the somites (Figure 3.3), in contrast to the situation irSES5
animals where dth the CNS and somites were devoidLaimal mRNA. Interestingly, a
similar relationship exists in zebrafish, where expressiotamial in the neural tube is
unaffected in earlsmd™ or cyclopamingreated wild type embryos (125 somites stage),
while it is reduced in the brain of cyclopamitieated zebrafish at 2¥pf (Table 1.2;Joseph
Pickeringds Thesis 2012) .

The observations in the mouse embryo suggest thatafjal expressionin the
somites and neural tube is governed by distiigetegulatory elements, and 2H8 plays a
role in the maintenance dhmaltranscription in the CNS rather than in its initial activa
there, similarly to the WN3adependent maintenance, but matiation, of brachyurygene
transcription in the paraxial mesoderm (Galceran et al. 2001).

The latter conclusion also hints to the existence of separate enhancers controlling the
activation and the maintenance lodmal expression in the neural tube. cBuscenario is
consistent with studies reporting the presence of distinct enhancers dedicated to either
activation or maintenance of developmental gene expression. For instance, the modulation of
Pax2 expression in the murine midbranmndbrain boundary (MB) is governed by two
enhancers (Pfeffer et al. 2002). AOB5fl-dependent 120bp element, termed the
Afactivationo enhancer, i sPax® exprdssioa in ¢ha anterson d
neural plate at late gastrulation. Another 4p0enhancer ith functional FAX 2/5/8 binding
motifs is both sufficient and necessary to maintaax2 expression in the MHB at later
stages, indicating a positive feedback 8 on i ts own geneds tra

2002). Similarly, investigation of the wwlex transcriptional regulation of thdyf5-Mrf4
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locus identified separate enhancers for activation and maintenaNbgSoéxpression in the
pharyngeal arches, as well as in the axial muscles (Carvajal et al. 2001).

Alternatively, both activation and nmdenance ofLamalexpression within the mouse
neural tube could be controlled by a single enhancer, which would require distinct inputs
from different transcription factors and signaling pathways at early (activation) and later
(maintenance) stages. Thesthe case of therthodenticle(otd) gene inDrosophilathat is
essential for ocellar development. Expressiontdfin the eyeantennal disc is controlled by
a single enhancédr ocelliless which is initially activated by inputs from thé/inglessand
Hedgehogsigndling pathways, while its later activity is maintained by autoregulatory inputs

by the Otd transcription factor itself (Blanco et al. 2009).

3.3.1.2. Laminins and neural progenitor cells
Interestingly,Lamalexpression accumulates in the vantlar zone (VZ) of the neural tube,

particularly in the anterior neural tube at E8.5, 9.5 and 10.25 in the mouse (Figure 3.1D;
Figure 3.2E; Figure 3.3B, F) and at HH8/HH15 in the chicken (Figure 3.7B, C; Figure 3.8C),
while in later stage embryos (FiguBe2G and Figure 3.9D) this ventricular enrichment is
also observed in the posterior neural tube. This suggestsLamaal is predominantly
transcribed by the pool of proliferating neural progenitor cells located in the ventricular zone
and is dowrregulaed in posimitotic neural or glial dés. Thus, it is possible that laminin

U dcontaining &minins play a role in modulating the behavior of neural progenitor cells.
Consistent with this possibility, several stuglieave reported the effects afrlinins onthe
maintenance of neural stem cells (Flanagan et al. 2006; Hall et al), 20@Bled to the
concept thatdminins may be an essential component of the ECM in the neural stem cell

niche (Lathia et al. 2007), as described in more detail in Chapter 1.

3.31.3. Laminins in cortical morphogenesis and axonal growth and migration.
The pattern oLamalexpression in both the mouse and chick embryos is also consistent with

roles of this laminin subunit in glial development and cortical morphogenesis, and multiple
studies have elucided critical functions of thealmi ni n U1, U2 and o1
migration, fasciculation, and glial development in the CNS, as described in Chapter 1. The
LamaZXknockout studies by Heng et al. (2011) and Ichikdwanikawa et al(2012) were
especially important for they demonstrated a critical roléheflaminin UlL-containing pial

basement membrane in cerebellar development. These findings are consistent with my
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observations thatamal is transcribed in the embryonic neuroeplitth@, and also in
mesenchymal cells aggregated at the basal surface of the neural tube (Figure 3.2D, E, G).
These cells form the meninges of the forebrain and spinal cord and are derived from the
cranial neural crest and the sclerotome, respectively (Gxiudy. 1993; Christ et al. 2007).
Future studies using conditional inactivationL@imalin specific neural cell populations at
different temporal stages would be instrumental in elucidating the plethora of unknown

functions ofLamalin the developing ngpus system.

3.3.2. Laminins and neural crest cells
Laminin Ul expressed by the neural tube an

neural crest (NC) cells along basement membranes of the neural tube, dermomyotome anc
myotome, as described i@hapter 1 where it was highlighted thatural crest cells up
regulate &minin synthesis at the onset of ganglia formation (Duband and Thiery 1988). It
would be interestingp determine thealminin isoform present within ¢hcondensing ganglia,
althoughémi ni n U1l i s a unl i klerhalexgessiod of thia guleunitans |
the dorsal root gnglia (Figure 3.2G). Howevemrhinin111 synthesised by sclerotomal cells

may be utilized by aggregating NC cells.

3.3.3 Lamalexpression in somites and presomitic mesoderm
Lamalis expressed in the somites of all three vertebrates analysed td datmouse,

zebrafish and chicken. While expression is uniform in ndaigned somites of mouse and
chicken embryos (Figure 3.3@)amalexpression is downegulated in the dermomyotome

upon or before epithelidb-mesenchymal transition of the ventral somitic half (Figure 3.8E),

but remains expressed in the mesenchymal sclerotome (Figure 3.1E; Figure 3.2G, |; Figure
3.8D). A similar p#ern is observed in zebrafish embryésgire 1.3;JJ oseph Pi cke
Thesis 2012).

Lamal expression in the mouse somites is required for proper myotomal
morphogenesis and differentiation and, directly or not, for trunk neural neural crest
migration, thraigh the involvement oeimininU in the formation of the myotomal basement
membrane (Anderson et al. @). It is likely that chickenaminin U 1performs similar
functions. This could be tested w@atibodymediated blocking ofdminin U linteractions
with cellular receptors like integrin and/or dystroglycan, or by siRh&iated down

regulation ofcLamalmRNA expression in the paraxial mesoderm.
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3.3.31. The requirement for 3HH in the presomitic mesoderm and somites is different
in mouse and zebrafish
Here, | confirmed previous studies from our lab (Anderson et al. 2009) d#rating the

requirement for SHHn the expression adfamalin the mouse somites and neural tube at
E9.5 (Figure 3.1), but not in the presomitic mesoderm. | also gedwevidence suggesting
that Shhis required for the initiation dfamalexpression in somites, whereas expression in
the presomitic mesoderm is independent BHSsigndling (Figure 3.3). Interestingly, the
opposite is true in zebrafish, &amal expresson requires Hh signkihg in the presomitic
mesoderm, but not in the somites. Indeed, T smoothenedldicient fish embryos
displayed a strong reduction @Emal mRNA in the presomitic mesoderm, but not in the
somitesTable1.2J oseph Pi cigk20t2). hgbés Thes

These observations suggest that distinct sigiga mechanisms controLamal
expression in the somites and in the presomitic mesoderm. One may speculatenidat
transcription in these structur eso iesn hcaomcte
or alternatively, 2 ) vdedicated enhancesst The fifstsscenarid e ¢
would assume that the availability of some transcription factors differs between the somites
and presomitic mesoderm. For instancé] @re not expregsl in the murine PSM but are
expressed in the somites, while in zebrafish they are expressed in both tissues (Hui et al.
1994; Thisse et al. 2004), suggesting that the mouse PSM employs an alte@idtive
independent mechanism to induceamal According tothe second scenario, the somite
enhancer(s) of the murineamalgene would be expected to bell$responsive, while the
PSM enhancer(s) would not. The opposite would be true for zebdafishl, although
constitutive activation of Hh signaling is suffictelo upregulatelamalin zebrafish somites
(Table 1.2 J oseph Pickeringbs Thesi sspedfi@ teGu)atory s u g
element(s) which is Hhesponsive is present in the zebraflamal locus. In fact, what
appears to be a lack of requiremhéor Hh in the somitic expression of fikimalcould be
due to combinatorial regulation by other signaling pathways and their downstream
transcription factors, whose combined inpt
an ANAANDO o nrd of lamalttamseriptionamthe fish somites (Davidson 2006). The

same could be true for the presomitic mesoderm in the mouse.
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Based on this, one can envision a hypothetical scenario where somitic and presomitic
expression of.amalin the last common ancestor of zebrafish and mouse was modulated by
two regulatory elements, one for the somite and one for the PSM, both of which receiving
inputs fromHH signaling, perhaps in ¢hform of direct binding by Glilactars (Figure 3.10).
Besde the GLIlinputs, other inputé from factor X in the somite enhancer and from factor Y
in the PSM enhancer, acted in a combinatorialsguundant manner with the Gidctors
to driveLamalexpression in these tissues. Upon divergence of the actipgigte (leading
to zebrafish) and sarcopterygian (leading to mouse) lineages neariynidibd yearsago
(Zhu et al. 2009), one may hypothesise that the two enhancers underwent independent loss o
transcription factor inputs, such that the fish lineags ioput Y from the PSM enhancer,
while the mouse lineage lost input X from the somite enhancer (Figure 3.10). In effect, the
losses rendered the zebrafish PSM enhancer and the nwmuge enhancer dependent on
GLI inputs, and these dependencies werealedeupon exgrimental perturbation of the HH
signaling pathway. In contrast, the murine RSd fish somite enhancers were insensitive
to HH signaling deficiencies for they still harbored the quadundant Y and X inputs,

respectively (Figure 3.10).

ai Y Gl
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PSM somite for factor X was lost
enhancer enhancer in the somite enhancer
Gli Y Gli x
=1 I— -
PSM somite
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0 _- I ZEBRAFISH
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binding site
PSM somite for factor Y was lost
enhancer enhancer in the presomitic
mesoderm enhancer

Figure 3.10.A hypothetical scenario for the evolution of the putative somite and presomitic mesoderm enhancers.of Lamal

A schematic diagram illustrating the hypothetical presence of separate somite and presomitic mesoderm (PSM) enhancers of
Lamalin the last common ancestor of teleosts and mammals, which were driven bygeasi) redundant inputs from

GLI combined with X or Y factors in the somite and PSM enhancer, respectively. After divergence of the sarcopterygian
and actinopterygian lineag, the somite enhancer lost the binding site for factor X in the lineage lieading to mouse, whereas
the zebrafish lineage lost the binding site for factor Y in the PSM enhancer. Thus, the murine somite enhancer and the fish
PSM enhancer were rendered sggly dependent on Hh signaling (as discussed in the text). Legegnta trianglesGli
factors;cyan shapefactor Y;brown shapefactor X;red rectanglesGLI binding sitesgreen rectanglesfactor Y binding

sites; yellow rectanglesfactor X bindingsites;green asteriskslost factor Y binding siteyellow asteriskslost factor X

binding site.
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A striking example is provided by the eve stripe 2 enhancer (es2Bjosophila
melanogasterwhichis regulated by inputs from products of tmenchbackbicoid, kruppel
andgiant genes, where some of the binding motifs appear to be redundant indicated by the
lack of qualitative changes in the expression pattern driven by mutant variants of es2E
(Arnosti et al. 1996; Lagha et al. 2012). Similarly, Drew20X1) investigated the pattern of
distribution of Kruppel and Hunchback transcription factor binding sites (TFBSs) within the
BX-C (bithorax complekin D. melanogasteand concluded that clustering of TFBSs allows
for extensive functional redundancy sutttat losses of individual sites do not result in
obvious phenotypic changes (Drewel 2011). This suggests that enhancers can tolerate
extensive sequence turnover with gain and losses of TFBSs without overt effects on the
regulatory output of the elementsrpaps because of quasdundancy between particular
TFBSs (Weirauch and Hughes 2010).

3.3.3.2. Putative functions of la mi n i imthepresomitic mesoderm (PSM)
It is possible thatdminin111 synthesised in the murine PSM incorporates into the basement

membrane surrounding the neural tube, whiclild explain the presence ainhinin U 1
protein on the pial surface of the neural tube eveBhR™ embryos, as hypothesized by
Anderson et al. (2009).

In regad to functions within the PSMaminin-111 is n a position of hypothetically
modulating various aspects of somitogenesis, from survival of PSM cells to clefting and
budding of epithelial somites,msilarly to the requirement foikfronectin in the formation of
chicken somites (Rifes et al0@7). Theputative function of dminin U lin the murine
presomitic mesoderm could be addressed by soaking cultured mouse embryos in the presenc
of antibodieshat prevent the interaction arhinin al with cell surface receptors, or by-Cre
based conditional deletioof theLamalgene within the cells of the presomitic mesoderm
(Marinic et al. 2013).

However, the avian presomitic mesoderm was largely devoidLamal mRNA
(Figure 3.8A, B, F), in striking contrast to the mouse and zebrafish embryos. This suggests
that cLamalexpression in the presomitic mesoderm was lost in the avian lineage at some
point after the great sauropsid/synapsid dichotomy nearly 310 million years ago (Benton
2005; van Tuinen and Hadly 2004). An alternative, but less parsimonious sceriaiad is

Lamalexpression in the presomitic mesoderm was independently invented by teleosts and
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mammals. Nevertheless, | observdcamalin the anteriomost end of the chicken PSM
where the newly formed somites bud off from (green arrowhead in Figure 3/@Bpditern
is very intriguing as it sugests some unique function f@ninin U lat this very rostral end
of the PSM, as hypothesised above for the mouse. Strikingly, despite the lelc&anohl
MRNA expression through most of the avian PSM, a recent gitolided detded 3-
dimentional view of the laminin andbfonectin protein matrices within and around the avian
presomitic mesoderm (Rifes and Thorsteinsdottir 2012). Interestingly, both matrices display
progressive increase in structural organizatioa cau@l-to-rostral direction, whereaminin
in particular is presented by small patches within the less mature posterior PSM while in the
anterior half of the PSM, where somitic eplthkzation and budding occuraminin is
deposited as a fenestrateceshwork on the surface of the mesodermal cell (Rifes and
Thorsteinsdottir 2012), again hinting to functions in PSM morphogenesis.

But if the chicken PSM does not transcriiteamalthen which cells provideaminin
to the PSM? One possibility ihat the neral tube providesaminin1ll for cLamalis
expressed there. Alternatively, the absencel@malexpression in the avian presomitic
mesoderm may be compensated by expression of another alpha laminin subunit, most
likely laminin U Swhich appears to haresent in the chicken presomitic mesoderm (Coles et
al. 2005) but not in the murine PSM (Anderson et al. 2008)is, the putative function of
laminin in the development of the PSM might be performed by different isoforms in the
mouse and chicken embryos

Moreover, another unreported aspect of avwdamal expression pattern is the
domain at the very caudal edge of the unsegmented cranial paraxial mesoderm (black arrow
in Figure 3.7A, B. It could be speculated thanhininU Jplays a role in the initisdeparation
of the cranial from presomitic paraxial mesoderm. These scenarios can be addressed either b
interfering with the stability oELamalmRNA or by blocking antibodies againstrhininU 1

as mentioned previously.

3.3.4 Lamalexpression in the nphrogenic mesoderm
Another conserved domain bbmalexpression is the nephrogenic mesoderm. The results

from my studies orbamal mRNA expression in the mouse embryo (Figure 3.1E; Figure
3.2H) are consistent with previous reportsl@amalexpression in the developing nephric

systems (Anderson et al. 2009; Miner et al. 1997; Miner et al. 2004; Sorokin et al. 1997), as
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described in Chapter 1. Interestingly, | found that in the avian endigmalmRNAs are
present only in the nephrogenicrees c hy me bu't not in the nep
Figure 3.9D, D6) , at | east at the examin
expression pattern of the chicken and muriremal has speciespecific functional
consequences for nephric devmizent. However, Ekblom et al. (1990) reported that,
nevatheless, in the mouse embrya, mi nin U1 di sappears from
ducts (which are derivatives of the nephric duct) by day 16 of gestation and remains only in
the proximal tubulesfahe nephrons (derived from the nephrogenic mesenchyme) where it
also downregulated eventually (Ekblom et al. 1990). Despite these minor differences, the
transient expression dfamalin the developing kidneysuggests important functions of

la mi n i mkidrigylmorphogenesis, as described in Chapter 1.

3.3.5 Other domains ofLamalexpression
Intriguingly, | observed.amalmRNA expression in the floor of the foregut of HH8 chicken

embryos Black arrowheadsFigure 3.7B) as well as in the endoderm of tflepharyngeal
pouch and pharynx of mouse embryos at E10.25 (Figu2®, F). It is possible thaaminin
U 1in the form of &minin-111, could perform a role in the complex processes of epithelial
sheet folding during pharyngeal pouch and thyroid divdttiouevagination. In this respect,
the observation thatdlc ki ng t he i nter act i aodogenbleadswiea n |
severe reduction in branching morphogenesis of the submandibular salivary gland in E13
mouse embryos (Kadoya et al. 1997), suggesis tle presence of assembled Laminin
network is required for branching/folding opithelia. A study inCaenorhabditis elegans
uncovered the involvement oérhinin in the apical localization of the PARprotein in
pharyngeal precursors that is required égtablishment of the apiebhsal polarity of the
nematode pharyn epithelium, independent fromalmi ni n 6 s i ncorpor at
membranes (Rasmussen et al. 2012). Thus, expresdi@amaflin the pharyngeal endoderm
of mouse and chicken embryos hiriitg hitherto unknown functions ofaminins in this
region of the embryo, which can be addressed by the apphoaf blocking antibodies to
lamininU Jand/or its receptors in cultured embryos or by Rit#diated dowsregulation of
Lamaltranslation.

Another interesting domain ofLamal mRNA expression is in the ingressing

mesoderm in HH4 chick embryos (Figure 3.6), which is consistent with the observations
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from Zagris et al. (2000). However, the functional significance of this expression by the
newly formed mesoderm is unclear, especially in consideration of the requirement for
basement membrane breakdown at the site of the primitive groove, where epiblast cells
undergo epithelialo-mesenchymal transition (EMT) and turn into mesoderm (Nakaya et al.
2008). In relation to this, the EMT marke®nail2 was upregulated and mesodermal
differentiation accelerated iamcI” embryoid bodies which also, expectedly, lacked
basement membrane (Fujiwara et al. 2007), again demonstrating the negative relationship
between Laminins and mesodermal ingression in gastrulation.

Although | did not examineLamalexpression in prgastrulation chicken embryos
(stages 42), it was reported to be expressesed by the epiblast and more intensively by the
hypoblast (Zagris and @hg 1990; Zagris et al. 2000) at that stage, and culturing chicken
embryos in solution containingaminin antibodies perturbed the adhesion and migration
directionality of epiblast cells during formation of the primitive streak, which eventually
culminatedin disintegration b the whole area pelucida (Zagrand Chung 1990), thus
revealing important roles foaminin111 in early avian embryogenesis. This is reminiscent
to the essential functionsaimi nin U1 in murine epi byonicst d

membrane stability (Miner et al. 2004).

3.3.6 Lambland Lamc1 mRNA expression is unaffected by the absence $hh
The absence dbhhdid not have an effect on the expressionamblandLamclat E9.5.

This further consolidates the model in our laboratory that the failure of myotomal basement
membrane (MBM) assembly is a result of perturhadhal but not ot her l
transcription (Anderson et al. 2009). However, Anderson et al. J2d€i@cted patches of
lamininb 1 pr ot ei n iShh embrgws, whichieteaa orgafized in a continuous
sheet as in wild type anirsa It is not implausible thda mi ni n b1l i n these
part of residualdminin-111 produced befor@mitogenesis, in the presomiticesoderm, that

failed to polymerse due to perturbation @famaltranscription in the somites &hhnull
embrys il lustrating that d taminirglél, is impoftaatfor n i n
effective assembly of the yntomal basement membrane (Anderson et al. 2009). In fact,
synthesis of the alpha subunits and interaction with the-dastana dimer is considered
essential for secretion of the whole laminin heterotrimer from larproducing cells

(Yurchenco et al. 1997However, a more likely explanation is that themi n i" patchiesl
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of unassembled laminin are formed bminin511 instead, atama5 expression was
unaffected in the somites &hhdefficient embryos (Anderson et al. 2009), and therefore

could havdacilitated the secretion of aImi n icontaibirg trimer.

In summary, lconfirmed our previous findinghat SHH is required forLamal
expression in the somites and neural tube of E9.5 mouse embryos. | reported a differential
requirement for HH signalng in the somites and neural tube for the initiation and
maintenance ofamalexpression, respectively. Finally, | investigated the expression pattern
of the chickerLamalgene and concluded that its expression is largely conserved with that of
its mouseand zebrafish orthologs, hinting to the conservation of signaling and transeription
regulatory mechanisms. This has led me to hypothesisedh@lexpression in thenurine
somites and neural tube is directly regulated BYi¥ia binding of Gl transcripton factors
to cisregulatory elements in the vicinity of theamal locus. Moreover, based on the
conserved expression dfamal across vertebrates, particularly in the neural tube and
somites, it is highly plausible that thédiB-responsive regulatory elemis are conserved,

which may aid their identification via silico approaches, as described in the next chapter.
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Chapter 4

in silico identification of conserved noncoding elements in
the vicinity of the Lamallocus in mice
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4.1.Hypothesis and Aims
Previous research in our laboratory implicated thi#Signalling pathway and GLI2/GBI

transcription factors in the regulation lohmalexpressionn the neural tube and somites of
mouse embryos (Anderson et al. 2009). Based on thhgpdthesised thatFBH exerts a
direct control or_amaltranscription, mediated by binding of thé& IGranscription factors to
regulatory elements in the vicinity of th@mallocus. Here, | attempted to identify putative
GLI-bindingsitescontaining reguwdtory elementsin the mouseLamal locus using the
method of phylogenetic footprinting.

4.2. Introduction

4.2.1.Phylogenetic footprinting and regulation of developmental gene expression
An emerging picture from genonvede studies is that mosbnserveehon coding elements
(CNE9 predominantly map to regiorianking genes implicated in embryondevelopment
(Dermitzakiset al. 2002; Bejerancet al. 2004; Woolfeet al. 2005; Pennacchiet al. 2006;
Elgar2009). This hintdor a roleof CNEsas nodulators of gen&anscription For instance,
such a role was suggested by Bejerano et al. (2004), who uncovered 481 ultraconserved
elements (defined as displaying 100% sequence identity @w@r200 bp window) in
phylogenetic footprinting between humaat and mouse whole genome sequences. Notably,
111 of these elements mapped to exonic portions of known human genes predominantly
involved in RNA binding and splicing, but the majority were located in the introns or
intergenic territories around genes witnown roles in transcriptional control and
development (Bejerano et al. 2004). Indeed, numeroui/o studies at different scales and
scopes have demonstrated that a substantial fraction of CNEs have gene regulatory potentia
(Dickmeis et al. 2004; Poulin et al. 2005), as revealed for the murine endothelial and neural
enhancers of thé&cl gene (Gottgens edl. 2000) for instance, illustrating the power of
phylogenetic footprinting to detect putative TRES, as detailed below.

Despite the low level of sequence conservation of vertebrate CNEs with those
identified in flies or nematodes, suggesting that theseeahts are perhaps phyltspecific
and related to the establishment of theeuplan (Vavouri and Lehner 2009; Elgar 2009;
Woolfe et al. 2005), a recent study by Clarke et al. (2012) provided the first example of
functional parbilaterian CNEs that span tldeuterostomgrotostome dichotomy. Two such

elements with enhancer activity were detected in alignments betweean, zebrafish, sea
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urchin, owl limpet, sea hare and tiggenomic sequences and were named Bicores, for
Bilaterian ConservedRegulatoryElemeris. Bicore 1 and 2 were mapped upstream of the
orthologs of thdd2 and Zn503genes, respectively. In all of the above metazoans, Bicore 1
and 2 displayed 665% sequence identity over ~1Qfp in the vertebrate/protostome
comparisons. Remarkably, despite tvast phylogenetic distance, the Bicores from different
species drove similar spatiemporal patterns of GFP reporter expression in the CNS of
transgenic zebrafish, corresponding to the domains of endogéd®usnd Zn503 gene
activity (Clarke et al. 202).

Importantly, mammal/teleost comparisons proved to be highly informative and
effective in detecting functional CNEs as evident from a geneide comparison between
human and pufferfish, which recovered 3,100 CNEs with at least 70% identity (Penreicchio
al. 2006). 167 of the temnking human fragments were further examined in a-high
throughput mouse transgenesis approach, which revealed that 75 behaved as transcriptiona
enhancers drivingacZ reporter gene expression predominantly in the centraparigheral
nervous system (Pennacchio et al. 2006). Curiously, more than 50% of the candidate regions
did not exhibit enhancer activity which could be due to spespesific differences in the
transcriptionfactor milieu, to the fact that some of thesdES are not enhancers, and/or to
technical limitations of the study, such as terminating reporter expression screening prior to
the stage of enhancersodo activity.

Similarly, another study with a narrower phylogenetic scope demonstrated the power
of phylogertic footprinting to uncover CNEs with pawertebrate conserved function.
Navratilova et al. (2009) performed human/zebrafish alignments and catalogued several
highly-conserved noc o di ng el ements (HCNEs) wildOhp at
sequence widow in theSOX3andPAX6loci of the human genome. Notably, upon reporter
construct injection in zebrafish embryos, most of the HCNEs (80%) generated reproducible
patterns of GFP fluorescence in tissues that correspond to domams3ahd pax6é mRNA
expression. Furthermore, some of the human and fish HCNEs showed similar functional
properties, i.e. the expression driven by the orthologous elements was remarkably congruent
and consistent with previous functional analyses of some of the human regiort RAX

in transgenic mice (Navratilova et al. 2009; Kleinjan et al. 2001; Kleinjan et al. 2006). This
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demonstrates the potency of zebrafish as a useful system to test the activity of mammalian
noncoding elements.

In some exceptional, gesmentric investigations, phylogenetic footprinting has
succeeded in the identification of the almost complete set of tsgmaific enhancers of a
gene, as is the case of the murBiglgene. There, Sato et al. (2012) comparedrtiouse
genome with those of the opossum, chick€anopusand teleosts and detecté8 CNEs
flanking theSix1locus. The elements ranged in size from 0.1 to 0.7 kb in length and showed
at least 50% identity over 100bp among mouse/chicken. Notably, sensequivo analyses
in chicken and mouse embryos revealed that 7/15 of the sequences exhibit distinct enhancel
activities in the cranial placodes, dorsal root ganglia, somites, notochord and cranial
mesoderm, which in sum covered the major domair&xdfexpression (Sato 2012).

Nevertheless, although CNEs are frequently associated with enhancer praperties
vivo, CNEs may also belong to other types of transcriptegulatory elements such as
silencers, insulators (Royo et al. 2011), locus control regiommRNA binding sites, or even
non-coding RNAs (Birney et al. 2007).

Considering the efficiency of phylogenetic footprinting combined with the
availability of webbased automated programmes allowing relatively rapid customised
multispecies genome compams, | decided to use this approach for the detection of
conserved nowoding elements in the murimemallocus, some of which | predicted would
harbour Ghbinding sites if Shh directly controlssmal(Anderson et al. 2009).

4.3. Results

4.3.1.in silico identification of CNEs in the Lamallocus region

There are few webased bioinformatics tools which perform nugfiecies genome
alignments combined with graphical display of sequence conservation, namely the UCSC
Genome Browser (Kent et al. 2002), theSYA Genome Browser (Frazer et al. 2004) and
the ECR Browser (Ovcharenko et al. 2004). | chose to use the ECHE\&dutionary
ConservedRegions) Browsepover the other alternative tools for the following advantages
(see section 2.3.3 for detailed description of the ECR Browser)
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1. It affords dynamic and interactive visualization of conservation profiles across
multiple species.

2. It allows the inclusion of phylogenetically critical species, such as the opossum
Monodephis domesticawhich are not available in alternative programmes.

3. It automatically highlights regions meeting the stringency criteria, which enables
faster screening of the alignments.

4. It provides a direct link to the rVISTA tool (Loots and Ovcharenko42@6r rapid
examination of TFBSs present in the CNE sequences.

The ECR Browsealsoallowstheadjustment of conservation parameters according to
the usero6s needs. I n t hi s wndow tength(in baseopais)u ¢ h
and minimum secgence identity (in percentage, %) were customized atkj0@and 60%,
respectivel y. S u c68% iteatity ®Jem 10Gbp window, wag ehosenyfor O
it has been previously shovim comparisons between chicken and mammalian gentmaes
these stringency settings a#ective inthe identification of CNEs with important regulatory
functions(Uchikawa et al. 2003, Coy et al. 201apdthey decreasthe frequency of false
positives, providing a manageable number of CNEs for subsegxeetimental studie3.he
100 bp window was choséar, although the average size of transcriptional enhancers is 500
bp (Loot 2008) these elements can range in size from 100 bp (Krebsbach et al. 1996; Loot
2008) to few kilobasesD@nielian et al. 1997)whereas lie 60% stringency cut offrould
enable the detection of candidate enhancersntiigtit bemore weakly conserved than the
reported> 95% and> 70% sequence identity plutative TREsderivedfrom human/rodent
and human/teleostequence comparisgnespectively(Bejerano et al. 2004; Sandelin et al.
2004;Woolfe et al. 200p

Based on this approach and parameter settings, | aligned the mouse genomic region
harboring theLamal locus with the corresponding genomic regions from several other
vertebrate species: human, cow, opossum, chickemppuszebrafish and fugu (Figure 4.1).
The mouse/human and mouse/cow alignments generated too high number of peaks, due tc
close evolutionary relationship, most of which are perhapxtionally irrelevat. In
contrast, the mouse/chicken, mouse/Xenopus and mouse/teleosts comparisons producet

either t@ few or no conserved elements, suggesting tongsint conservation parametres.
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Figure 4.1. Phylogenetic footprinting analysis of the Lamal locusrause chromosome 1(A) Schematic representation of the murlremallocus (shown irgreer) and its

nearest neighbouring genes on chromosomeAihgap28(salmon),Lrrc30 (purple) andPtprm (blue). The centromere of chromosome 17 is further down on fthevigle the

scale bar above indicates the length of the mhasealgene (125kb) in kilobases and the distance (394kb) bethamaland thePtprm gene. Curved arrows represent the
transcriptional start site of the gene and the direction of transcri@taaight grey lines connect genes from the schematic representation in (A) to their corresponding positions in
the ECR Browser output in (B). (B) Conservation plot of the genomic region shown in (A), generated by the ECR GenomeER&ohweev.of the Ipt represents the alignment

of the mouse sequence with the genome of a comparator species with decreasing phylogenetic relatedness moving fronuseftomgmalignment) to top (mouse/fugu
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Therefore, | repeated the same ECR Browser alignment but decreased the stringency
down to 30% identity ovea 30 bp window. However, evemderthese relaxed conditions,
the ECR Browser failed again to display any conserved sequence in the mouse/Xenopus anc
mouse/teleost alignments, not even in exonic regions, contrary to expectgidiastn
comparisons okamalcDNA sequences (Ensembipm mouse and zebrafish revealed 72%
identity (Evalue = 0.0).I suspected that thiecal alignment methodppliedby the ECR
Browseris not optimal for the detection abnservedelements between highly divergent
sequenceshat have undergone rearrangetseand inversiongBrudno et al. 2003)and/or
therewere issuesvith the quality of the comparegenomic sequencess theECR Browser
authomatically selects the aligned sequentesircumventthis problem | used the Shuffle
LAGAN (a hybrid globatlocal, or glocal aligment) algorithm at mVISTA, and performed
customised comparisons tife genomic region containing th&prm, Lrrc30, Lamaland
Arhgap28loci from mouse, human, opossum, chicken and zebrg$isb Chapter 2 for
details of the angsis). This approach succeeded in the detection of conserved peaksfin
the alignments, includingn the mouse/zebrafish comparison (Figure .41B) the latter
alignment, most of the peaks correspond to conserved exons frétpthe Lrrc30, Lamal
andArhgap28genes, whildwo of the identified peaks corresponduimique sequences in the
nortcoding regionsand werenamed heras CNEaand b(Figure 4.2;Table 4.1).Notably,
CNEbis locatedwithin the 3 intron of theLamalgene.

The mostinformative alignmenin the ECR Browserin terms of the number of
CNEs detectedwas the mouse/opossum one. Therefore, | focused my studies on that
comparison. Based on it, | identified 24 CNEs in the mouse sequemsbered from 1 to 24
(Figure 4.3; Fgure 4.4. CNEL1 is positioned most proximally to thamaltranscription start
site and CNE24 is the most distal one. Interestingly, no CNE was identified within the
intronic sequences dfamalor in the intergenic space downstream oflthenal3 6 UTR.
Instead, all CNEs are interspersed in a &b6linterval upstream of theamaltranscription
start site. CNEs-B are located in the intergenic space betwesnaland thelrrc30 gene,

CNEs 422 are situated in the region betwdemnc30 and thePtprm gene whié, notably,
CNEs 23 and 24 are found in the first introrPtprm (Figure 4.3. The search for additional
CNEs was not extended further downstream ofRtgrmlintron 1 for enough number of

CNEs were already recovered for subsequent analyses.
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Figure 4.2. Identification of CNEs in the vicinity of the Lamal locus in a mouse/zebrafish alignment.
Comparison of thtamatc ont ai ni ng genomi c r-eng ofBtprml ocscpuasn nEmshaft hf e oF
Arhgap28 from mouse and zebrafish, as generated YHASWA. A) Full view of the alignment. Elements
characterized with sequence i dent i tpnkcBour M4 ofothee r a
colored peaks correspond to exonic sequeridask bars above anglellow shadowing within the alignment

pl ot indicate the extent of each gene | ocus:endB) De
of CNE24, located in the®lintron of Ptprm, while CNEDb is located in thé®dntron of theLamallocus (see

Table 4.1).

The pattern of distribution of some of the CNEs necessitates more detailed
description. Accordingly, CNE1 is the nearest CNEL&mal locus, situated 33.%b
upstream of theéamaltranscription start site, or approximatelyB9upstream of the known
trangription-regulatory elements dfamal (Niimi et al. 2003, 2004; Piccinnét al. 2004).
CNEZ2, 3 and 4 are located close (within Ktf) to theLrrc30 gene with CNE3 positioned
only 12b p 5 0 Lnitc3® trandergtion start site, while CNE2 and 4 flank tec30 gene
(Figure 43). The close proximity of CNE3 to this poorly explored gene combined with
results from the current study (see Chapt
function.

Further upstream of theamallocus, CNEs 1416 form a l@se cluster where each
CNE is separated from its nearest neighbour by less thai,1@hile CNE22 is located
abouték b 56 of t he tr anRmmgene.tFinaly) assnersianéd ealiert e
CNEs 23 and 24 are positioned within the firstantof Ptprm (Figure 43).

In terms of sizeléngthof base pairs), the identified CNEs range from bf7#o 953
bp which is consistent with the size reported in the literatitigaf 2009; Pennacchio et al.

2006; Woolfe et al. 2005 It is important to indicate that in cases where two or more

94



promising peaks on the ECR Browser plot were separated by less thamp 1&0non
conserved sequence, the peaks together with the intervening regions were considered as pa
of one CNE, as ishe case for CN&4, 5 and 13 (Figure &, Figure 44). Based on the fact
that transcriptiorregulatory elements may contain regions of high and low sequence
conservation (Clarke et al. 2012), selecting only for the most higiigerved regions could
resut in spurious activity during the functional assays, which would not reflect the genuine
function of the entire regulatory element.

The ECR Browsetidentified CNEs differ at the extent of sequence conservation, with
CNE4 being the least conserved (62.1%)le&vCNEs 20and 24 are the most conserved with
78.4% and 81.4% identt respectively (Figure 4;4Table 4.1). These percentages of
sequence identity are the result of the mouse/opossum genome sequence alignment. Notably
however, CNEs 9, 14, 19, 23 and 2o also appear conserved in the mouse/chicken
comparison, indicating that the extent of sequence identity of these particular CNEs, shared
between the mammalian and avian species, meets the established stringency criteria. In
contrast, the rest of the &Y are not identified in comparisons of the mouse with- non
mammalian species sequences, and their description is based on the mouse/opossun

alignment as stated earlier.

Figure 4.3 Distribution of conserved necoding elements (CNES) in the vicinitytbé mouse Lamal gene
based on the analysis from the ECR Brow$A) A diagram of the genomic region containing the CNEs
identified in this study. To ease subsequent visualization in panel B, the whole region is divided in seven
viewing windows shown as ligigrey boxes and numbered from | to VII with Roman numerals A(Betailed

view of the comparison between the mouse sequence and the genome of the dpossumesticaand the
chickenG. gallus generated in the ECR Browser. On the left are shown the viewing windowsgli) with

each window corresponding to a seantiof the mouse genomic region in (A) that is aligned with the opossum
(bottom row) and chicken (upper row) (see Legend at the bottom). The percentages on the right reflect sequence
conservation in the alignments. All CNEs identified in this study areliglgked in cyan (mouse/opossum) or
light-green(mouse/chicken) in the alignment plots. Their position in the whole genomic region is indicated by
gray linesthat map the highlighted peaks from the alignments onto the diagrams of the genomic region, placed
between windows-II, 11l -1V and V-VI. The CNEs are numbered with Arabic numerals, from 1 to 24, depicted
next to the connectingrey lines At the bottom left is provided a scale bar ofktOto ease distance estimation

in the ECR Browser plots. Below &hown a Legend that explains the meaning efdblor code used in the
Figure (see page 97).
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Figure 4.3 Distribution of conserved necoding elements (CNESs) in the vicinity of the mouse Lamal gene
based on the analysis from the ECR BrowBescription is provided on the previous page ). 9
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genomic coordinates on

% sequence

CNE chromosome 17 tength (in bp) identity?
a 67,302,81167,302,924 114 80.0
b 67,719841-67,719952 112 68.8
1 67,663,41667,663,687 278 71.9
2 67,638,755%7,638,982 228 67.1
3 67,632,73167,633,050 320 68.8
4 67,628,30667,629,259 953 62.1
5 67,613,88667,614,330 444 64
6 67,603,803%67,604,119 317 77.6
7 67,585,1187,585462 345 68.5
8 67,566,07667,566,263 194 65.5
9 67,552,67267,553,105 434 72.4
10 67,532,11967,532,491 373 73.2
11 67,514,61667,514,817 202 65.8
12 67,512,66167,513,331 671 64.7
13 67,505,209%7,506,030 822 64.8
14 67,500,1197,500,500 382 67.3
15 67,495,323%67,495,591 269 70.6
16 67,493,07567,493,309 235 63.4
17 67,466,90667,467,545 640 66.6
18 67,433,81567,434,304 490 67.6
19 67,424,80967,424,945 137 75.9
20 67,371,93%7,372,109 171 78.4
21 67,368,75367,369,379 627 72.1
22 67,360,68367,361,162 480 65.6
23 67,323,78867,324,481 694 70.2
24 67,302,36167,303,096 736 81.4
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Table 4.1.Features of thedentified CNEs'The coordinates are according to the GRCm38 assembly of the
mouse genome (mm10 in the UCSC Brows@He percentages reflect the conservation of the mouse elements
with the corresponding opossum sequelff@sCNEs 124) or zebrafish sequences (for CN&and b.

4.3.2. Some CNEs contain binding sequence motifs folLGand ZIC factors

Each of the CNEs isharacterised by a unique nucleotide sequence which contains potential
motifs (sites) for interaction with DNAinding proteins. The group of DNBinding proteins

of particular importance for this study is th&lGamily of transcription factors. Accordirtg

my hypothesis for a direct role oHSl signalling in the regulation dfamaltranscription, |

predicted the existence ofLGbinding sites within thé.amallocus and/or its vicinity, and




specifically within CNEs, as CNEs have been reported to be erpngial hub for TFBS with
regulatory functions (Hemberg al. 2012; Sato et al. 2012).
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Figure 4.4. Conservation profile of individual CNEs-@4) based on the mouse/opossum gencongparisom

from the ECR BrowsefA) A map of the location ofthe 24 CNEs in relation to the mousamallocus and
neighbouring loci ljlack arrowsshow direction of transcription). (B) Detailed conservation plots for each CNE
as generated by the ECR Browser for alignmehfthe mouse and opossum genonidse percentagesn the

right reflect sequence conservation in the alignment. CNEs highlighted irghgén 4, 7, 13 22, 23and 24)
contain one or more GLI/ZI®inding motifs, as discussed in the text. Below is shown a Legend that explains
the meaning of theolor cock used in the Figure.dte that the lengths of the CNEs are not to sdatedetailed

i nf or mat i dengthssee Tabk E.§. 6

To test this possibility, | submitted the premputed mouse/zebrafish and
mouse/opossum alignments of each CNEpharcessing in the rVISTA2.0 tool (Loots and
Ovcharenko 2004seesection 2.6.4 for detajlsThis approach predicted the presence bf G
binding motifs in CNEs 13, 23 andlZsee Table 4.andFigure 44). Notably, some of the
GLI binding motifs in CNEs 13 and 23 overlapped with motifs for th& #Zanscription

factors. This is not unexpected @&vious studies have revealed that the minimal consensus
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binding sequence of thel@t r anscr i pt-GCGATGAETEX A )o riss hieasor | y
the consensus binding sequence of tHd G a ct o TGEGTGBTE3 6 ) ( kmdn z | e
Vogelstein1990; Mizugishiet al.2001). Moreover, gel shift assays demonstrated the ability

of ZIC factors to bind to the consensus-Gilnding sequence albeit witbwer affinity than

the Q.I factors (Arugaet al. 1994; Mizugishiet al. 2001). These highly similar binding
properties could be explained by the fact theE Fanscription factors contain a Zimger

DNA binding domain with five Cyglis, finger motifs,which is highlyhomologous to the
Zn-finger DNA-binding domain of theGLI factors (Arugaet al. 1996). Interestingly, the
rVISTA tool also predicted that CNE, 7 and 22 contain alZ motif but not a &l one

(Table 4.2).

P Gli/Zic motif Py -
GLl/zIC position in Over " Gli/Zic motif
CNE motif CNE Expected 5D representation Z-score presence in conservation
opossum
ZIC 890904 (+) | 0.37 £0.61 2.70 0.21 no no
7 ZIC 153167 (+) | 0.09 +0.31 10.53 1.31 no no
13 GLI 6882 () 0.98 +0.99 3.07 1.54 | GLI (127-138) (+ no
GLI 295309 €) DA ' ' ( )™
GLI | 759773 ¢)
22 ZIC 412426 (+) | 0.18+£0.42 5.64 0.77 | ZIC (324332) () yes
23 GLI 146160 ¢) | 0.71+0.84 2.84 0.95 | ZIC (545553) () no
GLI 273287 €)
24 GLI 71-85 () 0.75 +0.86 267 087 no no
GLI 345359 (+)

Table 4.2.Presence and conservation of GLI/ZI@otifs in some of the CNE$he current tabldists the
prediction of GLI/ZICbinding motifs within some of the CNESs, together with relevant statistics information, as
obtained usi egr &shentfe@v elmF BGesnoo madalx famd r VI STA. Th

column shows the | ocation of the motif in the mou
i (anti sense) . The fAExpected N SDO column dhspl a
equally sized random genomic region, t o gtrteessre nwiat |

column indicates the fold factor of match numbers in the analysed sequence compared to an equally sized
genomic region from the background, orfdunver sus expected -anadrce@ si Nnuanbrae
the statistical significance of the owepresentation ratio; a-&ore above 2 or below? is considered
statistically significant, corresponding to avglue of ~ 0.05 (GenomatiSueetal 2005) . Tmo @A GL I
presense i n opos s preséncecandl lacation ofsGLIZIDstifs twithim the opossum CNE
sequence. The last columrdinates conservation of GLI/ZI@otifs between mowsand opossum. Note that

the ZICmotif in CNE22is conserved.

However, none of the predicted binding motifs for & and 4C factors are
significantly ovefrepresentedh the CNEsrelative to the genomic background (Table 4.2).
Also, most of these GIXIC motifs are notonserved in the mouse/opossum alignment, i.e.
they do not meet the stringency criteria of the rVISTA algorithm described earlier (both in
terms of position within the CNE and mot.
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genomei that of the mous(Table 4.2) An important exception is th2lC binding site in
CNE22, which show both conserved motif sequence and position. Interestingly, despite the
lack of conservation, the orthologous sequences of CNE13 and CNE28 wptssum
genome do harbor GLI or a ZIC motif, respectively, but in a shuffled position within the
CNE (see Table 4.2).

4.4. Discussion
Here, using phylogenetic footprinting, | reported on the identification of evolutionary

conserved nowroding elements (CNEs), which may have putative regulatory functions,
distributed in the genomic region of the mousamal locus. Notably, sane of these
elements harbour GLBndbr ZIC binding motifs, whichmakes them candidates for

mediating the control role afamaltranscription by SHHignalling (Anderson et al. 2009).

4.4.1.Few of the identified CNEs are conserved witlzebrafish sequences
Analysis ofthe LamaZcontaining genomic regionsing the ECR Browser failed to identify

conserved elements (even exons) in the mouse/zebrafish and mouse/fugu comeagsons,
at low stringency settingéminimum 30% sequence identity over a minimum of 30 bp
window) (Figure 4.1) Perhaps, this is due to tleeal alignment algorithm used by the ECR
Browser, which is not suitable for thietecton of conservatiorbetween highly divergent
sequences (Brudno et al. 2003). In contrast, an alternative mouse/zebrafislalgioozent
using mVISTA under relaxed stringency, succeededeiction ofthe conserved exonsf
Ptprm, Lrrc30, Arhgap28andLamalgenes as well asn the identification otwo CNESs a
and b,located inthe 'intron of thePtprm geneand inthe 3¢ intron of theLamalgene
respectively(Figure 4.2; Table 4.1)Thus, CNEa and b are candidates for regulatory
elements ofamal

The scarcity of CNEs between mouse and zebrafifiie LamaZcontaining genomic
region is intriguing, when one considers the highly similar patteri.avhal mRNA
expression in the embryos tiesespecies (Anderson et al. 2009; Zinkevich et al. 2006;
Joseph Picker i (rigubes 1.3Tdne ¥.4; $able DRlgAreé 3.1) However,
conservation of function does not necessarily correlate with or require conservation of

sequence, as discussed later.
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4.4.2. Some CNEs may represent loaginge enhancers of.amal
All of the CNEs identified in this studyexcept for GIEb, ar e | ocated 56

transcription start site of theamalgene. The most proximal CNE t@mali CNEL1, is ~

33.5 kb upstream from the previously described basal promoter of the Ngeme €t al.

2003, 2004; Piccinni et al. 20p4wvhile the mostdistal elemeni CNEa (overlapping with

t h e enB @f CNE24)is nearly395kb upstream oLamal Such distances from th&mal

locus do not negate the possibility that the CNEs may function as transcrggigatory
elements ofLamalfor numerous studs have provided examples of regulatory elements,
particularly enhancers, positioned tens or hundreds of kilobases away from their target genes
(Gottgens et al. 2000; Uchikawa et al. 2003; Kundu et al. 2013). In an extreme case, the
enhancer responsiblerf@PA-specific expression of thE8hhgene is situated nearly Nib

away from theShhlocus in intron 5 of thdmbrl gene (Letticeet al. 2002; Letticeet al.

2003). Notably, CNEs 23 and 24nd CNEaare located in intron 1 of tHetprmgene which

is not hconsistent with a role ihamaltranscriptional regulation considering the case of the
PZA Shhenhancer and theax9enhancer driving expression in the medial nasal process of
the mouse embryo, which was found 8kb downstream of the last exeaxef in the 7"

intron of theSlc25a21gene (Santagati et al. 2003). Alternatively, these and other CNEs may
be involved in the control oPtprm and/or Lrrc30 expression, instead, as discussed in
Chapters 5 and 6. The remoteness of many enhancers frontatigeir promoters hints for
long-distance mechanisms of interactions that involve the establishment of physical contacts
(chromatin looping) between thehlancer and the promoter (Lowetral. 2009; Dean 2011,
Gibcus 2013). Hence, it is plausible that soofethe CNEs detected in my studyay

function as longange enhancer elements to modulamaltranscription.

4.4.3. Some CNEs may represent other classes of regulatory elements and/or ncRNA
genes
Not all conserved nenoding sequences have enhancer ptagse For instance, a conserved

element may perform insulatdunctions as shown for the TCFdependent insulators
flanking the mouse and humdmnglobin clusters (Farrell 2002), or the paartebrate

insulator shielding théloxd complex in mouse, chickeand zebrafish from the influence of
the nervous systeispecific enhancers of thEvx2 gene (Kmita et al. 2002). Similarly,

Glazko et al. (2003) found that nearly 11% of strongly conserved regions in mouse/human
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alignments correspond to predicted matttachment regions (MARS), huge fraction of
which preceded the 506 ends of genes, sugag:
et al. 2003). Alternatively, a CNE may exert a rather lagme chromatin organisation
function in chromosome condensatior replication (Cremeand Creme001).
There is also a possibility that some of the CNEs in the vicinitkashal may

operate via a RNA intermediate, i.e. that some CNEs are actually transcribed csilimgn
RNAs (ncRNAs), which then embark on tranptional regulation of target genes, as shown
for the 2.2 kb ncRNAHOTAIR from the humanHOXC locus which represse’OXD
transcriptionin trans (Rinn et al. 2007). Such scenario for some of the identified CNEs in
this study is plausible and consistent with the finding of pervasivecadimg transcription
throughout the human genome (Birney et al. 2007). However, applying a novel algorithm
for analysis of RNAseq, ChlPseq and DNasel hypersensitivity data from human and mouse
cell lines, Hemberg et al. (2012) reported that conserved elements are four times more likely
to correspond to clusters of TFBSs than to unannotated ncRNAs, althouglsat tigua that
many of the TFBSs clusters were transcribed as-dbundant unspliced and non
polyadenylated RNAs (Hemberg 2012). In fact, this is consistent with recent studies which
found that some enhancers are transcribed as enhancer RNA (eRNA) tlzatrayipge be a
by-product of accessible chromatin but to perform active function in enhpram®oter
looping, at least in the case of thee st r ogen r-&)c etprt @mms dJr i (pER o n
target genes (Li et al. 2013).

Therefore, it igpossibletha some of the conserved elements that | have identified may
not be bona fideenhancers but instead function as insulators, silencers, MARs or even
NcRNA.

4.4.4. CNEs and gene synteny
That some of the identified CNEs might function as transcripggulatoy elements is

suggested by the preservation of gene content and order in the surroundingsarh#ie

locus across vertebrate phylogeny, a phenomenon knowishased syntery (Morenc
Hagelsieb et al. 2001). The constraints that impede synteny breakaddebe a result of the
requirements for regulatory elements in the transcriptional control of one or more genes in
the cluster, which would impose negative selection pressure on any translocation event that

separates a dependent gene from its regulateryemts (Ahituv et al. 2005; Engstrom et al.
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2007; Irimia et al. 2012). The practical implication of this phenomenon for -&mersfic

TRE identification is that there is a much higher probability for a TRE of a gene of interest to
reside in the synteniblock than outside of it (Haeussler 2011). Such scenario is plausible,
especially when the expression pattern of the genes in the block is evolutionary conserved, as
is the case foramalmRNA expression among mouse, zebrafish and chicken (Chapter 3 of
ths study; Joseph Pickeringbés Thesjcombiddl 2 ;
with conserved expression pattesuggest that some or all of the TREs controlliagnal
expression may reside in the vicinitylacdmal Moreover, as mentioned earj CNEs 1116

form a cluster in the territory between therc30 and Ptprm loci (Figure 43). This is in
agreement with the nemniform distribution of ultraconserved elements in the mouse and
human genomes (Bejerano et al. 2004) and with the clustefidgvelopmentallyactive
conserved enhancers on tH& Giromosome iDrosophila(Kundu et al. 2013), raising the

possibility of similar regulatory properties for CNEs-14.

4.4.5. @l binding motif-containing CNEs are candidate §H -responsive enhancers
Most important in this study is the identification of several CNENKs 13, 23 and 24hat

contain Gl binding motifs Figure 44; Table 4.2), as these may represent the transcription
regulatory elements mediating the responseHbl Signalling in the smites and neural tube
(Anderson et al. 2009). Notably, few of the CNEs harbour binding motifs for kGe Z
transcription factorsGNEs 4, 7,and22) which have a highly homologous Zimger DNA
binding domain compared to theLGfactors (Aruga et al. 1996). Given the fact that the
binding motif for ACf a c t eGGSTGEGHEB as)almost identical to the consensus motif
forthe Al pr ot edTGESTGGI@ 6) (Kinzler and Vogel ste
2001), it is not unlikelyhat the @I TFs may have the potency to occupy both matifavo.
Therefore, CNEs 4, @nd22 are also candidates for the regulatory elements mediating the
SHH signal in the mouse somites and neural timvever, it is important to nothat none
of the identified GLIZIC motifs is significantly overepresented in the CNESable 4.2)
relative to genomic baeground Therefore the presence GiLI/ZIC motifs in CNEs 4, 7,
13, 22, 23 and 2% notconsidered a strongdicatorof thar putativerole as mediators of the
SHH effects ornLamaltranscription.

It is noteworthy to mention thatedpite the lack of conserve@dLl/ZIC binding

motifs, the orthologous sequences of CNE13 and CNE23 in the opossum genome do harbor &
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GLI or a ZIC motif, respectively(see Table 4.2), albeit at a different position compared to
the mouse orthologs. It is likely that during evolution, the exact place @Lth&IC motif

has shifted (shuffled) in the mouse or opossum genomes without necessarily affecting the
putative regulatory function these CNEs might have. Such reorganization of TFBSs in
developmental enhancers is well documented in the-gkipped (eve) stripe nhancer
(es2E) among multipl®rosophilaspecies. There, the distribution and number of sites for
the Bicoid, Hunchback, Krippel, Knirps and Giant transcription factors have changed in the
different species without changes in the regulatory output oktimancer (Ludwig et al.

1998; Ludwig et al. 2000).

The identification of several conserved raading elements around the muribemal
locus suggests that they may be involved in the transcriptional regulatidranol
expression, functioning as enhargemsulators, or silencers, among other possibilities.
Notably, some CNEs conta@LI andbr ZIC bindingmotifs, although not significantly over
represented. Nevertheless, compared to the other CNESLtEEC motif-containing CNEs
are putative candided for the $1H-responsive somitic and neural enhancerd aal
Testing these hypotheses requires experimental examination of CNE function, as described in
Chapters 5 and 6.
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Chapter 5

in vitro analysis of CNE activity
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5.1.Hypothesis and Aims
Numerous studiesn various species have demonstrated the involvement of predicted

conserved nowoding elements (CNES) in the transcriptional regulation of nearby genes.
Therefore, | hypothesised that the CNEs identified in the wcofithe murinedLamallocus

have transcriptional activities. | tested this in a cell culture system by performing transient
cell transfections of reporter gene constructs driven by the CNEs, followed by measurements

of reporter gene activity.

5.2 Introduc tion: transient cell transfection for analysis of CNE function
Once a candidate regulatory element has hredictedeither by indirect computational

methods based on sequence conservation or by dir@cthemicalprofiling of chromatin
states across thgenome, the next essential step is the demonstration of its ability to
modulate gene transcription.

A frequently employed method for relatively rapid screening of the functional
properties of conserved (or neonserved) nowoding sequences is the tramsiecell
transfection assay, where reporter plasmids containing the candidate elements are introducec
in cells maintained in culture (Naylor 1999heactivity of the tested element is assayed by
its effect on the rate of transcription of the reporter geriech in most protocols is inferred
indirectly by measuring the concentration
product Bronstein et al. 1994 This approach is considered transient since the introduced
plasmids remain episomal andealy integrate into the host genome, which necessitates that
the measurements of reporter activity must be taken within 22 hours post transfection
(Carey and Smale 2000).

It is important to note that the host cells should maximally represent the tigse
where the putative element is expected to act considering the expression pattern of the
endogenous gene of interest. This is especially relevant to assays of CNE function for it
increases the probability that the host cells would express the duliplement of
transcription factors necessary for the activity of the candidate element (Carey and Smale
2000). In transfection experiments, the preferred path for introducing reporter plasmids in
cells is via lipofection, where DNA is complexed with catmanlipid compounds (Felgner et
al. 1987). The most frequently used reporter encodes the firefly luciferase enzyme from
Photinus pyralis(deWet et al 1987). The enzyme is active in cell lysates and catalyzes the
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oxidation of exogenously suppliedDciferin, which is accompanied by the release of light

that can be quantified (Allard et al. 2008). The luciferase assay is very sensitive and spreads
over a linear range of more than 7 orders of magnitude of luciferase concentration, which
allows convenient measements of a broad range of enzyme activities (TM040, Promega).

Numerous studies have employed the luciferase reporter system to examine the
functional potential of putative TRESs, including the few studies on the basal promoter and
proximal enhancers dhe murine and humabamalgene Niimi et al. 2003, Niimi et al.

2004; Piccinni et al. 2004; Niimi et al. 2006). Luciferase repdréesed analyses in cell
culture are not limited to the identification of enhancers but can also reveal the function of
silercer elements as demonstrated for a conserved repressor motif in the daodienc
troponin T gene (Tidyman et al. 2003) and the conserved Polyadeplendent silencer
region D11.12 between the humd®XD11andHOXD12genes (Woo et al. 2010).

These resultsllustrate that the highly sensitive and relatively rapid luciferase
reporterbased assay is well suited for initial screening of the activity of candidate TRES in
transient cell transfectienNeverthelessseveralfactors can influence the outcome otlsu
an expement(Table 5.1) leading to limitationssuch as the requirement for high number of
experimental replicates, the need to use endogenous pronmoteesappropriate cell ling
as well as the difficulty of studying candidate enhancers thatotduncton in isolation
and/or elements requiring chromosomal integration and a particular chromatin environment
(Carey and Smale 2000However, some of these limitations can be mitigated with the

appropriate controls (Table 5.1)

5.3. Results

5.3.1.Analysis of CNE function via transient cell transfection of luciferase reporter
constructs
| decided to employ the transient cell transfection assay combined with luciferase reporters as

an approach to screen several of the identified CNEs for potenti@nesr activity. |
focused my analyses on all CNEs containirid /&IC binding motifs (CNEs 4, 7, 122, 23
and 24) but also included CNEs 3, 5, 10, 15 and 19 (which do not i@b@C motifs) for
these exhibited high sequence conservation in the mouse/opossum phylogenetic footprinting
comparisons (see Table 4.1). Each of the selected CNEs was amplified from mouse genomic

DNA (from theC57BL/6J mouse strainy a standard PCR protocahé cloned upstream of
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the SV40 promoter in the pGLPromoter plasmid (Promega), which harbours a modified
firefly luciferase reporter gerlec+. It is important to note that the orientation of the CNEs

in the reporter plasmid was maintained accordingh&r torientation relative to theamal

transcription start site onanse chromosome 17 (Figure 5.1)

Factors leading to limitations of Controlled by Controlled in this study
the assay
normalistion of the test reporter signal {
the signal from a " reporter plasmid
1. inefficient cell transfection (internal control), e. g. taking the ratio yes
firefly luciferase activity to Renillg
luciferase activity.
2. variationin cell proliferation, using the same total cell lysate prote es
death and lysis between samples| concentration in each assay y
using a cell line that represents one
more of the tissue types normal
3. inappropriate cell type expressing the gene of interdst vivo, yes/no
ideally, the cell line should express t
gere of interest.
. . using the endogenous promoter of 1
4. inapproapriate promoter . no
gene of interest.
Comparing the activity of the testg
5. nonspecific promoter induction| candidate enhancer to the activity af no
random genomic region.
6. reprorterplasmid independent, | examining the luciferase activity in
. L yes
endogenous luciferase activity lysate from nortransfected cells.
7. aberrant transcription initiation insertion of a polyA signal imméately
from cryptic si up-stream of the promoter yes
backbone. P P '
using an internal control plasmid with
8. promoter/promoter or different promoter or, ideally, by testin
enhancer/promoter interference 0 the  candidate enhancer in  stal no
crosstalk transfected cells.

Table 5.1. Potential factors that can influence the outcome of a transient cell transfdiged assay of
candidate TREd-ere are listed some of the most pertinent factors that can affect the results from a transient
cell-transfectiorbased analysis of canditt TRES, together with goosed controls (Carey and Smale 2000;
Schagat et al. 2007Y.he third columnshowswhether the relevant factomhavebeen controlled for in the
current studyFactors 3, 4, 5 and 8eadiscussed in more detail ier&ion5.4 ofthis chapter.
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Figure 5.1. A schematic diagram of CNE::pGL3 reporter plasmid construtte top half of the diagram
shows the arrangement of important functional elements in the firefly luciferase reporter plasmid pGL3
Promoter, including the location of the cloned CNE. Below is shown a diagram of the relationship of a CNE to
the Lamallocusin terms of directionality (indicated by solid black arrowabove the blue CNE box). This
feature was kept unchanged in tDRE::pGL3constructs.

The pGL3Promoter plasmid is well suited for identification of mammalian elements
with enhancer properties.h& advantages of this reporter vector include optimized codon
content of theluct+ gene for efficient translation in mammalian cells, elimination of
consensus transcription factor binding motifs from the coding sequeriaetofind, most
importantly, the pgsence of a polfA) site upstream of the tested element which serves as a
transcriptionpause signal to prevent background transcription initiation events from
sequences in the vectoro6s backbone (Promeg

| transfected eachCNE::pGL3 reporter plasmidindividually into the mouse
embryonic fibroblast cell line C3H10T1/2 (step 1 on Figure 5.2). This cell line has properties
of mesenchymal multipotent stem cells, idF6responsive (Kinto et al. 1997), and can be
directed into skeletal muks; smooth muscle, osteogenic, chondrogenic and adipogenic cell
lineages under different protocols (Haas et al. 2000; Bostrom et al. 2000; Shea et al. 2003;
Tang et al. 2004). Notably, these cell types are also geneiratgtvo by progenitors
descendingrbm the somites (Christ and Scaal 2008). Therefore, the C3H10T1/2 line is a
good in vitro model system to investigate mammalian somitic cell specification and
differentiation. These advantages are especially relevant to the current study, which
investigats the control ofLamaltranscription by SHHn the murine somites and neural
tube.
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1. Cell transfection. 4. Recording of FL activity. FC2
Lipofection of the empty-pGL3 (E) 50ul of Luciferase Assay Reagent
and CNE::pGL3 (C) plasmids into are added to each well with lysates
C3H10T1/2 cells E and C followed by measurement @3 - ‘ @
of the FL activity (FE1,2 and FC1,2, "’ — ‘ ‘ ¥ et
in RLUS). g"’wy“’ ¥
!!ng:“'lg::
——
e !3
2. Cell lysate preparation.
48 hours post transfection, cells
lipofected with E and C are
treated with Passive Lysis Buffer
to prepare lysates E and C.
RE1
RE2
5. Recording of RL activity. RC1
50ul of Stop & Glo Reagent are
added to each well with lysates E RC2
and C followed by measurement of
the RL activity (RE1,2 and RC1,2, in
3. Loading of cell lysate RLUs)
samples for measurement of
luciferase activity.
Two aliquots (repeats 1 and 2) ’
from each lysate are dispensed ~
into the wells of a 96-well plate.
Legend: 6. C: i for lisation of Luci activity and finding the fold
difference in luciferase activity between C and E.
E, empty-PGL3 plasmid, or lysate from cells lipofected with empty-pGL3.
C, CNE::pGL3 plasmid, or lysate from cells lipofected with CNE::pGL3.
1,2, repeats for E and C on the same plate for E: for C:
FE1,2, values of Firefly luciferase activity from repeats 1 and 2 of lysate E. FE1/RE1=LE1 FC1/RC1=LC1
FCA1,2, values of Firefly luciferase activity from repeats 1 and 2 of lysate C. FE2/RE2=LE2 FC2/RC2=LC2
RE1,2, values of Renilla luciferase activity from repeats 1 and 2 of lysate E. (LE1+LE2)/2=LE (LC1+LC2)/12=LC
RC1,2, values of Renilla luciferase activity from repeats 1 and 2 of lysate C.
LE1,2, values of normalised Luciferase activity from repeats 1 and 2 of lysate E.
LC1,2, values of normalised Luciferase activity from repeats 1 and 2 of lysate C. LCILE = fold difference in normalised luciferase reporter activ-
LE, average normalised Luciferase activity from lysate E. ity between C and E (see Figure 5.3 for specific CNEs).
LC, average normalised Luciferase activity from lysate C.

Figure 5.2. A schematic diagram of the transient cell transfection procedure and the double luciferase assay
used to screen for CNE activityl) i (6) designateconsecutive steps in the experimental and analytical
approach accompanied with a short description of each step. The-g@Ip3ycontrol plasmid and the lysate
derived from cells transfected with this plasmid are highlighted in red; the CNE::pGL3 testdptasinthe

lysate derived from cells transfected with this plasmid are highlighted in blue. The curved arrows emanating
from the plates at steps (4) and (5) represent the recordings from the two luciferases, the fireflyd(Eifgras

and Renilla luciferse (R.), respectively. A Legend panel is provided at the left bottom quadrant with
explanation of used abbreviations. RLURglative Light Units, are the units of measurement of luciferase
activity.

In order to control for transfection efficiency, pipettimconsistencies and toxicity,
each CNE::pGL3 test reporter plasmid was -t@nsfected with thepRL-SV40 control
reporter plasmid which encodes tRenillasea pansy luciferase (Schagat et al. 2007). This
enzyme uses a different substrateoelenterazingMatthews et al. 1977), than the firefly

luciferase, allowing for the sequential recording of the activities of both enzymes in the same
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sample (see Chapter 2 for details on the procedure). This permits the normalization of each
sample by computing the tra of test reporter activity (the firefly luciferase from
CNE::pGL3 to internal control reporter activity (tliRenillaluciferase from pRL). The latter
approach minimizes or excludes samglesample variability and enables comparisons of
test reporter @ivity between cell samples transfected wWi@NE::pGL3 and samples
transfected with the empGL3 (the parent pGL3 plasmid which does not contain any
CNE) (Figure 5.2)

The activity of the luciferase reporters (measured in Relative Light Units, or RLUS)
was recorded sequentially in the lysates from each CNE::pGL3 sample. At least three
replicate transfections were performed for eM@NE::pGL3construct including the empt
pGL3 control plasmid. In each replicate, | conducted two independent luciferase assays with
separate aliquots from every cell lysate (step 3 on Figure 5.2). Then, | averaged the
calculated FL/RL ratios for each CNE (LC in Figure 5.2) and compared theéke FL/RL
values from the emptgGL3 control sample (LE in Figure 5.2) to obtain the
CNE::pGL3/emptypGL3 ratios (LC/LE in Figure 5.2). This approach allowed me to
determine the normalized fold change in activity betwed&N&::pGL3 construct and the
empy-pGL3 control.

Next, | performedong&vay anal ysi s of wvariance (ANO
posttest using the log of the LC/LE ratios, which enabled the comparison of the mean of
every LC/LE value to the LE/LE value (which equals 1). The foldng®in luciferase
activity and the results from the statistical analysis are shown in Figure 5.3.

Notably, several of the examined CNEs exhibited either higher or lower fold change
in luciferase activity relative to the empdsL3 control (Figure 5.3). CBs 10, 19, 21, 22
and 23 displayedncreased luciferase activityn contrast, CNEs 7 and 13 displayed
decreased luciferase activity hinting for silenlikee properties (Figure 5.3)t is important to
note that the ANOVA statistical analysis did not r@vsignificant differences between the
mean RLUs of the teste@NE::pGL3 constructs versus the emgtl3, except for
CNET7::pGL3 The lack of statistical significance in the case of CNEs 10, 19, 21, 22 and 23 is
likely the result ofa small sample s& (snall number of replicates). To improve the data,

higher number of replicates is needed.
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Figure 5.3. Fold change in firefly luciferase activity driven by the tested CMEplot of the fold change in

firefly luciferase activity (as measured in RLUS) driven by each CNE (shown by individlumicolumns)
compared to the activity of the emgiL3 control (ed column), which equals 1. Black bars associated with
each blue colum represent the standard error of the mean (SEM) Statistical analyses were performed using
OneWay ANOVA fol |l owe destfPrO.0DAN net t 6 s post

In summary, theesults from thdransient cell transfecti@rof CNE::pGL3luciferase
reporter constructsn C3H10T1/2 cellddo not suggesihat some of the conserved elements
possess transcriptional activity, except perhaps for C{fgure 5.3).The putative causes
behind these results are discussed in more detail in Section 5.4.

5.3.2.in silico analysis of CNE correlation with molecular markers of chromatin state
and TFBSs
Despite the weak or absent activity of the CNEs when tested in isdiatiorthe rest of the

genome | decided teexaminewhether the CNEassociatevith diagnostic characteristics of
TRES, in particulawith marks of occupied transcription factor binding sites, specific histone
modifications ad DNasel hypersensitivity sites, while in their genomic contExst, |
analysed the distribution of sucharks in the genomic region encompassing all CNEs
identified in this studyusing the UCSC Genome BrowsBliotably,several chromatin marks
exhibit discrete, discontinuous enrichment along ¢hére locus however,the majority of
these markslo notco-localise withthe CNEs identified in the current studgFigure 5.4).
Intriguingly, LamaZtexpressing organs (like brain and kidney) display similar chromatin
mark profiles that are distinct from the mark profileLaimatnon-expressing organs (such

as speen) (Figures.4).
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Figure 5.4.Distribution of chromatin state marks in the genomic region including all 24 CD&scription is povided on the next page (p. 714
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Figure 5.4. Distribution of chromatin state marks in the genomic region including all 24 CNEs.
distribution of RNA Pol 1l and TCF binding, DNasel hypersensitive sites, and H3K4mel and H3K4me3
marks was analysed across the entire genomic region containing ritifeddeCNESs, using the UCSC Genome
Browser. The graph in the top row indicates sequence conservation generated by PhastCons. The plots on the
subsequent rows display chromatin mark enrichment in brain, kidney and spleen. Notable peaks of most marks
are olserved in the promoter regions lohmaland Ptprm Interestingly, additional peaks of H3K4mel and
DNasel hypersensitivity (DNasel HS) are seen within thenal locus, whereas several peaks of GF
enrichment and DNasel HS are also found in the intergenic space betwekanthé and Ptprm loci.
Importantly, of all CNEs identified in this studgnly CNE7 and CNE23 clocalise with enrichment peaks

higher than 15% above backaind level (see Figures®band 5.6 Table5.2). The rest of the CNEs show lower

than 15% or no enrichment relative to background. The positions of CNE1 and CNE24 are indicgted in
boxeson the sequence conservation row (see theipus page 113

Next, | examined in more dail the associationf each of theCNEs(1-24 and CNEa
and b)with various chromatin marksiere,| report on the findings made with CNEs 7 and
23 (Table 5.2) for the analyses of the other CNEs did not reveal significant enrichment for
any transcriptiorfactorbinding histone modification or DNasel hypersensitivity.

CNE?7 is epecially interesting (Figure 5.8nd Table 5.2) as its genomic position
correlates with a high peak ofTCF (CCCTGCbinding factor) occupancy in various organs
such as the embryoni€l4.5 brain and limb buds, adult cortex, kidney and heartwahca
somewhat lower TCF peak in adult lung and cerebellum. This contrasts with the low or
background levels oCTCF occupancy in the adult liver, small inte®, spleen, bone
marrow, teste and mouse embryonic fibtasts (Table 5.2 and Figure h.3ntriguingly,

CNE?7 also overlapsvith DNasel hypersensitive sites particularly in the adult heart, skeletal
muscle, kidney and brain, as well as in the embryonic E11.5 mesoderm, forelimb and
hindimb buds, and the E14.5 brain. There are very low or no DNasel peaks in the adult liver,
colon, lung, cerebellum, adipose tissue, spleenthaymius (Table 5.2 and Figure ».9he
putativei mpl i cati ons of these featuteres on CNE7

Analysesof CNE23 revealed the presence tbé H3K4mel histone modification
associated witlit in the adult olfactory bulb and kidney, and in the embryonic E14.5 brain
and limbs (Table 5.2 and Figure 6. In addition, CNE23 correlates with DNasel
hypersensitive sites in the neonatal retina (highest peak), E14.5 brain, E11.5 mesoderm,
E11.5 forelimb and hindlimb buds and the adult kidney.

Overall, the results from the silico analyses of CNEs 7 and 23 hint for putative

vivo transcriptionrregulatoryfunctions of these elements
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CNE7 CNE23

organ/tissue CTCF? DNaseP H3K4me1° DNasef
E11.5 -+ +
mesoderm
E11.5 FL and
HL buds i *
E14.5 limb
buds * *
E14.5 brain ++ + + +
kidney 8w ++ + + +
skeletal +
muscle 8w
heart 8w ++ ++ +
embryonic -

fibroblasts 8w
bone marrow

8w -
thymus 8w +/-
spleen 8w +/- +-
adipose tissue +-
8w
brown adipose +
tissue 24w
testis 8w +/-
liver 8w +/- +-
colon 8w +/-
small intestine +- +
8w
lung 8w + +/-
retina 1d ++
cortex 8w ++ +
olfactory bulb ++
8w
cerebellum 8w + +/-

Table 5.2.Correlation of TFBSs occupancy, histone modifications and nucleosome accessibility witlYy CNEs
and 23 in embryonic and adult tissues and org&egiend: ++, high or moderate levels; +, low levels; wéry

low levels or signal approaching background noise. Abbreviations: FL, forelimb; HL, hindlimb; 1d, 1 day
postnatal; 8w, 8 weeks postnatal; 244, weeks postnatal; H3K4mel, monomethylation of Lysine 4 in histone
3; H3K27ac, acetylation of Lysine 4 in histone 3.

#data for TFBSs by ChHBeq from the ENCODE/LICR track in the UCSC Browser.

®data for DNasel hypersensitive sites by Digital Dnéseh the ENCODE/UW track in the UCSC Browser.
“data for histone modifications by Cheq from the ENCODE/LICR track in the UCSC Browser.
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Figure 5.5.Association of CNE7 with T.CF transcription factor occupancy and DNasel hypersensitive sites as
shown by the UCSC Genome Browsgemgraphical display of CNE7 sequence conservatiorCEoccupancy

and DNasel hypersensitivity generated by the UCSC Browser using the NCBI37/mm9 assembly of the mouse
genome. Each row (or data track) from top to bottonsemts features associated with the sequence at the
corresponding genomic position (indicated by the coordinates at the top of the display). The subsets of tracks
with thematically similar data (sequence conservatioRCE enrichment and DNasel hypersensiti) are
indicated on the right side of the diagram. The extent (in base pairs) of CNE7 is shown by the thick grey bar at
the top of the display and highlighted in light orange along all data tracks.
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Figure 5.6. Association of CNE23 with enhaneemriched histone marks and DNasel hypersensitive sites as
shown by the UCSC Genome Browsér graphical display of CNE23 sequence conservation, histone
modifications and DNasel hypersensitivity generated by the UCSC Browser using the NCBI37/mm9 assembly
of the mouse genome. Each row (or data track) from top to bottom presents features associated with the
sequence at the corresponding genomic position (indicated by the coordinates at the top of the display). The
subsets of tracks with thematically similar désgquence conservation, histone modifications and DNasel
hypersensitivity) are indicated on the right side of the diagram. The extent (in base pairs) of CNE23 is shown by
the thick grey bar at the top of the display and highlighted in light green alachatakracks.
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5.4, Discussion

Here, | examined the transcriptional activity of CN&4, 5, 7, 10, 13, 15, 19, 21, 22, 23 and

24 using a transient cell transfection approach combined with recordings of the activity of a
firefly luciferase reporter driven by the CNEs (Figures 5.1, 5.2 and 5.3). Several of the
CNEs, in particular CNE7, 1019, 21, 22 and 23¢changedweakly the activity of the
luciferasereporter conpared to the negative contr@figure 5.3).However, it remains
unclear whether this change is a result of genuine enhbkegroperties of the CNEs, or it

is a stochastic eftt of the CNEs on the SV40 promoter due to possible opportunistic
interactions between transcription factors bound to the CNE and the RNA pol [l machinery at
the SV40 promoter. A control assay with a similesiyed random genomic fragment is
required inorder to test the latter possibility, in which case a significantly higher activity is
expected from the CNE, provided it is an enhancer, as compared to the random fragment. In
addition the ANOVA analyses of the mean fold change for each CNE did not show
statistically significant differences from tleenpty pGL3negtive control (except for CNE7),
which is a result of the weak and highly variable activity of the tested CNEs. Therefore, the
current data do not provide a strong argument for the putativectiginen regulatory
activity of the tested CNEs, except for CNE7. Several factors may have contributed to this

outcome, as discussed below.

5.4.1. CNEs and their transcriptionrregulatory activity in cell culture

The low luciferase activity driven by thested CNEgFigure 5.3),compared to results from
other similar studies (Niimi etl.a2003; Hlawatsch et al. 2013gises some questioadout
the experimental parametres atesign.

One possibility for the low performance of the CNEs is that they might require the
endogenoud_amal promoter for optimal activity. This is due to the phenomenon of
enhancepromoter specificity whereby the enhancers of one gene are incompatible with the
promders of other, neighbouring genes, and can direct transcription only from their target
geneds [(Butlernaod Kadonaga 2001puch enhancer/promoter dependency was
previously demonstrated for the adjacent but divergently transcgbeseberry(gsh and
gooseberry neur@gsbn genes, as wedls forthe dppgene inDrosophila(Li and Noll, 1994;

Merli et al. 1996).Using an enhancdrap approach ibrosophilg Butler and Kadonaga
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(2001) demonstrated that some transcriptional enhanaeardirectreporter expressiofiom

a DPEdependent core promoter, but ricim a TATA-dependencore promoter, and vice
versa, showing a preference for particular core promoter mgp#scific enhancepromoter
preferences have also been described in yeast (Li 20@2) and sea urchins (Kobayashi et
al. 2007).1t is hypothesisedhat suchspecificity may enable some enhancers to activate
transcription from the correct promoter in gatense genomic regions, or when the enhancer
is located far (in tens or hundredEkilobases) from the target gene (Butler and Kadonaga
2001).

Thus, it is possible that the weakabsengctivity of thetested CNEs may ke result
of thar inability to effectively interact with theSV40 promoterin the pGL3 vector, as
opposed ta putaive productiveinteraction with the endogenollsmal promoter, because
of promoterspecific sequence motif differencé&onsistent wittsuch andea, theSV40 and
Lamalpromoters are composed of distinct sequence matifEATA-box and a CpG island,
respectively(Byrne et al. 1983Piccinni et al. 200¢ It can be hypothesised that some of the
tested CNEs aranscriptional enhancers that have adapted to operate in conjunction with a
CpGrich promoters, but not with a TATAox ones, analogously toehobservations in
Drosophila (Butler and Kadonaga 2001). Therefore, a better approach to testing the CNEs
for enhancelike propertiesis to design newCNE::reporter constructs where the reporter
gene is driven by the endogenduzsnalpromoter.

Second the low activity of the tested CNEs might be due to the requirement for
specific transcription factors and/or inducing signals that were not presented in the
C3H10T1/2 cell culture system. As mentioned abamalyses of the existing literature
suggestedhat C3H10T1/2 cells exhibit properties of mesoderderived cells laas and
Tuan 2000; Bostrom et al. 2000; Shea et al. 2003; Tang et al), X@h thatthey are
perhapsan optimal environment fopreliminary identification of themesodermallactive
LamalenhancersAdditional support for the choice @3H10T1/2cells could be provided
by a demonstration of the ability to endogenously expredssamal mRNA. Furthermorge
C3H10T1/2 cells may not be the ideal system to ateedsanscription regulatory activity of
CNEs with noamesodermal tissugpecificity, such as candidate enchancers operating in the
neural tubeThe use of other cell lines, combined with transgenesis assays, would be the

most efficient strategy to addretss limitation.
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Another possible explanation is that some of the tested CNEs might have other roles
than that of enhancers or silencers, IRkatrix attachmenregions (MAR$ or locus control
regions (LCRs), for instancéhe properties of whichredifficult to demonstrate in transient
assays for such demonstration requires chromosomal integration of the tested construct
(Dean 2Q1; Fraser and Grosveld, 1998his scenario is consistent with the observed lack
of enrichment for enhancassociated lmomatin marks on most CNEs (Section 5.3.8).
regard toLCRs, thesegenomic regionare defined based on their ability to confer high levels
of integrationsite independent expression of a linked transgene (Fraser and Grosveld 1998).
As previously suggesd (Carey and Smale, 2000), the most effective way to uncover the
function of putative LCRs is to generate several independent stable cell lines or transgenic
animal lines where it is expected that each one has integrated the transgene construct a
randomlocations in the genome. If the candidate element acts as a locus control region, then
more lines (in principle, all of them) should express the transgene than would have been
expected for an enhancer element. This is so for LCRs confer protection from
heterochromatic modifications that could silence the transgene (Kioussis and Festenstein,
1997). Therefore, a further examination of some CNEs in transgenic animals or stable cell
lines in culture would address this possibility.

Also, thelow activity of tested CNEs might be a result of interference or ctaks
between the enhancer and/or promoter on the test plasmid (the pGL3) and the promoter on
the internal control plasmid (the pRL)h& high copy number of reporter plasmids rhaye
led to competitionfor transcription factorpresent at limited quantities, which in turn may
have resultedn low level occupancyf their binding sitesand inefficient reporter gene
transcription Carey and Smale 200lercola et al. 1985Promega 2008 However,
examinaton of the FL and RL activities deeot indicate that such interference has occurred
in the current studyPerhaps, the best way tircumventthis limitation is to testeach
CNE::reporterconstruct in stabiransfectedC3H10T1/2cells(Carey and Smale P0).

In summary, one or a combination of several uncontrolled factors may have
contributed to the weak activity of the CNEs when tested in transient transfection conditions
(Table 5.1). Therefore, thata could be improved by substituting the SV40 premfatr the
endogenoud.amal promoter, by the use of other cell lines, by increasing the number of

experimental replicates, and by the inclusion eocomparison with random gemic
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elemens. Alternatively, the CNEs could be tested in stable cell lines wansgenic animals,

as described in Chapter 6.

5.4.2. CNE7 and its silencer properties in cell culture

Interestingly, CNEignificantly decreasedhe activity of the luciferase reporter compared
to the emptypGL3 control (Figure 5.3). This behavior hintsgotative silencer properties

for CNE7. If this were the case, CNE7 would be expected to operate via -aaluyg
mechanismn vivo (Hampsey etl. 2011), as its nearest potential target,Lthre30 gene, is
situated nearly 48b away from CNE7. Such a scenario is consistent with previous luciferase
reporter studies combined with a C3 @mromosomeConformationCapture) assay, which
revealed thexistence of silencer elements in the vicinity of the huM&CP2gene that are
able to directly interact with th®IECP2 promoter despite it being located ~130 kb away of
the silencers (Liu and Francke 2006). There is evidence thatdistamce interactios
between silencers and target promoters are facilitated by DNA looping mediated by the
Umeb and TFIIB factors, which are responsible for the recruitment of the represaotily

Isw2 chromatin remodeler to target promoterSircerevisia€Yadon et al. 2013). It would

be interesting to see whether CNE7 acts via a-fange chromosome looping mechanism
and which sequence it targets. Are there any target sequences within or nedram#ie
promoter? Both questions could be addressed byciticaelar chromosome conformation
capture (4C) technique (Zhao et al. 2006).

It is also important to note that CNE7 harbouidl@ binding motif although not a
significantly ovefrepresented ongChapter 4, Table 4.2and it ispossiblethat the silencer
properties of CNE7 might be mediated by the binding &fC- and/orGLI-repressors fans.

This putativedependence on th&C motif can be addressed by generating mutant versions
of CNE7 with substitutionsin the ZIC motif combined with ovemactivdion or down

regulation of the édgehog sigriing pathway.

5.4.3. CNE7 and O CF occupancy
Another interesting finding about CNEVas its association witB TCF occupancy in several

organs and tissues (Figure 5.4 and Table SZnsistent with these findings, ther
examination of CNE7 by the Matinspector and FrameWadrksilico tools (Cartharius et al.
2005) revealed the presence oC&CF binding motif on CNE7 that is conserved across
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therian mammals (placentals and marsupiaiglich is indicated on Figurb.7. However,

this motif does not appear to be significantly exegresented in CNE7 compared to the
genomic backgroundNumber of matches: 1Expected: 0.280.53; Ovesrepresentation:

3.54; Zscore: 0.41see Legend to Table 4.2 for details oiscores)Nonetheless, the peak

of CTCF enrichment (as well as the peak of DNasel hypersensitivitgemered on the
conserved block of CNE7 that harbourg @TCF motif (compare Figure 5with Figure

5.5). These observatiortsnt for a possible role d€TCFin the activity of CNE7 and such
hypothesis could be tested in cell transfection experiments with a mutant CNE7 which lacks
the CTCFbinding motif.
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Figure 5.7. The CTCF binding motif in CNE7 is conserved across mammaAldisplay of the sequence
conservation along CNE7 as generated in the UCSC Browser using the NCBI37/mm9 assembly of the mouse
genome. The extent of CNE7 is indicated by a thick grey bar at the top of the diagram. The conserved sub
region of CNE7 that conitas theCTCFbinding motif (highlighted irpink) is shown enlarged at the bottom half

of the figure. The core of theTCF motif is highlighted ingreyand is derived from sequence analysis of CNE7
using the Matlnspector tool from the Genomatix Softwaré @artharius et al. 2005).

CTCFis a Znfinger domain containing protein (Burcin et al. 1997) that binds DNA
in a sequencspecific manner to motifs with the core consensus CCCTC (Lobanenkov et al.
1990, andis the only known factor that mediates insulator function in vertebrates (Bell et al.
1999; Bell and Felsenfeld, 200akenome wide studies @& TCF binding often reveal its
localization at the boundaries of transcriptionally active and repressed chr¢Bwaski et
al. 2007; Cuddapah et al. 2009), and some observations sugge€iTiG&t exerts its
insulator functions by changing chromosome conformation, facilitated by interactions with

the cohesin complex (Nativio et al. 2009; Wendt et al. 20B8)xddiion, there is also
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evidence thaCTCF -bound insulators can physically associate with enhancers (Handoko et
al. 2011) presenting another possible mechanism of enkbloc&ing activity by insulators.
However, in my study CNE7 was cloned onlyd® 5 lde S\@4D promoter in the
pGL3 plasmid. Thereforeit is unlikely that CNE7 acted as kssical insulator in this case
Rather, CNE7 would be expected to directly interfere with transcription initiation from the
nearby SV40 promoter. Therefomne can envision a hypothetical scenario, wheZd GF -
bound CNE?7 directly interacts with its target promoter to silenicevitvo, analogously tahe
repressive interaction of &TCF -bound CpGrich elementwith the mousePax6 PO
promoter prior toglial differentiation of embryonic stem cells (Gao et al. 20Y¥hatever
the case, it would be interesting to examine wheth€T@Fdependent cohesimediated
looping process is responsible for the silencing effect of CNHé@mnexpression. This can
be tested by a ChIP assay with antibodies ag@m§tF andthe cohesin components SA2 or
SMC1/3 (Xiao et al. 2011)in conjunction with the circular chromosome conformation
capture method in a C3H10T1/2 cell line statbhnsfected wih either the wild type
CNE7::pGL3 construct or a version of it with logd-function mutations in theCTCF
binding motif.

The levels ofCTCF occupancy at CNE7 differ in different tissues
It is intriguing that CTCF occupancy of CNE7 variéa different organs and developmental
stages. As can be seen in Figure Buad Table 5.2CTCF levels are higher in the E14.5
embryonic brain and limbs, and in the adult heart and kidneys as compared to the low levels
in the adult liver and thymudf. CTCF directly binds to its motif in CNE7, then thénding
affinity and/or the activity of boun@TCF may differ indifferenttissues, and this may affect
the putativeinsulator/silencer activity of CNE7his is consistent with studies showithgat
CTCF binding to insulatorscan be negatively influenced Inyethylation of cytosines ithe
binding sites(Hark et al. 2000; Engel et al. 2006), and thia activity of CTCF can be
modulated througlphysical interactions withco-factors, such as CP190 and the tigro
hormone receptoiL(tz et al. 2003; Weth et al. 2010/ood et al. 2011

The high levels oCTCF enrichment in the embryonic E14.5 brain and adult kidney,
whereLamalis expressed (Miner et al. 2004; Sorokin et al. 1988 puzzlinglt is possible
that in these structures CNE7 might positively affesnthalexpressionn vivo, as suggested

by a recent demonstration of the ability GTCF /cohesin complexes to bind both the
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promoter and enhancers regions of the huR&@DHA gene facilitating chromatioop
formation and subsequent transcriptional activation (Guo et al. 28k&8j)natively, and in
line with the observed silencer properties of CNE7 in culture, this element might in fact
function as aCTCF -dependent silencein vivo to quantitatively modulate the rate of
transcription from theLamal promoter in tissues whereamalis expressed (embryonic
brain, kidney). This is not unlikely for Lum and Lee (2001) showed the presence of a silencer
element immediately upstream of thieoeag TATA-less promoter of the humaiMGB1
gene, which was able to reduce by nearfplf the activity of the highly potent promoter,
thus keeping in check the ubiquitous basal leveldM{GB1 expression in noproliferating
cells (Lum and Lee, 2001).

In summarythe emergent picture @TCFis that of a multifunctional factor engaged
in diverse nuclear activities not only in enhanrbkcking processes and chromatin boundary
demarcation but also in transcriptional activation and repression (Phillip€amwds, 2009;
Nikolaev 2009). Such diverse roles can be achieved bytostiational modifications of
CTCEF, like sumoylation (Kitchen and Schoenherr, 2010), by interactions with different co
factors (Lutz et al. 2000; Wood et al. 2011), and by moduldahegaccess to its binding
motifs on DNA (Hark et al. 2000), for instance. A comprehenisiwévo study that combines
BAC-reporter transgenesis, transcription factor binding site mutagenesis and chromosome
conformation capture analyses will provide detilinderstanding of the precise mechanisms
of CNE7 action in a chromosomal context and the roleTa@F.

5.4.4. CNE7 and DNael hypersensitivity
CNE?Y is also charactedad by a peak of DNasel hypersensitivity. As mentioned earlier, such

hypersensitivity meks not only enhancer and promoters but also insulators and silencers
(Boyle 2008), which is consistent with the silenlike behavior of CNE7 in culture. That
silencer elements feature such hypersensitivity is demonstrated by a study, which combined
phylogenetic footprinting, DNasel hypersensitivity and luciferase reporter assays to describe
the regulatory elements of the humB8HR gene, which is specifically expressed in the
testicular Sertoli and ovarian granulosa cells (Hermann and Heckert, 200%). Fou
hypersensitive sites (DH$A) were identified, the third of which corresponding to an OCT
1-dependent silencer element in the first introlF8HR which represseBSHRexpression

in nontgonadal cells (Hermann and Heckert, 2005).
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Another interesting aspe of CNE7 is the differential pattern of DNasel
hypersensitivity across different tissues and organs (Figbransl Table 5.2). For instance,
CNE7 features a high peak of hypersensitivity in the embryonic E14.5 brain, E11.5
mesoderm, E11.5 foreand hindimb buds and adult skeletal muscles, but a low peak of
hypersensitivity in the adult heart, liver and thymus (Figubeafid Table 5.2). The variation
in DNasel hypersensitivity between these structures may reflect the ex@nht Bf 7a6tigity
in viva. As described by Boyle et al. (2008)Nasel hypersensitivity is not a binary property
but represents a continuous range of chromatin accessibility, with the same region showing
di fferent Al evelso of hyper se magrdementtdthis, i n
low or nonexpressed genes in CD4+célls showed weaker hypersensitivity at their
transcription start sites compared to highly expressed genes (Boyle et al. 2008).

Remarkably, the tissue pattern of DNasel hypersentivity at CNE7 ponés to the
pattern of CTCF occupancy in different tissue. Hence, tissues/organs with high levels of
CTCF occupancy like the embryonic limbs and brain have alsbenidgypersensitivity
(Figure 5.5. It is tempting to hypothesize th&TCF binding on CNE7depends on
chromatin accessibility which might require the binding of a pioneer transcription factor. For
instance, binding of PU.1 to an intronic enhancePax5 leads to reduced nucleosomal
occupancy at the locus and-tggulation ofPax5expression irB-cell development (Decker
et al. 2009; Guertin et al. 2013).

5.4.5. CNE23 and its target gene
Although CNEZ23 did not significantly enhance reporter gene expreissiaino (Figure 5.3),

an analysis of this CNE in thCSC Browser revealedssociationwith the enhancer
enriched histone mark H3K4mel (Heintzman 2007), as well as overlap with DNasel
hypersensitive sites in diverse embryonic andtaohglans and tissues (Figuré @and Table

5.2). The location of CNE23 in the first intron of tAgrmgenesuggests thegssibility that

this element might bdevoted to the transcriptional regulationRiprm, rather than to the
regulation ofLamal Such an assumption é®nsistent wittumerous studies in the mouse
and other metazoans that have mapped thaitot of tissuespecific enhancers in the first
intron of their target genes. For instance, in the mouse, ®@98box-dependent enhancer
activatesacetylcholinesterasAChE) gene expression in skeletal muscle cells (Chan et al.

1999); a ®X9-dependentlement drivesColll1la2 activity in cartilage (Liu et al. 2000);
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a 1.7 kb TBX1-, NKX2.5, ISLET1-dpendent region directsoxalO expression in the
anterior heart field (Watanabe et al. 2012), while a GA'B&Bendent enhancer ensules

myc gene expressn in the branchial arches (Potvin et al. 2010). Studies of transcriptional
regulation in other species also provide examples for enhancers located in the first intron of
their target genes: a cartilagpecific enhancer of thel2algenein XenopugKermney et al.
2010); a photoreceptapecific enhancer of th€iPax6 gene driving expression in the
sensory vesicle o€iona intestinalis(Irvine et al. 2008), and a 333 enhancer for early
embryonic expression of thepOtxL gene (a member of therthodenticlerelated gene
family) in the sea urchirHemicentrotus pulcherrimugHayashibara et al. 2004Y.hus,
CNEZ23 could display tissegpecific activity, in particular in the heart, as suggested by the
location of CNE23 in the first intron of thetprm gene and the endogenous expression of
Ptprmin the adult myocardium (Koop et al. 2003). However, as evident from Figure 5.6, the
peak height for H3K4mel and p300 coactivator enrichment in both embryonic and adult
hearts is not convincingly high to suggeardiac activity. Moreover, the acetylation mark
H3K27ac, which is associated with active enhancers (Rgdsias et al. 2011; Cotney et al.
2012) is absent at CNE23 in the heart (Figure 5.6), which further argues against- cardiac
specific function of tis CNE.

Alternatively, CNE23 might be involved in the regulationLaimal, as cases exist of
genes being regulated by intronic enhancers positioned in another gene located ihio a 1
away (Lettice et al. 2003). BA€eporter studies combined with deleti@analyses and a
chromosome conformation capture experiment in several relevant cell types will help to

uncover the target, or targets, of CNE23.

5.4.6. CNE23 and chromatin features
The presence of H3K4mel marks not restricted to a specific tissue/brganhserved in

various structures derived from all three germ layers like the embryonic limb, the olfactory
bulbsand small intestine (Figure 5,6makes it difficult to deduce the putative expression
pattern driven by CNE2& vivo. Per haps, isGo\bBdadt3he sactivityoof tessue
specific elements, as previously shown for some regulatory modules of the sea urchin genes
endol6andcyllla (Kirchhamer et al. 1996; Coffman and Davidson 2001; Davidson 2006).
Nevertheless, the combined profile of telaly low peaks of H3K4mel, H3K27ac

and DNasel hypersensitivity suggests that CNE23 might be a genuine regulatory élement
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vivo, with enhancelike properties, but it also suggests that in most tissues CNE23 is not in
an active state, except perhapgsha adult olfactory bulbs (Figure 5.6). The latter structures
are characterised by high H3K4mel occupancy combined with relatively higher levels of
H3K27ac than in the rest of the tissues, and the joint presence of these two marks hints for
active state ofCNE23 in the olfactory bulbs. Interestingly, while there are no reports of
Ptprmexpression in the brain (Koop et al. 2003 malexpression is observed in the murine
embryonic brain well into the E14.5 stage (Miner et al. 2004). Thusanasatdevoted
function of CNE23 cannot be ruled out.

It is plausible that in the majority of the tissues, CNE23 is kept in an inactive, or
poised state (Calo and Wysocka 2013), which is characterised by an enrichment for
H3K4mel, p300 and H3K27me3 occupancy, and the abd8BK27ac marks (Creyghton et
al. 2010; Raddglesias et al. 2011) and is observed in enhancers regulating forekmsus
hindlimb-specific developmental genes, for instance (Cotney et al. 2012). Interestingly,
poised enhancers become enriched in H3K2%Wacks and depleted in H3K27me3 marks
upon cell specification and differentiation (Creyghton et al. 2010; fRgdsias et al. 2011).
Thus, one possibility is that CNE23 is in a poised state in most tissues.

Finally, an appropriaten vivo transgenesis aag with a CNE23driven gene reporter

would potentially address the question of ttascriptionregulatory potentiabf CNE23.

In this study, | performed transient cell transfection€bfE::reporter constructs in
cell culture to screen for putative regulatory functions of the conserved elementssTh ay 0 S
results however, do not convincingly support the hypothesis that the tested CNEs are
enhances or silencerin vitro, perhaps except for CNE7, dithespeculatedauses for these
results were discussed. In addition, database anabfs€sN E shyomatin state do not
indicate correlation of th&€€NEs with transciption-regulatory element marks, except for
CNEs 7 and 23However, tle lack ofsuch correlation might be due to the fact thhe
chromatin state data have been obtained mostly from adultegsisand cell cultures,
conditions under which an embryonic TRE mht be inactive and difficult to predict
Therefore, in order to test the putativegulatory activity of the CNEs in more native
environment, | adopted a different strategy, nantfedyexamination oENE functionin vivo,
in transgenic animalsas described inthe next Chapter Such an approach provides the
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additional advantage of infiming about the spatitemporal activity of the candidate

elements.
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Chapter 6

Functional screenng of mouse CNEs in transiently
transgenic zebrafish embryos
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6.1. Hypothesis and aims
The analyses of CNE function in cell cultiseggested weak putative silencer activityf

CNE7, but failed to convincingly demonstradé@hancésilencerpropertiesof the rest of the

tested CNEsAIso, this assay id not provide information about tisspecificity of the

tested candidate regions. Furthermore, as the optimal activity of many transcription
regulatory elements requires the integration of inputs from seseyahlling pathways
(Davidson2006), which camnly be recapitulateth vivo, it is possible thamy in vitro assay

may have failed to detethe putative activity of the teste@NEs. To address this, a GFP
reporterbased screening of a subset of the mouse CNEs was performed in transient
transgenic Zerafish embryos.Such strategy is promising fordespite the lack of
mouse/zebrafish conserved elements at lthena locus, this gene features a largely
conserved expression pattern in both species (this study; Anderson et al. 2009; Joseph
Pickeringds Thesi s 201 Zransactihdninpats regulabgareadin s t h
the mouse and zebrafisimplying that the mune CNEsmay be able to respond to the

transcription factor milieu in the fish embryo (Chatterjee et al. 2011; Fisher et al. 2006).

6.2. Introduction

6.2.1 The Tol2 transposon system in the analysis of TRESs vivo

There are several strategies for thaagation of transgenic zebrafish expresdingrescent
proteinreporter geng The simplest one relies on the injection afgohid DNA carrying the
reporter constructinto fertilized eggs, which leads to high mosaicism in FO and low
frequency of germ line transmission of the transgeabout 5% of injected fish produce
transgenic offspring (Stuart et al. 1988; Long et al. 1997). A more efficient method relies on
the irjection of pseudotyped retroviral vectors at the blastula stage, which results in nearly
100% of the injected fish becoming founders (Lin et al. 1994). However, the handling and
modifying of retroviral vectors is laborious making this approach unsuitabléhé rapid
screening of a large number of candidate regulatory elementsin transiently transgenic fish
embryos (Kawakami, 2007). Another highly efficient and relatively simple strategy for
zebrafish transgenesis uses the autononimi® DNA transposon from the medaka fish
(Oryziaslatipeg (Kawakami et al. 1998)he Tol2 element is nearly 4.7 kb in length and
encodes a transposase consisting of 649 amino acid residues (Kawakami and Shima. 1999
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Kawakami et al. 2000). The enzyme is functional in all tegttebrate models (zebrafish,
Xenopuschicken, mouse) and is able to mobilise-4aotonomoud ol2 elements lacking the
transposase gene but retaining the two termini at the ends of the transposon (Kawakami et al
2000; Kawakami et al. 2004; Sato et al02pKawakami and Noda 2004jol2 is transposed

via @andpasteod mehe ttansposasencatalyses excision of the element from its
original site followed by random integration at a new site of the genome (Kawakami et al.
2000). The minimal 20@p and 150 bp sequences at the left and right termini flanking the
Tol2 transposase gene, respectively, are critical in this process. These termini cotain 12
terminal inverted repeats and subterminal regions which are necessary and sufficient for
transpaition (Urasaki et al. 2006). Thus, any foreign DNA that is cloned in between the
minimal sequences can be mobilized and integrated into the host genomeinyecton of

the Tol2based construct withlol2 transposase mMmRNA into one csthge embryos
(Kawakami 2007).

This is especially advantageous in examining the activity of candidate regulatory
elements drivingsFP reporter expression in transient assays for it results in early integration
of the foreign construct into the host genome, which minisnir@nsgene mosaicism
eventually leading to more consistent pattern of tisand/or stagepecific activation of the
reporter gene (Fisher et al. 2006). Several studies have demonstrated the efficiency of the
Tol2 system for testing putative regulatotgraents in zebrafish embryos (Navratilova et a.
2009; Royo et al. 2011; Zelenchuk and Bruses 2011; Ikle et al. 2012; Ritter et al. 2012). For
instance, lkle et al. (2012) usadsilico approaches followed by Tol2ediated transgenesis
in zebrafish to idetify mouse and fish enhancers ldand2that modulate its expression in
the ventral pharyngeal arches, while Ritter et al. (2012) employed the Tol2 strategy to
investigate the function of candidate TREs in stable zebrafish lines based on phylogenetic
compaisons between the human and zebrafish genomes. Interestingly, the combined
analyses revealed the existence of tissuecific enhancers located in the proteading
regions of their target genes (Ritter et al. 2012). Remarkably, the exonic enhancers were
characterized by H3K4mel enrichment similarly to the typical intergeniccodimg
enhancers and are three times more likely to harbor this modification as compared to the rest

of the exonic norenhancer sequence (Ritter et al. 2012).
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In summary, the usef GFP reportebased transient analysis aided by Fol2diated
reporter construct integration in zebrafish embryos is an effective strategy for the rapid

screening of mouse candidate transcription regulatory elements.

6.3. Results.
Based on the successful results frane studiesdescribedabove, | decided to employ

transient transgenesis withouse CNE::GFReporter constructs in the zebrafish embryo to
testin vivothe performance of a subset of the identified CNESs. | chose tgsarthle activity

of CNEs 3, 6, 7, 9, 10, 14, 19, 21, 23 and 24 either becauseavdreyexamined ithe in

vitro tests (CNEs 7, 10, 19, 21, 23 and 24) (Figure 5.3), or because they displayed
conservation not only with the opossum sequence but with thkechas well, and as such

are candidates for transcription regulatory elements (CNEs 3, 6, 9 and 14).

—— I
= n e mini3’-Tol2 - b;:::;g‘l;:::n - EGFP B ) ———

Figure 6.1.A schematic diagram of a portion of the CNE::EGFP reporter constriitis.individual functional
elements in the reporter construct are depgcd as col ored rectangul ar boxes
indicates the orientation of the CNE according to its genomic orientation relative t@anieel transcription
start site. The cur EGFEO abrorxo ws iagtn i tf bf eeassctipdbretNotoitfiat ¢heht e of
w h o | CeN E iiglolin promoter:EGF® uni t is flanked by the mini mal
transposondrange boxes

Each CNE was individually cloned in its original genomic orientation (relative to the
Lamaltranscription start site) into @aaGFP-reporter plasmid (McDonald et al. 2010; Yu et
al . 2011), i mmediately wpothi a&a p-glabinR),iwkeeh rHibn
is used to drive expression of tR&FP reporter gene (Figure 6.1). Importantllye reporter
vector contains the minimalol2 terminal elements flanking th€NE::EGFP construct
(Figure 6.1), which ensures that the wh@léN E -glolfinP::EGFP unit can be efficiently
integrated into the host embryo genome upoingxtion of theCNE:EGFP plasmids with
Tol2 transposase mMRNA. Before injection of @BE::EGFPplasmids, | confirmed that the
emptyEGFP-reporter plasmid exhibits noryptic enhanceactivity (Figure 6.2; n=157).
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“empty” EGFP construct, 31 hpf

Figure 6.2.The #fAemptyo EGFP c o nreporterugerte exgressighowmis an &robryo atat e
3lhpf (n=157) that has been injected with fAemptyo
embryo shows no EGFP expression, demonstrating the utility of the construct to reliably assess thefactivity
candidate enhancer elements. Abbreviations: de, diencephalon; hb, hindbrain; mb, midbrain; sc, spinal cord.

Two independent injections in zebrafish embryos at the-ceflestage were
performed for eaclCNE::EGFP plasmid (two preps of each were testdd)lowed by the
analysis of EGFP expression in a total of 300 to 500 injected embryos at 6, 24, 31, 48 and 72
hours post fertilization (hpf). The results of the experiments are summarized in Tadhe 6.1
Figure 6.3 Surprisingly,most of the screenedCNEs, except for CNE3directed weak and
highly mosaic reporter expression: the few EGR&rked cellsvere not restricted to a single
tissue(with very few exceptions, as described in Table 6uit)weredispersed througthe
whole body in the positivembryos in a highly variable (inconsistent) pattern between the
embryos Based on these data, | concluded that CNEs 8, X0, 14, 19, 21, 23 and 2re
unable to function aissuespecific transcriptionaénhancers, at least in the current study

(Table 6.1 Figure 6.3. The putative causes behind these results are discussed in Section 6.4.
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CNE3 | CNE6 | CNE7 | CNE9 | CNE10 | CNE14 | CNE19 | CNE21 | CNE23 | CNE24

Total number of
analysed 511 396 412 324 370 435 387 369 401 422
embryo$

Number ofEGFP
positive 292 3 1 13 3 6 10 2 8 9
embryog

Number of
embryoswith
tissuespecific 289 0 0 1 1 0 0 0 0 2

EGFP
expressioh

Number ofEGFP

negativeembryos 219 393 411 311 367 429 377 367 393 413

Table 6.1 Numbersof CNEinjected embryos # indicates the total number of analysed injected embryos,
excluding the dead onesindicates that although the constructs with GN&: 7, 9, 10, 14, 19, 21, 23 and 24
producecd EGFposi ti ve embr yos, ihthese emberyowas tveak, tesrictedxgfewecslls i o n
in different tissues and was highly variable between embryos. In coi@E8 directed strongissuespecific

EGFP expressioim the skeletal muscles in ~ 57(389) of the analysed embry@511); only 3 out of the 292
postive CNE3injected embryos showed weak and highly mosaic EGFP expression (not indicated in the Table).
¥ indicates the number of embryos with tisspecific EGFP expression. dt of the EGFPCNE3-injected
embryos featuidtissue-specific reporter expremn inthe skeletal musculature; only ookthe EGFP CNE9S

injected embryos showed restricted expression in the gut; one 'BEGWP10injected embryo had notocherd
specific reporter expression; and only two of the EGERE24injected embryos exhibited agific expression

in the heart and skeletal muscles, respectively.
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Figure 6.3.Summary of the analyses of CNEs in transiently transgetitafish A graphical representation (in
percentages) of the results from Table 6.1. Notertiustt of the EGFPCNES3-injected embryos feature tissue
specific EGFP expression, whilee remainingCNEs directed weak, highly mosaic and variable expressian in
few of theinjected embryos.
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Of all murine CNEs that were tested in the zebrafish embryo, only CNE3 directed
strong and consistetissuespecific expression of tHeEGFP reporter gene, particularly in the
skeletal muscle cellsT@ble 6.1;Figure 6.3 Figure 6.4. At 24 hpf, reporter gene expression
driven by CNE3 was weak in the myotome (data not shown). Howaweoderatereporter
signal was first observed at 2¥f in the myotomealone but by 72 hpf, strong EGFP

expression was observed in both myotomal andarakeletal muscles (Figure 6.4

CNE3::EGFP, FO, 72hpf

Figure 6.4 CNE3 directs EGFP expression in the skeletal muscles of zebrafish emBaymds A and B
present the pattern of EGFP activity driven by CNE3 in the anterior and posterior halves of the same FO
embryo, respectively, at @dp f . A6 and BO® wsaisdand BnBGFR is §pecHichlly whiserved in

the myotomalhite arrowheads) and cranial/ite arrows) skeletal muscle cells.

Such musclespecific activity prompted me to perform furthersilico analyses of
CNES3 for the presence of binding motifs the myogenic regulatory factors (MRFs), which
would explain thein vivo activity of CNE3. Remarkably, both rVISTA and Matinspector
results showed the presence of overlapping binding motifs containing a conserved pan
amniote Ebox wi t h t hRGAGET&-gad e hoe b a-leophebxsryogenib el i
regulatory transcription factors MyoD and Myog (Murre et al. 1983®audhary and Skinner,
1999)(Figure 6.5. However,this MRF binding motifs not significantly overrepresented in
CNES3 relative to genomic backgroundumberof matches: 2Expected: 0.4+0.70; Over

representation: 4.10; -Zcore: 1.45 see Legend to Table 4.2 for details orscores).
135



Intriguingly, detailed examination of CNE3 in the UCSC GendBnewser revealedhat
CNE3 overlaps with high peaks of MyoD and Myogenin occupancy in the C2C12 mouse
myoblast cell line, and with a broad peak of DNasel hypersensitivity in adult mouse skeletal
muscles (Figure .6). In contrast, there is no DNasel hypersitivity overCNE3 in non
skeletal muscle tissues, like the adult heatina and cerebellusrwhich is in agreement

with the absence of EGFP expression in these structures tmatigentlytransgenic fish

embryos(Figure 6.4; Figure 6)6

CNE3
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Figure 6.5. CNE3 harbours a conserved-liox containing binding motif for myogenic regulatory factors
(MRFs).A display of the sequence conservation along CNE3 as generated in the UCSC Browser. The extent of
CNES3 is indicated by a thick grey bar at the top of diegram. The conserved subgion of CNE3 that
contains the Box and the MRF binding motif is shown magnified at the bottom half of the figure. The
conserved AbOXALhQighted infellowand is derived from sequence analysis of CNE3 using the
rVISTA tool (Ovcharenko et al. 2004%redicted binding sites for MYOD andyogenin are indicated igreen
andpinkrectangles, respectively.

6.4. Discussion

Thein vivo EGFP reportebased screen in zebrafish of a subset of the CNEs near the murine
Lamallocus revealed that CNE3as skeletal muschkspecific enhancer properti€gigure

6.4), while the remainingof the analysed CNE#failed to displaystrong and consient
reporter gene expressiomable 6.1 Figure 6.3. Nevertheless, one or two of the zaish
embryos injecté with CNEs 9, 10 and 24 displayed tissyecific EGFP expressionThe

latter observation is most likely unrelated to the CNE but is an enhaapeing effect

wh e r e -glbdineprorboter has fallen under the control of a nearby rerdraat the

integration siteThe lack of enhancer activity of mouse CNEs 6, 7, 9, 10, 14, 19, 21, 23 and
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24 in zebrafish embryos raises questions abouptitativefunction of these CNEs in their
genomic context in the mouse and about the nature ofahscription factor environment in

the host species, as discuskdr.
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transcription
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Figure 6.6. Association of CNE3 with myogenic regulatory factors (MRFs) BN@sel hypersensitive sites.

A graphical display of CNE3 sequence conservation, transcription factor occupancy and DNasel
hypersensitivity generated in the UCSC Browser using the NCBI37/mm9 assembly of the mouse genome. Each
row (or data track) from top to bottom presents featurescaded with the sequence at the corresponding
genomic position (indicated by the coordinates at the top of the display). The subsets of tracks with thematically
similar data (sequence conservation, transcription factors and DNasel hypersensitivityicadnon the

right side of the diagram. The extent (in base pairs) of CNE3 is shown by theteickarat the top of the

display and highlighted ilight bluealong all data tracks.

In contrast to the other tested CNEENES specifically upregulated EGFP
expression in both myotomal and cranial skeletal muscle celis % 7% of the injected
embryos Figure 6.3;Figure 6.4. Notably, CNE3 harbours an evolutionary conserveddx
sequence and is occupied by thgogenic regulatory factors MYOD andyogenin in the
murine C2C12 myoblast cell line, and also maintains an open chromatin configuration in
adult skeletal muscles that ssiggestiveof transcripton-regulatoryactivity in the CNE3
locus (Figure 6&; Figure 66). Taken together, the results frometim vivo and in silico
analyses suggest that CNE3 may act as a mapelefic enhancer in the mouse.

6.4.1. Most of the tested CNEs failed to drive EGFP expression in transient transgenesis
in the zebrafish
As described earlier, mouse CNEs 6, 7, 9, 10, 14, 19, 21, 23 dade2todrive strong and

consistentexpression of thd&eGFP reporter in transgenic zebrafish embryos (Table 6.1

Figure 6.3. Several factors could explain these results.
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1) One possibity, which was discussed in Chapter 5, is that some regulatory
elements are selective in terms of promoter specificity and perform optimally only in
conjunction with the endogensiromoter of their target genas shown inDrosophila
(Li and Noll 1994 Merli et al. 1996)Consi st ent with t hi-globiexpl a
promoter in the EGFP-) vector is dissimilar to théamalpromoter: the former contains
TATA- and CACCCGboxes, whereas the latter is comprised of a-@plssequence (Piccinni
et d. 2004). Thus, the tested CNEs might have a preference taathatpromoter, instead
of  tglolen pomoterTo addr es s tglobinspromates aowdd be subsgtuted
for the basal promoter of the muribamalgene (Niimi et al. 2003Piccinniet al. 2004 and
new transgenic analyses could be performed in the zebrafish.

2) Another possibility is that some elements cannot function in isolation, that is
when tested individually outside of their genomic context, and require synergistic
interactions with additional elements to fitene enhancer output. Such mechanism has been
demonstrated for the enhancers modulating hypothalamic expressshh af zebrafish
(Ertzer et al. 2007), the enhancers controllingttbponin 1genes in mice (Guerrero et al.
2010), as well as for the boostée proximal regulatory region (PRR) that cooperates with
the distal regulatory region (DRR) of the muriMyoD gene to provide high levels of
skeletal musclespecific expression (Tapscat al. 1992). Perhaps the most comprehensive
way to address this issue is to employ transgenesis with BAC constructs harbouring
deletions of individual CNEs.

3) Alternatively, as discussed in Chapter 5, some CNEs may not function as
enhancers but as instibrs or silencers. For instance, Royo et al. (2011) characterized three
insulators from the humaitRXB genomic cluster in transgenic zebrafish. However, the
EGFP reporter construct used for tire vivo analyses in my study is not adequate to detect
such éements as the empty vector generates basal (almost undetected) levels of transcription
(Figure 6.2). Instead, aBGFP reporter driven by a strong enhancer (like the -briin
specific Z48 enhancer of the cardiac actin gene) could be employed for thicakon of
insulator elements, where the candidate insulator is cloned between the enhancer and the
minimal promoter (Bessa et al. 2009).

4) It is also plausible that the tested CNEs, which are not conserved in the zebrafish

genome, are cladgpecific anl can function only in mammalian tissues, implying that the
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trans-environment in zebrafish embryos is unable to provide regulatory inputs to these
CNEs. This phenomenon is thought to be a consequence of long evolutionary divergence
times (as between teldssand mammals) leading to lineage spedif$trans coevolution, or
developmental system drift (Gordon and Ruvinsky 2012; True and Haag 2001). This results
in genes, with otherwise conserved expression pattern between two species, being regulatec
by divergentcis-regulatory elements and divergent transcription factor inputs. In effect, an
enhancesswap experiment may lead to failure of reporter expression because thehsst
environment is unable to properly interpret the donmssnformation (ArizaCosano et al.

2012). Suchcis-trans compensatory coevolution has been suggested from studies of the
neurogenic ectoderm enhancers (NEEs) in drosophilid flies, where each species
melanogasterpseudoobscurandvirilis, has accumulated adaptive parafipeciesspecific
changes in their neurogenic ectoderm enhancers, most likely in response to changes in the
transcription factor milieu of each species (Crocker et al. 2008). For instance, the eve stripe 2
enhancer fronD. yacubaD. erectaandD. pseudoolsura directedlacZ reporter expression
patterns in transgenid. melanogasteembryos that are identical to the pattern driven by the

D. melanogasteevestripe 2 enhancer (Ludwig et al. 1998). However, the orthologs of the
eve stripe enhancers from the yjggenetically distant sepsid flies did not precisely
recapitulate the drosophilid pattern when tested.imelanogaste(Hare et al. 2008). If this

were the case with CNEs 6, 7, 9, 10, 14, 19, 21, 23 and 24, it would be more appropriate to
test their agvity in transgenic mouse embryos, instead.

5) Finally, some of the CNEs might be active only at later developmental stages that
were not covered by the 3 days period of screening. It could be that during the assay period
of 72 hours, some CNEs were in iaactive state due to repressive chromatin configuration
for instance, which is remodeled at later stages thus allowing the regulatory element to
interact with various transcription factors. Such a phenomenon was observed in the
regulation of the immunogbulin J (GJ) gene during the antigedriven stages of &ell
development, where the 42 cytokine induces opening of the enhancer chromatin, which
enables STATS to bind to its motifs and activateltdé gene (Kang et al, 1998). Similarly,
the ontogeneti progressive activation and repression of the genes in the hohglabin
cluster depend on staggpecific regulatory elements in their promoters and the nearby locus
control region (LCR) (Levings and Bungert 2002; Orkin 1995). If this is the case with th
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tested CNEs, a longer monitoring in transgenic fish might be required to detect any potential

enhancer activity.

6.4.2. CNE3 acts as a muschpecific enhancer
As reported above, CNE3 contains a conservdmbX that is bound by the ¥OD and

myogenin trascription factors in myoblast culte (Figure 6.5; Figure 6.6 MYOD and
myogenin, together with MY$% andMYF6 (MRF4), are myogenic basic heliwop-helix
(bHLH) transcription factors, well known for their roles in vertebrate skeletal muscle cell
commitment and differentiation (Buckingham et2003; Pownall et al. 2002). MYDis a
powerful activator of the myogenic programme as its forced expression is sufficient to
convert not only fibroblasts but also liver, pigment and neuronal culturedirdeliskeletal
muscle (Weintraub et all989), while nyogenin functions downstream &fyoD and is
essential for the activation of skeletal muscle differentiation genes and muscle forimation
vivo, as shown by the severe reduction of all skeletal muscteeenatal lethality iMyog
deficient mice (Hasty et al. 1993; Nabeshima et al. 1993).

MYOD, as well as the other bHLH myogenic factors, binds to the consensus
CANNTG E-box sequence (Chaudhary and Skinner 1999Y.Old strongly activates
reporter constructsarrying a pair of Eboxes partly due to intgrotein interactions that
stabilise the MOD-DNA complex (Weintraub et al., 1990), and the nearly ubiquitous E
proteins (like TTF3) have been shown to participate in such oligomerisation wit®@M via
the HLH domains (Lassar et al. 1991). It is particularly interesting and relevant to this study
that binding sites for nehHLH proteins like MEIS1, SP1 and MEFcan substitute for the
second Ebox, and thus contributeo tthe stability of the bound MYD-DNA complex
(Tapscott 2005; Knoepfler et al. 1999; Biesiada et al. 1999). Remarkaii3 contains a
conserved MEI$ binding site that partially overlaps thebBx, as analysed by rVISTA,
suggesting the possibility that the transcription factmtivity of the Ebox-bound
MYOD/myogenin is augmented by cooperative heterotypic interaction witBlSM
(Knoepfl er et al . 1999) . It wo ul d-speafic i nt
activity requiresthe conserved #6ox and the MEI$ binding motif by performing peorter

analyses using mutant versions of CNE3 with-ofsRinction substitutions at these sites.
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6.4.3. CNE3 and its putative target gene
The patterrof reporter gene expression driven by CNE3 raises the puzzling question about

its target gene in the mue genome. Indeed, mine and previous studies in our laboratory
have shown that the major domaind.amalexpression in the mouse embryo are the neural
tube, the mesoand metanephric kidneys, the presomitic mesoderm and the somitic
sclerotome (Chapter 3 this study; Anderson et al. 2009; Miner et al. 200@malmRNAs
are observed throughout the somite in rileevly formed2-3 somites, but in mature somites
Lamalexpression is downregulated in the dermomyotome and remains expressed at low
levels in thesclerotome (Andersone et al. 2009; see also Chapter 3 of this study). Therefore,
there is so far no indication dfamalexpression associated with skeletalisties in the
embryo, althougha mi nin Ul has been observed asso
devdoping intercostal muscles at E11.5 and E15.5 (Patton et al. 1997). However, this study
did not provide information on the cell type expresdimgnalat the muscle/rib junctign
leaving the possibility thaelmi ni n U1l may be p riendbuaelsdothby t
derived largely from the sclerotome (Christ and Scaal 2008)), but accumulates at the surface
of the myocytes, putatively interacting with integrin and dystroglycan receptors (Anderson et
al. 2009; Bajanca et al. 2006). As for expressiothe adult, Falk et al. (1999) and Patton et
al. (1997) reportthatlmi ni n Ul is undetectable in adul
to these reports, recent steslin our laboratory detecteadmi ni n Ul expressi
activated satate cells in injured adult skeletal muscles (Shantisree Rayagiri, unpublished
data), raising the possibility that CNE3 may be involved in the transcriptional activation of
Lamalin regenerating adult muscles.

Al ternativel vy, C N E 3 éranscription stat sife rofothxei paoriyt y
characterizedLrrc30 gene (the two locire justl2 bpaway) (Figure 4.8 hints for a possible
role of CNE3 in the control of skeletal muscle expressiomroé30. In relation to such
scenario, it is interesting to teothat adult human skeletal muscles exptd&dRC30mRNA,
as inferred from RNAseq data in the Illumina Body Map project (GeneC3rdand also the
zebrafishlrrc30 gene is clearly expressed in the myotome (Thisse et al. 2004). The latter
observation is pécularly intriguing, as it implies that the murine CNE3 may be responsible
for the activation/maintenance of a skelatalscle specific pattern a&frrc30 expression that

is conserved across vertebrates. In order to support this view, it would be nedessar
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examine Lrrc30 mRNA expression in the mouse and test whether CNEBegulates
reporter gene expression in the skeletal muscles of transgenic mouse embryos. The latter
experiment is important for previous studies have demonstrated that althougivedngén

fish, some human enhancers generate different expression patterns when tested in zebrafis
and mice, which might indicate the existence of evolutionary divetgams-environments
(Ariza-Cosano et al. 2012).

It cannot be excluded that CNE3 mighiso function as a shared enhancer, driving
transcriptional activation from the promoters of both tmee30 and Lamal genes. Such
mechanism has been previously reported for the salivary-glaexific expression of th@g-

1 and sgs4 genes inDrosophila which share a SEBPdinding enhancer (Hofmann and
Lehmann, 1998), for the eexpression o&chaeteandscutegenes in the proneural clusters of
Drosophila(GomezSkarmeta et al. 1995), and suggested for the synchrowm@gpression of

the Myf5 andMrf4 genes in the most ventral part of the murine thoracic somites (Carvajal et
al. 2001). Performing circular chromosome conformation capture experiments (4C) will
facilitate answering the question of CNES3
transgaic mouse embryos carrying a BAC clone which spansLthe30-Lamalregion,
including CNE3, where two different reporter gerietacZ and PALP (human placental
alkaline phosphatasgene), are inserted downstream of tmec30 and Lamal promoters,
respectivel y. Del eting CNE3 from the BAC
would enable to determine whetHeamalor Lrrc30, or both, are regulated by CNE3. Such
method has been employed to examine the compsepegulatory apparas of the murine

Mrf4-Myf5locus, for instance (Carvajal et al. 2008)

The results from thén vivo analysis of CNEs around the murihamallocus in
transgenic zebrafish revealed that only one of the elements, CNE3, hasspissiiie
enhancer propertiesvhile the rest of the sequencksled to drive strong and consistent
reporter expression. Thigoor activity is similar to the results from thia vitro luciferase
assays andould be due to endogenous promoter requiremeéimésneed forsynergistic
interactions with other elementhedivergent transcripbin environment of the hosctivity
at later developmental stages because th€NEs are not transcptional enhancers but
silencers or insulatorsmportantly, the outcome of this assay did not succeed in informing

about the transcription regulatory elementd_amalthat mediate its expression under the
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influence of SHH. Therefore, another approach is necessary to unravel these elements as

describd in the next chapter.
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Chapter 7

|dentification of a neural-specific enhancer
in intron 1 of the murine Lamalgene
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7.1. Hypothesis and Aims
Transgenic analyses in zebrafish of conservedanaling elements frorthe vicinity of the

murine Lamallocus did not reveal any candidate enhancers except for CNE3. Importantly,
none of theestedCNEs directed reporter expression in the neural tulsady somites, two

sites wherd.amaltranscription requirestH signals in the mouse embryar(derson et al.

2009; this study). Consequén | hypothesized that the SHsensitive enhancers directing
Lamaltranscription in the neural tube and somites might not be conserved. To uncover these
elements, | employed an alternative approach that ddaesepend on sequence conservation

but involves the association of genomic sequence with particular chromatin features such as
occupied transcription factor binding sites, specific histone modifications and DNasel
hypersensitivity. Here, | report on the &sis of available data from ChiPased studies,

which led me to identify an enhancer element in intron 1 of mbas&al

7.2. Introduction
The correlation of DNasel hypersensitivity and particular histone modifications with active

developmental enhancetsas beenused effectively for idatification of the latter, as
describedn Chapterl. Therefore, inorder to identify potential SHifegulated enhancers of
the murineLamalgene, | carried out an investigation of the available literature focusing on
studiesof the genomic occupancy of Gtrhnscription factors.

In seach of direct target genes of SHiAvolved in distal autopod development,
Vokes et al. (2008) performed clhmatin immunoprecipitation with E11.5 mouse embryo
limb buds that expressed conditiijaa Flagtagged version of GLI3, GBM 5274
GLI3™%pound genomic regions (GBRs) with mean length of 854 base pairs were identified,
followed by demonstration thabme of the regions mediated Gdé¢pendent transcriptional
regulation of Prdml, Glil, Gremlin and Hand2 in the limb buds of transgenic mouse
embryos (Vokes et al. 2008). Surprisingly, 16 of the GBRs corresponded to a subset of 25
GLI1-occupied neuraspecfic enhancers that have been described earlier in neuralised
embryoid bodies by the same team (Vokes et al. 2007). Interestingly, these enhancers were
nonfunctional in the limb buds as they were enriched for the repressive chromatin mark
H3K27me3, and nanof their target genesNkx2.1 Nkx2.2or Foxa2 were expressed in the
limb buds of wild type 0iGli3" embryos. This led the authors to conclutlat although
GLI3 is not irvolved in silencing of these SHikependent neural enhancers in the limbs, it
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was nonethelesable to gain access to the Ghotifs in their DNA sequence (Vokes et al.
2008), suggsting that GLI activator and Gliepressorforms, as well as different GLI
factors, exhibit similar binding specificiti@s vivo.

7.3. Results

7.3.1.Identification of a GLI -bound region in the £'intron of the murine Lamalgene
Encarraged by the observation of GF%H s ability to bind oth
enhancers in the developing limbs, | screened the full list of 8118™%bound genomic
regions that was provided in the Supplementary Data Set 1 document by Vokes et al. (2008).
| identified a 907 base pair peak with Rank No. 1926 located within intron 1 of the murine
Lamallocus, approximately 200 p d o wn s t r erdmf exoh 1, andoatainthg not

one but three GLbinding motifs (Figure 7.1) (SuppDataSetl, Vokes et al. 2008). Detailed
sequence analyses with Matinspector (Cartharius et al. 2005) revealed theceres
another two putative Gbinding sites within this 90Dp region(Figure 7.1). The latter
motifs however were not r e pronictegiach harbours\ieek e s
GLI binding motifs in total, where motifs 1, 2 and 5 were annotated by Vokes et al. (2008),
while motifs 3 and 4 were found in this study.

Based on the fact that a kb region within the $intron of Lamalcontains five GLI
binding motifs, someor all which are occupied by GRlin vivo, | hypothesized that this
region migh be a functional transcriptieregulatory element, and even motgttit could be
a promising candidat®r mediating the effects of SHeh Lamaltranscription in the mouse
somites and/or neural tube. Thus, | performed PCR with mouse genomic DNA to isolate a
1038bp amplicon (WKRSE®, |If ovra me elbekw dantairdng thé a i n
907 bp GLkbound element, followed by cloning of-AISE into the same TolBasedEGFP-
reporter vector used for the functional screening of CNEs described in the previous chapter
(Figure 7.2).
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Lama1
lranscris;?:ieon start a1-NSE
A : |
cshﬁlfz | 68,046,000 | 68,046,500 | 68,04175%:0 | 68,047,500 | 6_8,048,0(;0 n[nm9 68,048,500 | 68,049,000 | 68,049,500 |
Lama e UCSC Genes (RefSeq, GenBank, tRNAs & Comparative Genomlcs)' .
1_ Euarchontoglires Conservation by PhastC intron 1
Euarchontoglires
conservation . l ‘ h.l 1‘ l i 5 ¥ a ‘ lil. Ll .Il | ok A 4
B
1 1 2 2 4 5 1038
|
TGGGTGGCG AGGGTGGTC TGGGAGGTG TGGGTGGCA" TAGGTGGTC
(61-69) (284-292) (589-597) (618-626) (648-656)
consensus sequence of the GLI binding
motif (sensu Kinzler and Vogelstein 1990).
5-TGGGTGGTC-3’
Figure 7.1.1dentification of a GLloccupied region in intron 1 of the murine Lamalgéehanel A di s p | a kamalgenewitbis fire exch amdf t h e

part of the 19.Xb-long intron 1 harbouring the eNSE element, as analysed in the UCSC Genome BrowserwBke locus is presented a phastCons plot of
sequence conservation over the whole genomic region. Panel B is a schematic representatid®Eofnalicating the reteve positions of individual GLI
binding motifs (15) and their sequence. Motifs 1, 2 é&hdere annotated by Vokes et al. (2008) and are indicadarkngreen while motifs 3 and 4 uncovered
in this study are highlighted iorange * GLI motif 4 is on the opposite strdmelative to the other four Glrhotifs. The GLIbinding motif consensus sequence
is indicated below.
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= n n e— mini3’-Tol2 m" - EGFP = mini5™Tol2 wemmunu

Figure 7.2. A schematic representation of the-SE::EGFP reporter construcal-NSE plue boy is cloned
upstream of the humamglobin promoter:EGFPreporter cassette, in the same orientation as the direction of
transcription in thed.amallocus (indicated by atraight grey arronabove the blue box). Burved grey arrow

at the beginning of th&GFP gene indicates the direction &GFP transcription.mi n i @&dmi n-ToR06
elements grange boxesflank theal-NSE::EGFPconstruct and enable its integration in the zebrafish genome
by Tol2 transposase.

7.3.2. Activity of a:NSE in transgenic zebrafish
| microinjected 3g/uL al-NSE::EGFPconstructtogeter with 20ng/uL Tol2 mRNA, in
1-cell stage wild type zebrafish embryos and examined its activity in transient transgenic
zebrafish (FO) at different developmental typants. In total, 413 injected embryos were
analysed 259 of which were EGFPositive. The majority, 254, exhibited consistent
expression restricted to the ventral neural tube @rigure 7.3) whereas the remaining of
the EGFP embryos had weak and highly mosaic expression in varios organs, including the
neural tube (Table 7.1Yhose FO fish that showed consistéasuespecific expression of
EGFPin the ventral neural tubéh= 254)were selected and left to develop until sexual
maturity, whem40 of themwere screeneih paired outcrosses with wild type fisfor germ
line transnission of the al-NSE::EGFP construct.Only 4 of the screened adults (10%)
generated EGFPF1 clutches, in which the frequency of repog&pressing embryos was
25-35%, depending on the clutch. Importantly however, all of the EGHP embryos
displayed rporter expression restricted to the ventral neural tube; no expression was
observed in any other organ.

Here, | report on the enhancer activity of-M$E as observed in F1 transgenic
zebrafish for the reporter pattern in F1 embrgeigures 7.4 and 7.9 was highly similar to
that in FO transient transgenic embrybgyure 7.3) although less mosaic and less intensive,
which is usually encountered in enhancer transgenic experiments in zelfcaispare
Figures 7.3 and 7.4)
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a1-NSE::EGFP, FO0, 28 hpf

EGFP x50

Figure 7.3. al-NSE directs EGFP expression in the neural tube of FO transgenic zebrafish embryos.
Abbreviations: de, diencephalon; hb, hindbrain; te, telencephalon.

Total number of analysadjectedembryos 413
Total number of EGFPembryos 259
Number of embryos witkveak and variable EGFP expressior 5
Number of embryos with strong EGFP signal in the NT 254
Number of embryos with strong EGFP signal in the ventral | 254
Number of injected fish grown to adulthood 230
Number of FO screened 40
Number of FO founders 4
Total number of EGFPembryos in F1 112
Frequency of EGFRembryos in F1 257 35%

Table 7.1.Quantitative data from the Tol2 transposasediated transgenesis of the-RSE::EGFP construct
in zebrafishT he AT ot aflanalysadnjéciede mbr yxsd udes t he dead ones.
N T éndicateshigh number of cells expressing high levels of EGFP in the neural tube (NT), as contrasted to the
five EGFP embryos featuring only weak reporter expression in a small number ofrcailgtiple locations in
the body

In F1 embryos,dint EGFP signal was detected at ~np4 only in theanterior neural
tube,but by 31 hpf reporter expression has intensifiedd was observeonly in the neural
tube, spanning from the rostral tip of the diencephanteriorly and continuing posteriorly
into a narrow longitudinal stripe of EGFEells in the spinal cord (Figure J.4uriously, the
EGFP signal was restricted to the ventral half of the neural tube and was absent from the
telencephalon. Transverseoss sections of the brain revealed that EGFP was expressed by a
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dorsoeventral patch of cells that was rety 2-3 cells thick (Figure 7)4 Later on, at 52pf,
EGFP expression expanded dorsally consistent with the-stlergoal growth of the brain and

spinal cord but was, interestingly, restricted to the ventricular zotleeofieural tube (Figure

7.9.

a1-NSE::EGFP, F1, 31 hpf

eye —

EGFP x400

EGFP x100 EGFP x400

Figure 7.4 EGFP expression in the neural tube of IBif F1 atNSE::EGFRtransgenic zebrafish embryos
(n=63). (A, B) wholemount images, (C, D) transversections through the optic (C) and otic (D) levels of the
brain as shown in (B)White arrowheadsn (A, C, D) indicate the expression of EGFP in the ventral
diencephalon, midbrain and hindbraimhite arrowsin (A) show the continuation of EGFP expressia the

ventral spinal cordWhite asteriskin (A) highlights the absence of EGFP signal in the telencephalon
Abbreviations: de, diencephalon; hb, hindbrain; hy, hypothalamus; mb, midbrain; ov, otic vesicle; sc, spinal
cord; te, telencephalon; tc, tectum.

Thus, the mouse adSE noncoding element behaves as a nespacific enhancer when
tested in a heterologous systérthe zebrafish embryo. Hence-BEE received its current name
for its position in intron 1 oLamal(al-) and the fact that it harboulseuralSpecific Enhancer

properties.
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Figure 7.5 EGFP expression in the neural tube of 5 a1-NSE::EGFP, F1, 52 hpf
hpf F1 aXNSE:EGFRtransgenic zebrafish embryog
(n=49). (A, B) wholemount images, (C, D) transvers
sections through the optic (@nd posterior hindbrain
(D) levels of the brain as shown in (BWhite
arrowheadsin (A, C, D) indicate the expression o
EGFP in the ventricular zone of the braivhite arrows
in (A) show the continuation of EGFP expression in t
ventral spinal cordWhite asteriskin (A) highlights the
absence of EGFP signal in the telencephalc
Abbreviations: hb, hindbrain; hy, hypothalamus; s
spinal cord; te, telencephalon; tg, tegmentum;
tectum.

7.3.3. Activity of a:NSE in transgenic
mouse embryos
The activity of the murine allSE element in

zebrafish embryos is reminiscent bamal

MRNA expression in the mouse neural tul

(see Figures 3.1 and 3.2), leading meet@amine aidNSE function in its endogenous
environment in the mouse embryo. For this|Jdnedal-NSE upstream of thiacZ reporter
gene driven by -gltbem promoteri(Fgaré 8). Thela cassétte encodes

a -gbal act o-&al)departer withbnuclear localization signal enabling more precise
labeling of lacZ-expresing cell whi | e t-blabin prenmatarnhas blower basal

transcriptional activity compared to alternatpi@moters

-

o+ e TNSE e 2o [ .

Figure 7.6. A schematic representation of the-W$SE::lacZ reporter construcal-NSE (lue box) is cloned
upstream of the humalrglobin promoter:lacZreporter cassette, in the same orientation as the direction of
transcription in thé.amallocus (indicated by atraightgreyarrowabove the blue box). Aurvedgreyarrowat

the beginning of théacZ gene indicates the direction sicZt r a n s ¢ rgalactosidase is tafgeted to the
nucleus as a result of a nucdnedacZ(lglt greehbdoxy. at i on si gn

(like the thymidine kinase promoter), thus reducing the probability of stochastispeacific
reporter expression (Coy et al. 2011; Yee and Rigby 1993).
The linearizedal-NSE::lacZ construct was introduced into mouse oocytes via pro

nuclear microinjection, performed by our collaborators in IMCB Singapore, according to
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Figure 7.7. b-Gal expression in the
neural tube of E9.0 (n=1) and E9.2! GINGEJacZ, E0.5:9.0
(n=3) al-NSE::lacZtransgenic A B de C
mouse embryos(A) whole-mount e )‘
lateral view of the E9.0 transgeni p

’ pal

embryo. (B) magnified lateral view
of the head region of the sam

embryo indicati-n -'!

Gd in the CNS but not the %1 ’ hb i

pharyngeal arch and heart. (C) dors

view of the same embryo as in (A ‘
showing reporter expression in th x50 x100
neural tube but not in somites. (D, E a1-NSE::lacZ, E9.25

F) wholemount lateral views of e
D E F Tes
E9.25 embryos No. 1, 2 and & % \‘ de X de
= / psm
a

x70

respectively, showi g consi hY / psm
Gal expression in the diencephalol ‘ .

hb
mesencephalon, hindbrain and neur hb g \ te : \

tube, but not in the telencephalor h,tte ¢ i i

Black arrow in (B, D, E and F)

i ndi cat e-6Gal exgressioe at

the midbrain/hindbrain  boundary o "

Abbreviations: de, diencephalohb, ER0 x40 x40 & x40
hindbrain; hrt, heart; mes, mesencephalon; nt, neural tube; Pphatdyngeal arch; psm, presomitic mesoderm;
som, somites; spc, spinal cord; te, telencephalon.

standard mouse transgenesis procedures (Brown and Corbin 2002), and the resultant
transgenic embryos were analysed at several developmental stages. The earliest transgeni
embryo obtained was at stage EBE%.0 (n=1). Remarkably, 84 S E d rGahlegpregsion

soldy in the neural tube, as in transgenic zebrafish (Figut&-T). Similar expression was
observedat E9.25 (n=3) (Figure 7D¢F), and at E9.5 (n=1) (Figure 7.8At E9.5, the
transgeni c e m@Bal stamingdin teepdlerecgpleatbn, Mmesencephalombinain

and along the neural tube, but absent from the telencephalon, the-westi@&nd of the tube

and curiously, from the isthmic region between mesencephalon and hindbrain. Moreover,
somites, presomitic mesoderm, neprhric tissues and head mesenettjicteall express
Lamal | a «hkl stdining (Figure 8), further corroborating the neural specificity of al
NSE.
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Figure 7.8 b-Gal expression in the a1-NSE-lacZ, E9.5
neural tube of E95 (n=1) al —
NSE::lacZtransgenic mouse embryo
(A-G) wholemount images(H) and (1)
are neathorizontal sections of the head
while (J) is a transverse section at th |
forelimb level. (A) a lateral view of the
whole embryo; (B) magnified view of
t he head r egi-Gah
expression in the diencephalon
mesencephalon andnbrain but not in
the telencephalon and the pharynge
arches. (C) frontal view of the heaq
indicating the characteristic ventro
lateral stripesdrangearrows)o f -G
signal in the diencephalon. (D) dorsé
view of the head showing absence ¢
reporter egpression in the floeplate
and at the midbrain/hindbrain boundar)
(black arrowg. (E) dorsal view of the
trunk regi on -Gakis €
confined to the neural tube and i
absent from somites. (F) dorsal view ¢
the caudal end of the embryo, showin
similar pattern as in (E). (G) magnifiec
lateral view of the caudal region
showing the po-&dle
expression and absence of the latt
from the paraxial mesoderm; the
newly-formed somite (sl) is outlined.
Sections (H) and (1) reveal that mter expression is indeed restricted to CNS as head mesenchyme is devoid
of s i g nGal expregsidn) is dbsent from the dorsal neural tube (indicatedblaclaarrow), and the

somites. Abbreviations: coe, coelom; doa, dorsal aorta; de, diencepdatom; dermomyotome; flp, floer

plate; ha, hyoid arch; hb, hindbrain; hm, head mesenchyme; hrt, heart; ma, mandibular arch; mes,
mesencephalon; nt, neural tube; ops, optic stalk; opv, optic vesicle; psm, presomitic mesoderm; sc, sclerotome;
sl, newly formedsomite; som, somites; te, telencephalon; tev, telencephalic vesicle.

At E10.5 (n=1), the activity of allSE in the neural tube remained similar to that
observed at ear | rGalrexpedsiangreall regionsiof the CBS exaept the b
telencephlon, dorsal isthmus and caudal neural tube (Figude However, | observed
additional expression in several noeural domains like the heart, sclerotomes, tfle 1
pharyngeal pouch, in the limb bud mesenchyme and cloacal area (Figy& 7H), raisimg
the possibility that reporter expression in these domains might also be under the control of
al-NSE. However, examination of later stage transgenic mouse embryos, revealed that this
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unl i kely to be the ¢ as#alaxpresdioh emslyein meuardd r y o <

structures, but not in the he

art or in any somitic derivatives (Figd®. Thus, an E12.5

embryo (n=1) exhibited a weaker but nevertheless -€ENSs t r -4Gal tstairdng imall

regions of the brain and spinal cord, except for the telead@pland caudahost end of the

neural tube, respectively (FigureL@A-C).

Figure 79. b-Gal expression in the neural tube of E10.5 (n=1}NSE::lacZtransgenic mouse embryo.
(A-H) wholemount images. {K) sections as indicated in (A). (A)sade view of the whole embryo, indicating

t he consi st e #GHl
expression in the central nervou

system similar to that observed ¢

earlier stages (compare with Figur
7.7 and 7.6). (B) frontal view of
the whole embryo. ©
magnifiedlateral vies of the head

regi @al.is eXpressed in the
diencephalon, mesencephalon ar

hindbrain, but not in the
telencephalon. Intriguingly, the
first pharyngeal cleft is also
positive. (D) dorsal view of the
head showing the absence ¢
reporter expression in ¢h floor

plate. (E) side view of the inter
limb region showing expression in
the neural tube and in the
sclerotome (black arrowheads). (R
dorsal view of the intelimb

region. (G) Dorsal view of the
tailbud region; the location of the
newly formed somite §) is

outlined. (H) side view of the
tailbud region, showing expressiot
in the ectoderm of the cloacal ared
In panels (E, F, | and J) anterior i
to the top. (l) horizontal section
through the HKala
expression in the neural tube by
not inthe head mesenchyme or oti

vesicles. (J) horizontal section &

through the pharyngeal regior
s h o wi-@al exfression in the
endoderm of the first pharyngeal

a1-NSE::lacZ, E10.5

poudregenar r ows ) . ( K) transverse-Gaecti

staining is present in ¢ghneural tube where it appears to be reduced in the mantle Wayiez {sterisl, and is

absent from the floeplate and the
the sclerotome)

reporter expression. Abbreviations: cla, cloacal area; doa, dorsal aorta; de, diencephalon; flb, forelimb bud; flp,

dorsal neural tuli#ack arrow); the vertebral mesenchyme (derived from

(

bel ow t {Gd, while the radt of the Somitic adérisativesdackp r e s

floor-plate; ha, hyoid arch; hb, hindbrain; hm, head mesenchyme; hrt, heart; ma, mandibblames,
mesencephalon; mtm, myotome; nt, neural tube;ov, otic vesicles;phphafyngeal cleft; php1,*pharyngeal
pouch; psm, presomitic mesoderm; sl, newly formed somite; som, somites; te, telencephalorertetimalv

mesenchyme.
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Figure 7.10 Bb-Gal expression in
the neural tube of E12.5 (n=1) ancl a1-NSE:lacZ, E12.5 I
E135  aiNSE:lacZtransgenic A —™ 7

mouse embryos (A-D) whole 0

mount images and transvers
section of the E12.5 embryd)
lateral, (B) frontal and (C) dorsal
views of the whole embryo,
s h o wi-Gurlgexpfession restricted
to the postelencephalic central |
nervous system. (D) transvers E
section at the forelimb level
revealing  reporter  expressior
restricted to the ventriculaone of
the ventral half of the spinal corc
(black arrow). (E-J) and (KR) are
image sets from E13.5 embryo:
No.1 and 2, respectively. (E, K)
lateral, (F, L) frontal and (G, M)
dorsal views of the embryos. (H
frontal section through the head o
embryo No. 1 as
Gal is expressed at multiple sites i
the telencephalon, eyes and jaws.
(N) frontal section through the head of embryo No. 2 revealing reporter expression in the telencephalon that iemt@mmplerthe pattern observed in embryo No. 1 (H). (I) and

(J) are transverse sections of the trunk o{Galéedpresged noanly in the \@ntricufaozore, but aso inahe chantbei n d | i
layer of the spi a | cord; in additi on, -Gakpesitive.d0) aral [(P) areotrarisvergeasacjons oé thearuné of arhbsye Nob?2 at forelimb and interlimb

l evel s, respectivel y. Ssalmipresant ih lyoththe vertrimdzong and ihthe martle layer of thé $pjnal €ord. However, in contrast to embryo No. 1,

there is no reporter expression in dorsal root ganglia. (Q) and (R), proximal and distal, respectively, transverse satbigmsMo. 2 at the level of the taflbbreviations: amg,

amygdala; ctx, neocortex, drg, dorsal root ganglia; epl, ependimal layer of spinal cord; hi, hippocampus; lge, laterst gamglence; Ins, lens;mes, mesencephalon; meo,

medulla oblongata;mntl, mantle layer of spinal cord; mrgirgmal layer of spinal cord; poa, postoptic area of hypothalamus; rtn, retina; spc, spinal cord; te, telencephalon; th,
thalamugngtongueyrtc,vertebralcondensation.
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| nt er e s t-Ga gignat in the dpieal corof the E12.5 embryavas limited to
the ventricular zonéFigure7.1M), reminiscenttoaNSE&6s acti vity in t
to the endogenousamal mMRNA expression pattern. Similarly, E13.5 embryos (the latest
stage examined; n=2) displayed strong expression in all regions of the CN8ing,
surprisingly, parts of the telencephalon (FigurelOE-G and kM). However, the
t el e n c eGallstainhing was bot identical but rather complementary in the two littermate
embryosi one of the transgenics showed staining in the neocortex apddaimpus but
| a ¢ k-@atlin the amygdala (FigureION), while the opposite pattern was observed in the
second embryo (FigureITOH) , whi c h al s-Gal expressioa ith thé dorgal rpot b
ganglia, cranial nerves, retina and the lens (FigureéG,. H, ) . O4GaAl stainng is e ,
the posttelencephalic CNS was largely consistent between the two E13.5 embBrgoee(
7.10-JandGR) . Thi s s-GQayexpressios obsetved in thb telencephalon and non
CNS structures in the two E13.5 and thegke E10.5 transgenic embryos is due to transgene
integrationsite effects, as it is common in such types of assays in the mouse. However, one
d o ma i #Gal @eXdpresBion was consistent among all nine transgenic enibtias of the
posttelencephalic CNSand it was highly similar to the patternladdmalmRNA expression
in wild type mouse embryos.

In summary, alNSE behaves as a tisssigecific enhancer directing reporter gene
expression specifically in the central nervous system of transgenic mouseslanadish
embryos. The results of these functional assays combined with the presence of détupied
binding motifs suggest that allSE may operateas a CNSspecific enhancer of the murine

Lamalgenein vivo, and that perhaps its activity is modulated3t{H.

7.3.4.in silico analyses of atNSE
To gain additional knowledge about the mechanisms underlyig SE &issuespecific

transcriptional control, | performed detailedsilico sequence analyses using Matinspector,
the VISTA GenomeBrowser and the FMuse Genome Informatics database. Matinspector
revealed the presence of 240 transcription factor binding motifs witANS&L Interestingly,

in addition tofive GLI motifs described aboveal NSE harbourgutative binding sites for

several other trans@tion factors with prominent roles in neural development like the bHLH
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proteins MASH1 and eurogenin, the HM&@ox-containing ®X3, SOX6 and ©X9 factors,

the POUdomain transcriptional activators, the homeodomain prdi¢iX3 and the Zn
finger transcriptional repressorBST (also known as NRSF), among many others (Figure
7.11; Table 72).

Motif Number of Expected Over - Z-score
matches SD representation
GLI1/2/3 5 1.05+1.03 4.74 3.36
FOXH1 4 195+1.4 2.05 1.11
FOXJ 4 8.38+2.88 0.48 -1.69
HMX1/2 5 9.5 +3.07 0.53 -1.63
LEF1 2 3.46 +1.86 0.58 -1.05
LHX3 1 7.07 £ 2.65 0.14 -2.48
MASH1/NEUROG 2 1.38+1.17 1.45 0.1
PAX3 2 0.94 £0.97 2.13 0.58
PAX6 2 2.09+1.44 0.96 -0.41
POU2F1/3B 4 759274 0.53 -1.49
POU3F2/4R 4 7.89 £2.8 0.51 -1.57
POUGR 3 4.73+217 0.63 -1.03
REST 1 0.69 +0.83 1.45 -0.23
RXRA/B/G 5 3.16+1.78 1.58 0.75
SOX3/6/9 15 8.65 +2.93 1.73 2

Table 72. Binding motifs within aINSE of transcription factors involved in CNS developmghé current

table lists the binding motifs of transcription factors with roles in CNS development, together with relevant
statistics informationepassobttead nEEBISS0O ngodlhef mdm e
motifs are presented more than oncehinithe atNSE sequence (e.g. Gl.land that in some of these cases

more than one paralog from a particular TF family is considered bgr@atix in the analysis (e.g. GLI, RXR,

POUf actors, etc). The fAExpected N S@wven nwotfimatiahes indm s pl
equally sized random genomic region, t o getrteessre nwiat |
column indicates the fold factor of match numbers in the analysed sequence compared to an equally sized
genomic regionfrom he background, or found Versscws eedXx p esc tae dne

the statistical significance of the owepresentation ratio; a-&ore above 2 or below? is considered
statistically significant, corresponding to avalue of ~ 005 (Genomatix; Sue et al. 2005).
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Figure 7.11. Map of transcription factor binding motifs in @4SE.A schematic representation of-AlGE as a
dark blue bar with relative locations of individual binding motifs for transcription factors with important roles in
neural development shown bellow in different colours. Numbers above the bar indicate the pbsitefirst
base pair of each motif relative to the beginning (1) and end (1038)NEE1
Notably, atNSE and as a matter of factthe wholeLama® s i n tdoesonot 1,
display high sequence conservation across \Jmd&es, and even across Mammalia.
Customized glocal alignment of the murineama® s i ntron 1 seque
corresponding sequences from human, opossum, chicken and zebrafish revealed limited
conservation in the mouse/human and mouse/opossum comparisdeseas no
conservation was detected with chicken and zebrafish, even at very low stringency conditions
T 70% sequence identity over a 30 bp wind@wgure 7.12, B). Despite the limited
sequence conservation or lack of it, th® itrons of the mousehuman, chicken and
zebrafishLamalorthologs shre some common TFBSs (Table)7.3
Although the murineLama® s i ntron 1 exhibits | ow
corresponding human and opossum sequences, some discrete regions appear to be conserv
in the nouse/human alignment, includinggrens within aiNSE (Figure 7.18&, B, C).
DiAlign TF analyses (Genomatix) showed that none aé¢hegions contain conserved GLI
binding motifs. The same analyses however, revealed thBIS&L harborsseveralother
conseved transcription factor binding motifs, some of which are putative binding sites for
factorsinvolvedin vertebrate CNS development, such as FOXH1, HBP1, NMYC,@&X
POU3F2, POU3B, POU4F1, RXRA/B/G and SCX(Table 7.4.
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Figure 7.12Phyl ogenetic footprint iThg

intron of the murinedLamal gene was aligned with the correspondiril
intron of theLamalorthologs from human, opossum, chicken and zebra|
using the mVISTA tool. (A) An alignment perfoed under defaulf]
stringency settings (minimum 70% sequence identity over a minimu
100 bp window). (B) In order to allow for the detection of short conser
sequences in the size range of individual transcription factor binding m
the same aligment was repeated under decreased stringency set
(minimum 70% sequence identity over a minimum of 30 bp window). N
the absence of sequence conservation in the mouse/chicken
mouse/zebrafish alignments. (C) A clage view of the first 1, 350 bas
pairs of the murindlama® s intron 1, -NSB alémenit,
aligned with human and opossum sequences under low stringency se
(minimum 70% sequence identity over a minimum of 30 bp window)
dark bluebar with labeling on top indicates tlextent of aINSE in the
alignments in panels (A), (B) and (C).ack scale bar is provided belo
the alignments.




A.

Binding motif p-value Common mouse | human | chicken | zebrafish
DDIT 3 (DNA-damage inducible transcript 3) 6.50E05 4 1 21 2 3
ZFP628(zinc finger protein 628) 7.99E05 4 4 9 4 1
NFE2L1 (nuclear factor, erythroid derived-ke 1) 9.36E05 4 4 3 3
PAX1 (paired box 1) 0.000101 4 2 3 2
ATF 4 (activating transcription factor 4) 0.000105 4 5 14 5 2
HINFP (histoneH4 transcription factor) 0.000113 4 1 9 1 1
ABL 1 (c-abl oncogene 1, nereceptor tyrosine kinase) 0.000117 4 10 14 3 4
HOMEZ (homeodomain leucine zippencoding gene) 0.000117 4 5 6 3 1
SALL 1 (spaltlike transcription factor 1) 0.000155 4 2 20 3 4
GTF3C (general transcription factor Ill C) 0.000267 3 0 1 1
PAX9 (paired box 9) 0.000340 4 3 7 1
THAP 1 (THAP domain containing, apoptosis associatg  0.000340 4 4 14 5 1
protein 1)
TAF (TATA box binding protein (TBRassociated factor| 0.000409 4 3 5 5 7
ZFP110(zinc finger protein 110) 0.000480 2 1 0 1 0
MLX (MAX -like protein X) 0.000488 4 6 5 2 3
ZBTB 26 (zinc finger and BTB domain containing 26) 0.000538 4 3 5 5 1
ZBTBT7A (zinc finger and BTB domain containing 7a) 0.000538 4 8 9 2 2
ZBTB33(zinc finger and BTB domain containing 33) 0.000564 4 6 10 7 7
OSR (odd-skipped related) 0.000678 4 6 4 8 1
ZSCAN21 (zinc finger and SCAN domain containing 21  0.002370 4 6 12 15 6
B.

Binding motif p-value Common mouse | human | chicken | zebrafish
PAX 4, 6, 7(paired box 4, 6 and 7) 0.003675 4 11 39 20 27
ZIC (inns: finger protein of the cerebellum family 0.006014 4 8 22 6 5
PAX3 (paired box 3) 0.022713 4 19 32 18
REST (REZ-silencing transcription factor) 0.027427 4 21 25 11
NKX 6.1 (NK6 homeobox 1) 0.036085 4 44 101 63 78
SMAD (SMAD family member) 0.036885 4 21 49 11 6
ETS (E26 avian leukemia oncogene family member) 0.040725 4 92 153 73 30
GLI (GLI-Kruppel family member) 0.043061 4 34 48 16 3
NEUROD (neurogenic differentiation family member) 0.043905 4 20 32 20 10

Table 7.3 Transcription factors binding motifs common to tiH&idtrons of Lamal from mouse, human,
chicken and zebrafisiiThe f'introns of theLamalgenes from mouse, human, chicken and zebrafish were
analysed for common TF binding motif&) The top 20 statistically significant common motifstchesare
displayed only out of 37 significant motif matches in tot@) Some of the statistically signiicit common

motifs matchesare for TFs with roles in vertebra@\NS development, although these motifs matches are not
included intop 20. The-pal ue i ndicates fAthe probability to obt
with a motif match from a ratomly drawn sample of the same size as the set of input sequences. The lower the
pval ue, t he higher is the statistical significan
(Genomati x) . The fCommo n dinpatedquentas (4t sequences hinehis istudy)b e r
with a common moti f. The columns named fAmouseo, i h
individual motif matches within the input sequence from each species.

160



Binding motif Position
FOXH1 (forkhead box H1) 93471 950 ¢)
GATA 1 (GATA binding protein 1) 94571 957 ()
HBP1 (high mobility group box transcription factor 1) 61772 26%28((?)
8257 849 ()
HIC 1 (hypermethylated in cancer 1) 7871 799 ()
5617 585 (+)
HMGA (high mobility group AThook) 83771 861 ()
9327 956 (+)
HNF1B (HNF1 homeobox b) 94071 956 (+)
IKZF 1 (IKAROS family zinc finger 1) 70671 718 ()
MECOM (MDS1 and EVI1 complex locus) 60471 620 (+)
Nanog (Nanog homeobox) 1873?1'52; (()+)
NFIL 3 (nuclear factor, interleukin 3, regulated) 9347 954 ()
NMYC (v-myc myelocytomatosis viral related oncoger] 7657 781 (+)
neuroblastoma derived)
PAX6 (paired box 6) 83971 857 (+)
PAXS8 (paired box 8) 8281 856 ()
POU2F1 (POU domain, class 2, transcription factor 1) 8287 842 (+)
POU3FR2 (POU domain, class 3, transcription factor 2) 83971 857 (+)
POU3R3 (POU domain, class 3, transcription factor 3) 8381 852 ()
POU4F1 (POU domain, class 4, transcription factor 1) 8437 861 (+)
RREBLI (ras responsive element binding protein 1) 78171 795 €)
RXR (retinoid X receptor) 205- 229 ()
SOX9 (SRY (sex determining region Yjox 9) 78171 805 ¢)
SPIC (Spi-C transcription factor (Sgl/PU.1 related) 92871 948 (+)
USF1 (upstream transcription factor 1) 6861 702 ()

Table 7.4 Transcription factor binding motifs within aSE that are conserved between mouse and human.
Here are listed the transcription factor binding motifs that are identified as sequence conserved M8t al
as obtained from the mouse/human alignment (displayed at figure 7.11C) using the DiAlign TF tool

(Genomati x) . The
coordinates; the (+) and)( si gns
cyanfeature roles in vertebrate CNS development.
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Figure 7.13 Chromatin stateprofile of atNSE in different cell types/organs and developmental stages.
al-NSE features high and broad peaks of H3K4mel H3K27ac histone marks, as well as RNA pol Il occupation
and DNasel hypersensitivity in brain tissue but not in other orgmsevealed by analysis in the UCSC
Genome Browser. Horizontal black arrows point at the peak of DNasel hypersensitivity that gradually
attenuates with progression of development.

An important insight into aNSES dunction is provided by its association with
certain chromatin features, as revealed by the examination®d&&lin the UCSC Genome
Browser. Remarkably, alISE correlates with a broad peak of H3K4mel and H3K27ac
histone modifications, which mark activat@ncers (Creyghton et al. 2010; Raglasias et
al. 2011), in the brain of E14.5 mouse embryos but not in embryonic fibroblasts, small
intestine or spleen (Figure 7)13This further supports the idea thatM$E is a neural
specific enhanceMoreover,there is a peak of DNasel hypersensitivity oveilNSE whose
pattern undergoes progressive temporal changes suggesting thatNIB& ddcus is more
accessible to nuclease digestion at E14.5 but becomes virtually inaccessible in the adult brain
(black arravs in Figure 7.13. Another curious finding is the enrichment for RNA Pol I

binding not only around theamal promoter but also in aliSA itself, and this is only
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observed in the brain but not in other tissues/organs. Taken together, the data gaigéd throu
in silico analyses stronglguggesthat atNSE operates asneuralspecific enhancer of the

murineLamalgenethat is activeduring central neous systems development (CNS).

7.4. Discussion

Here | reported on the identification afGLI-bound enhancer elemet]-NSE, located in

the F'intron of the mouséamalgene, which drives neurapecific reporter expression in

the CNS of transgenic zebrafish and mouse embryos, suggesting conserved transcription
factor environments in both spegieConsistent with this, ad4SE contains binding sites for
transcription factors implicated in vertebrate neural development, and also features chromatin
marks of active enhancers in the brain but not inmeural tissues. Yet, a4SE displays no
sequenceonservatin between mouse and zebrafish, although intron 1 of the rhansal

gene shares common TF binding motifs with that of zebrafish.

7.4.1. GLI-binding sitesandaiNSE6 s f unct i on
al-NSE harbours a cluster of five Glbinding motifs within ~ Ikb of sequence, some or all

of which are probably occupied by Gldctors in the developing neural tube. Each of the
five motifs closely resembles the Gtlonsensus ATGGGTGGTCO seq
Vogelstein 1990) but none is a perfect match to it (Figukg Which is not unusual as most
transcription factors bind to a spectrum of related sequences (Zhang et al. 2006). Motifs 3
and 4 were not annotated by Vokes et al. (2008) but were predicted by Matinspector.
Perhaps, any of the three Gfdctors in the mose could bid to any of the 5 sites, as
GLI1/2/3 show very similar binding affinitiesn vitro (Hallikas et al. 2006). Interestingly,
Vokes et al.(2007) reported that 24% of Gl:target genes in neurakll cultures contain
their GLI1-ocuppied sites wiih the first or second intron, which is consistenthwthe
location of the five GLImotifs of atNSE in the first intron oEamal(Figure 7.1).

Moreover, the density of Gldinding sites within &NSE is significantlyhigherthan
what is expe@&d byrandom distribution of GLmotifs in the genome (&core = 3.36, see
Table 7.1; Hallikas et al. 2006; Vokes et al. 2008), which hints for their possible functional
significance in aINSE activity. Infact, this phenomenonthe presence of multiple binding
motifs for the same transcription factor v

clusteringo, and is proposed to increase t
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binding in the process of omBmensional diffusion of transcriptiofactors along DNA
(Gorman and Greene 2008). Interestingly, Gotea et al. (2010) reported that homotypic
clusters are 2fimes ovefrepresented in developmental enhancers, andsiiggested that
clustering may facilitate cooperative interactions betwten DNA-bound factors, which
serves to reduce gene expression noise by increasing the number of required transcriptiona
activation steps (Segal et al. 2008), resulting in sharper gene expression patterns. This mode
is supported by the inability of Bico(tK57R) mutant to engage in homotypic protenotein
cooperative interactions which lead to failure in establishing the sharp posterior boundary of
hunchbaclgeneexpression and gross morphological defects in the head and thorax of mutant
Drosophiaflies (Lebrecht et al. 2005).

The presence of occupied Glrhotfs in alNSE suggests that GLproteins
participate in its neuradpecific enhancer function. Such assumption is supported by the
conserved expression pattern@f genes in the vertebrate neuradbeuof, where alGli are
expressed throughout the neuroectoderm in early stages of developeierdGlil mMRNA
becomes restricted to the ventral half of the neural tube (excluding the floor plat§liznd
andGili3 to the dorsal half of the tube (Hui @&t 1994; Sasaki et al. 1997; Vanderlaan et al.
2005). To teswhether some or all of the Ghbiotifs are required for the activity of @SE,
lossof-function base pair substitutions were introduced and the effects examined in transient

transgenic zebragh embryos, adescribed in the next chapter.

7.4.2. ZICtranscription factors and al-NSE
It is also pausible that the activity of Glgroteins bound to their motifs in &ISE could be

modulatel by ZIC @inc finger protein of theerebellum) transcriptiofactors. ZIC proteins

(ZIC 1-5) bind the GLIconsensus motif sequenievitro (Mizugishi et al. 2001), due to a
(CysHisy)s Zn-finger DNA-binding domain of ZICGhat is highly homologouto the DNA

binding domain of GL(Aruga et al. 1996as discussed i@hapter 4. ZIC and GLlproteins

can also physically interact through-BEngers 35 of their DNAbinding domains and this
interaction facilitatesthe nuclear translocation of Glproteins (Koyabu et al. 2001).
Interestingly, cell culture assays indieahat once in the nucleus, ZIC and Ghioteins
synergisticall y enhan-adivate repoter gere lex@nessian, whibhi | i
is again dependent on Zimgers 35 in both proteins (Koyabu et al. 2001).
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Thus, a model lmmemerged where ZIC dtors are modulators of Glohediated SHH
signaling responseas vivo. For instance, in the central nervous sysiaol, Zic2andZic3
genes promote early neuroectoderm specificatiodenopusMizuseki et al. 1998; Nakata
et al. 1998),Zic2, Zic3 and Zic5 are essential for neuropore closure in mice (Nagai et al.
2000; Inoue et al. 2004), arfic2 function is required for division of the prosencephalon
(Brown et al. 1998; Nagai et al. 2000), for proper proliferation of granule cell precursors in
the anterio cerebellum (Aruga et al. 1998; 2002), and for correct contralateral projection of
retinal ganglion cells (Herrera et al. 2003). This plethora of functions is reflected in the
expression oZic genes during neural development whereZadll-5 have similarexpression
pattern restricted to the dorsal ¥z or 1/3 of the midbrain, hindbrain and spinal cord, and to the
allar plates of the telencephalon (Nagai et al. 1997).

Studies in zebrafislXenopuschick and mouse embryos reveal that both antagonistic
and coperative interetions exist between GLI and Zifactors, and the particular mode of
interaction is probably determined by cell lineage, extracellular signals and/or byiéntrins
propensities of different Zl@actors to activate sonfeLI proteins but to ihibit others upon
physical contact when bound to DNA (Aruga et al. 1993; Aruga et al. 1999; Brewster et al.
1998). Basedn this, it is possible that ZIC could bind to one or more fAbtifs in atNSE
and contribute to its neural enhancer functiorotlgh direct interaction with GLIfactors.

The close proximity between Glohotifs 3-5 in aENSE favours such a model, which can be
tested by immunoprecipitating ZIikbund to aiNSE in a ChIP experimeim vivo, or by an
electrophoretic mobility shift assay (EMSH)vitro.

7.4.3. aINSE exhibits chromatin features of a tissuspecific enhancer
Inspection of aINSE in the UCSC Genome Browser revealed that in brain tissSElis

enriched for the histonenodifications H3K4mel and H3K27ac and displays opened
chromatin configuration as shown by the peak of DNasel hypersensitivity at E14.5
embryonic brain but not in otheell types/organs (Figure 713As discussed irsection

5.4.6, H3K4mel is overepresated in both poised and active enhancers (May et al. 2011),
while H3K27ac is considered as a reliable mark of active versus poised state of
developmental enhancers (Creyghton et al. 20R#&dalglesias et al. 2011). Aeak of
DNasel hypersensitivity withial-NSE spans conserved stdgions 45, indicating that this

particular part of &NSE is in a more accessible chromatin state (black arrows in Figure
165



7.13. Remarkably, however, the peak gradually disappears as development proceeds. This is
consistent wh the idea that the accessibility of regulatory regions varies in time and in
different tissues, depending on the presence/absence of pioneer transcription factors which
can elicit chromatin decompaction and facilitate the binding of other transcriptotord
(Guertin and Lis 2013). The temporal pattern ofN8E accessibility is also consistent with

the expression pattern aihmal mRNA, which is transcribed in the embryonic and foetal
central nervous system but gradually disappears at later stages éikahe2004).

The low levels or absence of chromatin features in other cells/ofgangbryonic
fibroblasts, mtestine and spleen (Figure 7)13suggests strongly that NSE is a
developmentallyregulated neuradpecific enhancer, and this is consistgith results from a
genomewide study of the chromatin states of promoters, insulators and enhancers in various
human cell types, revealing that chromatin signatures of promoters and insulators are largely
invariant across different tissues, while enhamoexhibit high celtypespecific histone
modification patterns (Heintzman et al. 2009).

Another intriguing feature of allSE is its enrichmenof bound RNA Pol Il (Figure
7.13. Several recent studies have demonstrated that some enhancers assocRod hvith
and are transcribedasronodi ng RNA call ed Aenhancer 6 RN
However, it is unclear whether all eRNAs are functionally relevant or ajygrdmucts of
stochastic initiation events due to random collision of Pol Il withessible chromatin
(Natoli and Andrau 2012; Struhl 2007). Nevertheless, there are studies, which hint or
demonstrate important biological roles for some eRNAs. For inst&hwie is a spliced,
multi-exonic NcRNA that is transcribed from the ultraconseemdtancer elememri located
between theDIx5 and DIx6 loci in the mouse genome, and is induced b{HSsignaling
(Feng et al. 2006)Evi-2eRNA appears to ach trans by forming a complex with DX2
leading to enhancement of its transactivation potentialtuin, the Evf2-bound DLX2
promotes the activation of tH2ix5/6 genes by binding to the same ultraconserved element,
ei, that encodekvf2. Thus, it appears th&vf-2 acts in feeeforward regulatory loop (Feng
et al. 2006). Another key study on a gememide scale uncovered sigrAaldduced
transcription of thousands of CB®und enhancers in murine cortical neurons (Kim et al.
2010). These neuronal enhancers associate with RNA pol Il in an adi@ggndent manner

leading to bidirectional transcriptionthe levels of which correlate with the levels of mMRNA
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synthesis from nearby genes, suggesting that transcription at enhancers promotes target gen
expression (Kim et al. 2010). Thus, it is plausible that the nepeadific activity of aiNSE

might be mediated by an eRNA intermediate. It would be highly interesting to investigate
this possibility further, by injectingal-NSE::EGFRtransgenic zebrafish embryos with

siRNA and morpholinos complementary to the sensantisense strands of-&llSE.

7.4.4. aINSE and the entire intron 1 ofLamaldisplay limited sequence conservation

Intron 1 of the murineLamal gene, together with allISE, arenot conserved in the
mouse/chicken and mouse/zebrafish comparisons, whereas the mouse/human and
mouse/opossum alignments show somonserved regions (Figure 7)12The lack of
conservation with zebrafislamald s i ntr on 1 i s i n tofthegsimilan g,
function of atNSE when tested in zebrafish and mouse embryos, and becausertherl

of zebrafishlamal contains CNS&act i ve enhancer sequences
2012). However, evolutionary conservation of enhancer functiospitde interspecific
sequence divergence appears to be a relatively common phenomenatrodised in
Section 1.10.2.And elaborated further on $ection9.2, and could be explained by the-co
occurrence of common TFBSs e(Senhgerbet al.s2004)n g |
Consistent with this, the™introns of mouse and zebrafishma1orthologs share common
binding motifs of many TFs, some of which are involved in nedeakelopment, including

GLI, ZIC, NEUROD and PAX proteins (Table BB Therefoe, one can hypothesise that
when tested in transgenic zebrafish embryodN&E displays a neuralpecific activity that

is similar to the activity in transgenic mouse embryos, for the TF environment in the
developing zebrafish CNS is similar to the TF iemwvment in the murine CNS, despite the

|l ack of a r-H8Bgofrshbl eg dadingdnefffishtamal Thisn t h
hypothesis predicts that a reporter gene would exhibit neural expression in transgenic mouse
embryos when driven by intron 1f dhe zebrafishlamal and this could be tested

experimentally.

7.45. Neural specificity of atNSE function
The presence of Gldinding motifs cannot alone explain the neural specificity eN&E, as

a GFP reporter driven only by a clust of eighttandem consensus Gldinding sites

efficiently activates reporter expression upon Hidthway activation not only in neural
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lineages but also in other SHidsponsive cells, such as the somitic cells (Stamataki et al.
2005; Kahane et al. 2013). Thereforediidnal transcription factor inputs must be present to
restrictalNSE6s activity to the neur al tube, al
mesenchyme, which are also depetmide HHsignaling (Borycki et al. 1998; Hu and Helms
1999; McGlinn and Tain 200§. Consistent with this idea, @ISE harbours putative
binding sites for transcription factors with established funstimé CNS development (Table
7.2, Guillemot 2007; Stolt and Wegner 2010). Some of the putative sites appear to be
conserved k#veen mouse and human (Table)7.4

However, most of the predicted TFBSs do not exhibit statistically significant over
(or unde¥) representadin in atNSE, except for the GLI, and SOX3/6/9 motifs (Table),7.2
hinting for potentialn vivo function of thes motifs. Interestingly, the LHX motif features
significant undefrepresentidon i instead of 7 expected LHFXmotifs, atNSE contains oml
a single such motif (Table 7,2suggesting for some fumahal importance of the exclusion
of LHX3 motifs from atNSE Despite the lack of statistical significance for the majority of
CNS-developmentelated motifs in &NSE, the motifs could still be genuine TFB8sivo,
for many transcription factors engage in physical interactions between each other and the
bound rgulatory DNA element, modulating target gene transcription in a combinatory
manner (Davidson 2006). Therefore, although individual TF binding motifs are not
significantly overrepresented in allSE, the combination of several different motifs could
be.

al-NSE contains binding motifs for the proneural basic Relop-helix transcription
factors neurogenin and MASH1, as well as for several DA POU-domain proteins
(Figure.7.1). Neurogenins 1, 2 and 3 andA®8H1 are predominantly expressed in the
ventricdar zone of the prospective spinal cord and brain starting from E8.5 in mouse
development (Guillemot and Joyner 1993; Sommer et al. 1996), andOKB1Sclass of
proteins (X1, 2, 3) are specifically expressed in the ventricular zone of the mouse neural
tube together with many POU factors (He et al. 1989; Uchikawa et al. 1999). Notably, these
transcriptions factors are known to synergise in the regulation of target genes. For instance,
SOX1/2/3 and PU3R2 are essential for the synergistic activation of 8@ebp neural
enhancer of thaestin gene in the developing murine spinal cord via binding to adjacent sites

in the regulatory element (Tanaka et al. 2004). Analogously, synergistic interaction between
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MASH]1 ard the Class Il POU proteins POU3F2 and POR8requied for the expression

of Deltalin the murine dorsal spinal cord and telencephalon (Castro et al. 2006). In addition,
crossregulatory interactions exist between these transcriptiortorfac For instance,
neurogenins and MSHL1 trigger neuronal fherentiation by first repressg the transcription

of the SOXB1 class of genes, which are required for maintenance of pluripotency and self
renewal in neural stem cells (Bylund et al. 2003).

Thus, one can envision a model wheombinatorial inputs fronsLI and/or ZIG
proneural bHLH, POU domain,X and homeodomain transcription factors contribute
synergistically to the neural specificity of-AISE. This model can be tested by deletion of
the motifs for ®X, POU or bHLH transcription factors from -AISE and examining the
effects in transient transgenic zebrafish injected with the mutaNS&ireporter construct.

However, in addition to cooperative interactions between transcriptional activators,
the specificity of aINSE could be also determined by thieding of a global repressor, as it
is often the case in embryonic patterning (Davidson 2006hsistent with thisa:NSE
contains a binding motif for thRE1-silencingtranscription factor, or RST (also known as
NRSF) Table 7.3. REST is a repressorfoneuronal genes in nemeural tissues and in
undifferentiated neural precursor cells (Lunyak and Rosenfeld 2005). InactivafRestirf
mouse embryo®r overexpression ofa dominant negativéorm of REST (dnRES)Tin
chicken embryos leads tectopic adwvation of neuronal markegenesin the myotome,
epicardium and in the limb ectodermor to premature activation ofieural differentiation
genesn the ventricular zone of the spinal cqfthen et al. 1998).

REST acts via binding to the relatively long and rarebplrepressor elemett(REJ)
motif, also known as NRSE (Neurdtestrictive Silencer ElemengMori et al. 1992)in the
promoters or enhancers of genes encoding proteins of differentiated neuronsli@Brivan
1998; Sun et al. 2005). RES@&cruits a complethat adds repressive marks to the associated
chromatin (Andres et al. 1999; Lakowski et al. 2006). In effectrésislts in silencing of the
REST-bound promoter or enhancer and repression of targettigarseription. Expression of
Restis also consistent with its role as major repressor of neuronal genesmeumah tissues,
as it is ubiquitously expressed at E8.5 and E9.5 in mouse embryos (Chen et al. 1998), but in
neural tissues its levels are stgbn downregulated in the transition between steamd

intermediate progenitors with complete dissociation from RE1 motifs at the onset of neuronal
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differentiation (Ballas et al. 2@&). Surprisingly, a role of Rest modulation of Hh signaling

in zebrafi® neural tube patterning was described by Gates et al. (2010). Zebrafish embryos
treated with morpholinos againgstexhibit moderate ventralisation of the neural tube, with
dorsal expansion gbtchl, foxa2 andnkx2.2aexpression, reminiscent of wpguated Hh
signaling. Analysis ofgli gene expression imest morphants uncovered thati2a was
overexpressed, indicating that rest acts on the Hh pathway by reprg2mgxpression
(Gates et al. 2010).

Thus, it is plausible that the newsgecific adwity of al-NSE is, atleast in part,
conferred by RESmediated silencing in neneural tissues, while adSE is active in the
CNS due to dowanegulation of REST expression or inhibition of its binding to the RE1
motif on akNSE. This assumption can bestied by deletion of the RE1 motif from-&lISE
and observing the effects on EGFP reporter expression in transient transgenic zebrafish.

In summary, the neuralpecific pattern of aNSE activity is most likely determined
by the combined effects of newslecific transcriptional activators and global, ubiquitous

repressors whose activity is however downregulated in the central nervous system.

746.aINSEO0s activity in transgenic zebrafish
The Tol2 transposaseediated transient transgenesisadfNSE::EGH into FO zebrafish
embryos appears to have been successful for nearly 62% of the analysed injected embryos
were EGFPpositive, an yield that is consistent with previous reports (Navratilova et al.
2009; Royo et al. 2011; Ikle et al. 2012). However, onfpuhders were found among the
screened EGFHish (n=40), resulting in gerdine transmission rate of 10%, which is lower

than the reported average rate ofi300% for Tol2based transgenesis (Kawakami 2007),
suggesting for reduced activity of the-WSE enhancer in the F1 generation. A possible
cause behind this reduction in activity could be a transgene silencing phenomenon previously
described in zebrafish (Akitake et al. 2011; Goll et al. 2009), wherericpGequences in

the transgene construct ar@rfcularly susceptible to DNA methylation leading to epigenetic
silencing of transgene expression (Goll et al. 2009). Interestingly, the first 200 base pairs of
al-NSE are part of an extensive 7bp long CpG island (Figure 7.14suggesting the
possibilty that theal-NSE::EGFPtransgene might have been subjected to DNA methylation

in some of the FO zebrafish, hence the low rate of detected founders (10%).
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Nevertheless, the 4 founders gave rise to F1 clutches where the frequency 6f EGFP
embryos rangettom 25% to 35%, which is in the range of the-0®% frequency reported
in other studies (Kawakami et al. 2004; Kawakami 2007; Urasaki et al. 2006). Notably, all
EGFP F1 embryos featured reporter expression restricted only to the ventral neural tube,
with no expression observed in other structures, suggestingthebe8 6 s act i vi ty
to the potential influence of bkstander enhancers at the genome integration sites in different

F1 embryos.
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Figure 7.14 al-NSE patrtially overlaps with a Cp@ch sequence at the start of the murine Lamal g€he.
pink shading indicates the extent of BISE.

7.4.7. al-NSE activity and Lamalexpression
The reporter expression pattern driven by the murind$& in transgenic mouse and
zebrafish embryos is very similar to the neural expression pattern of endodemoasin
mouse and zebrafisambryos (this study; Joseph Pidker Thesis 2012) (Figure AL
Lamadlis transcribed at higher lewdby cells in the ventricular/subventricular zone (V/SVZ)
of the neural tube in zebrafish and mouse, and in the mouse embryo this expression become:
progressively ventrally restricted, such thaimalmRNA is eventully excluded from the
dorsal neural tube, as well as from the floor plate (Figure 3.1; Figure 3.2). Remarkably, the
pat t e-Gal signd in heal-NSE::lacZtransgenic mouse embryos is very similar to that
of endogenousamal, although there waa somewat broader reporter signal that spanned
the whole medidateral width of the neural tube (Figure 3AED; Figure 7.8J; Figure 79.
This could be due-gtad atcht eo sh id@Eb) 63 diartaiivediitony ( dbf
the stability of the car product), which may have marked cells at the ventricular zone
initially, but was subsequently transmitted to daughter cells that migrated radially to form the
mantlelayer of the neural tube (Kriegstein and AlvaBeylla 2009). Consistent with such
expanati on, the E10.5 transgeni c moeQalsirethee mbr
mantle layer as compared to the E9.5 gmohfwhite asterisk in Figure &9, and in the
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E12.5 transgenic embryo reporter expression was confined solely to the venuangar
(black arrow in Figure 70D), reminiscent to the endogenous expressidraaialmRNA at

that stage (Miner et al. 2004), and this is most likely consequence of the eventual degradation
of  tGa erotdin or a dilution effect.

Figure 7.15 Theal-NSEdriven reporter expression pattern is very similar to the neural expression pattern of endogenous
Lamal.Comparison between thel-NSE::lacZE9.5 transgenic (A, B) and a wild type E9.5 mouse embryo stained for
LamalmRNA (C, D). (B) and (D) are séons at forelimb level. (E) The alSEdriven EGFP expression pattern in a 28

hpf transiently transgenic zebrafish embryo is similar to the endogéamad mMRNA expression pattern in the anterior
neural tube of a 25 hpf wild type zebrafish embryo. Thereisi gni fi cant over |-Gapstainiegt(Ayeen t
andLamalmRNA expression (C) along the murine neuraxis, except for the telencephalon, WiNSE& & inactive, while
endogenoutamalis expressed there. Note the absence of reporter expréssiorrneural tissues (like the sclerotome and
presomitic mesoderm) in both transgenic mouse and zebrafish embryos. Abbreviations: de, diencephalon; dmm,
dermomyotome; hb, hindbrain; mes, mesencephalon; nt, neural tube; psm, presomitic mesoddengtemescspc, spinal

cord; psm, presomitic mesoderm; te, telencephalon; wt, wild type. (Image in F is kindly provided by Dr. Joseph B.
Pickering, University of Sheffield)

Al ternat i vel yGalsignhleould keppaesult efdhe dbsence of binding
sites in aiNSE for putative repressors, which might function to silence endogé¢zonal
expression in the mantle layer, resulting in persisi@ei reporter expression beyond the
VI SVZ. I n relation to this, | -Gal msneltiple sitds a ¢
in the mantle layer of the spinal cord in the two BiBansgenic embryos (Figure 714) O
P), whereLamalmRNA does not appear to be expressed (Miner et al. 2004). This could
again be an outcome of the lack of essential repré@gsots on aINSE. Given the presence
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